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The emergence of shear bands is the universal cause of material failure in metallic glasses. In spite of
relentless spirit, the structural origin, especially down to atomic level, of shear banding emergence is still an open
question in disordered solids. Here, careful atomic simulations are carried out in Cu50Zr50 metallic glasses with
various cooling histories. The icosahedral network formed by connected icosahedral clusters is recognized as the
structural link between the glass formation process and shear banding emergence. First of all, it is found that the
dominant structural evolution of glass transition is the competition between newly activated icosahedral clusters
and the connection of existing ones. The glassy state as well as dynamics is then characterized by the level
of connectivity of icosahedral clusters. This is evidenced by the power-law relation between the connectivity
level and the relaxation time. Such connected icosahedral network is further found as the structural origin of
the emergent inhomogeneous deformation field as well as the ultimate shear banding emergence upon loading.
The emergence of shear bands is thus demonstrated as the collapse of the icosahedral network, which can be
characterized as a “core-shell” structure in terms of our previously developed two-term gradient model. It is
carefully demonstrated that atoms in the shell participate in dilatation and shear events while atoms in the inner
core mainly undertake rotation motion. Our findings elaborate detailed physical images by tracing back to the
critical glass transition process which provides a perspective in understanding the shear banding emergence.
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I. INTRODUCTION

The emergence of shear bands, characterized by high strain
localization within a narrow band, is the main deformation
mode in metallic glasses [1–3]. As the premise of crack initia-
tion, the formation and fast evolution of shear bands act as the
bottleneck that restricts the extensive applications of metallic
glasses as the structural materials [4–11]. The paradigm that
“structure controls properties” is generally accepted and has
reached great success in crystalline solids [12,13] in which
plasticity takes place via the motion of well-defined structural
defects, such as dislocation and twinning. However, when it
comes to metallic glasses, there is no common identification
of structural defects that can be used to build the one-to-one
relation with atomic-scale deformation field. This leads to the
structural origin of transition from homogeneous deformation
to unstable plastic flow localized in nanoscale shear bands,
being still an enigma [14–20].

During decades of research, it has been validated that
the inhomogeneity of deformation in metallic glasses is de-
pendent on the cooling history [21–24]. For example, the
emergence of a shear band can be more easily observed in
glasses with a slower quenching process [25,26]. In this sense,
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it is reasonable to speculate that the critical glass transition of
the cooling process determines the obtained glassy structure
as well as the subsequent deformation field upon loading, i.e.,
the emergence of shear bands. Actually, such speculation has
been partially validated by our recent simulated work which
uncovers a large number of robust commonalities between
shear banding and the glass transition [27]. Therefore, we
are motivated that tracking the structural evolution of glass
transition may open a path towards better understanding the
structural origin of shear banding emergence.

The structural evolution of glass transition has aroused
great interest since it is the key to forming an inherent disor-
dered arrangement in metallic glass. First of all, many efforts
have been made to use short-range order (SRO) to charac-
terize the crucial dynamical arrest in glass-forming liquids
[28–32]. Furthermore, compelling evidence has been given
in both experiments [33–35] and simulations [36,37] that
these short-range order clusters are prone to connect with
each other during glass transition. This indicates that the con-
nected short-range order clusters, i.e., medium-range order,
may play an important role in the glass transition process
[38–40]. Among them, icosahedral clusters with perfect five-
fold symmetry appear to make the most contribution against
crystallization, especially in the Cu-Zr system [41–43]. These
icosahedral clusters exhibit strong spatial correlation and are
prone to interpenetrate to form a stable structural network
[44–46] with the static length scale only limited by the
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simulation box [47]. The quantified relation between the
connectivity of such network and its dynamic behavior
[43,48,49], to some extent, reveals the correlation with glass
transition. In addition, physical images about the partial col-
lapse of the icosahedral network during plastic flow have
also been uncovered [50–52]. This structural backbone has
become a substantial unit for understanding the properties
of metallic glass from the structural information in medium
range [53–55].

In this work, we carry out a series of molecular dynamics
simulations to prepare Cu50Zr50 glasses with different cooling
rates which are then sheared. We follow the natural physical
process from quenching to deformation, instead of purely
researching glass transition or shear banding emergence. Our
work reveals that the icosahedral network is the crucial struc-
ture that plays the dominant role on both the glass transition
and the shear banding emergence. During the quenching pro-
cess, four stages of the structural evolution are characterized.
At stage 1 and stage 2, the birth of icosahedral clusters is
the dominant structural evolution. At these two stages, the
growing rate of icosahedral clusters increases with the drop
of temperature. The leading behavior then turns to the con-
nection of icosahedral clusters at the beginning of stage 3.
In this stage, the existing isolated icosahedral clusters gather
into small clusters constructed by hundreds of atoms. In stage
4, most of these clusters connect to each other and form a
network going through the configuration. Such critical stage
3, which dominates the connection of icosahedral clusters,
can be characterized as the beginning of structural differ-
ences of initial glass samples with various cooling histories.
In the subsequent loading procedure, the evolution of the
icosahedral network perfectly correlates with the emergence
of shear bands. Here, with the help of a two-term gradient
(TTG) model which is capable of decoupling the entangled
shear-dilatation-rotation motion in disordered solids [56], we
find the core-shell structure which controls the percolation of
shear transformation zones [57,58]. Here, the atoms located
in the shell mainly participate in dilatation and shear events
while the atoms in the core are prone to do rotation motion.
On this basis, we uncover a series of comprehensive physi-
cal images hidden behind the emergence of shear bands. By
tracing back to the glass transition process, our work sheds
light on understanding the structural origin of heterogeneous
deformation in metallic glasses.

II. SIMULATION DETAILS

The molecular dynamics simulations were performed by
the open source LAMMPS code [59]. The embedded-atom
method (EAM) potential developed by Mendelev et al. [60] is
adopted to describe the atomic interactions for the Cu50Zr50

metallic glass. The EAM model postulates that atoms are
embedded within an electronic cloud that is mainly derived
from the contributions of neighboring atoms. This model ex-
cels in depicting systems characterized by robust interatomic
interactions, like alloys. The initial crystalline structure with
the fcc phase was melted from 100 to 2100 K. After sufficient
equilibration for 1 ns at 2100 K, the system was then quenched
to a glass state at 100 K with cooling rates varying among
0.01, 0.1, 1, and 10 K/ps. Each of the obtained glass samples

contained 55296 atoms with dimensions of 10 × 10 × 10 nm3

in the x, y, and z directions. The code employed several
approximations for numerical calculations: (1) It simulated
infinite atoms by using periodic boundary conditions in all
dimensions to handle finite atoms. (2) In simulations, the
rotational inertia, rotational energy, and charge of atoms were
omitted. Thus, atoms were treated as points with mass. (3)
The initial velocity was determined by temperature, mirroring
the conditions in experimental settings. Simple shear loading,
with a constant shear strain rate of 109 s−1, was adopted on
the obtained glass samples at a low temperature of 100 K.
Simulation boxes were changed to all triclinic to enable the
occurrence of shear offset. The pressure and temperature
were controlled using isothermal-isobaric ensembles [61] and
a Nosé-Hoover thermostat [62,63] for the preparation and
shearing process. The time step of the molecular dynamics
was 0.002 ps.

III. RESULTS AND DISCUSSION

It is generally accepted that full icosahedral clusters are the
typical short-range order clusters in Cu-Zr metallic glasses
[25,41–43,64]. Using the Voronoi method, the local atomic
packing could be characterized via the Voronoi polyhedron,
which is a closed polyhedron enclosed by the mid-vertical
planes of the lines connecting neighboring atoms. Classifi-
cation of this polyhedron is denoted by the Voronoi index
〈n3, n4, n5, n6, . . . , ni, . . .〉, where ni denotes the number of
i-edge polygons in the face of the polyhedron. Icosahedral
clusters show perfect fivefold symmetry, and can be deter-
mined by Voronoi index 〈0,0,12,0〉. It consists of a central
atom and 12 surrounding atoms, forming a polyhedron with
20 triangular faces. Figure 1(a) shows an example of the con-
nection of icosahedral clusters. Here, two icosahedral clusters
are determined as “connected” if they share atoms. As shown
in Fig. 1, most of icosahedral clusters are prone to connect
together and thus constitute a structural network throughout
the model Cu50Zr50 glass. This indicates that it is possible to
discuss longer-range order in metallic glasses by concentrat-
ing on the behavior of interpenetrating icosahedral clusters,
especially the biggest one that spans over the whole glass. In
order to follow their evolving behavior quantitively, a struc-
tural parameter Smax is introduced as follows:

Smax = nnet

nall
, (1)

where nnet is the number of containing atoms in the biggest
icosahedral network and nall is the number of atoms in the
whole system. In the glass system, icosahedral clusters can
be connected or separately distributed. The connectivity of
icosahedral clusters in this work is defined as the ratio of the
content of the biggest connected icosahedral network to all of
the icosahedral clusters. This can be quantified by the dimen-
sionless ratio Smax/SFI, where SFI denotes the ratio of number
of atoms in all of the icosahedral clusters to the number of
atoms in the whole system.

Firstly, we analyze the sample with a cooling rate of
0.01 K/ps. The glass transition temperature can be identified
by figuring out the turning point from the two-stage linear fit
of the enthalpy-temperature plot, as shown in Fig. 1(b). To
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FIG. 1. (a) Snapshots show how icosahedral clusters connect each other (sharing atoms) to generate a big network. Neighboring atoms,
within cutoff radius 3.8 Å, are connected by bonds. Atoms colored in red and blue represent Cu and Zr, respectively. (b) The evolution of
enthalpy during the cooling history. The dashed line is used to point out the glass transition temperature. (c) The evolution of structural
indicators as a function of temperature. The structural indicators contain Smax/SFI (connectivity of the biggest icosahedral cluster), SFI (fraction
of full icosahedral clusters), and L5FS (local fivefold symmetry).

uncover the critical role of Smax/SFI on the imperative glass
transition process, we plot the evolution of Smax/SFI during
the quenching procedure, as shown in Fig. 1(c). It is clearly
observed that Smax/SFI grows significantly when the tempera-
ture is approaching the glass transition temperature. This gives
brief evidence that the connection of icosahedral clusters is
the potential structural origin hidden in the glass transition
phenomena. For comparison, Fig. 1(c) also shows the evo-
lution of the fraction of icosahedral clusters (SFI) and the
local fivefold symmetry (L5FS), both of which are protypical
static structural indicators. All of the parameters are evolving
during the quenching process, with Smax/SFI being the most
prominent, while SFI and L5FS show limited variations in
the glass transition regime. This gives direct evidence that
Smax/SFI is a better structural indicator on sketching the glass
transition progress.

As shown in Fig 1(c), the turning point of the SFI-
temperature curve where SFI begins to grow sharply takes
place earlier than that of the Smax/SFI-temperature curve.
This difference suggests that SFI, characterizing the birth or
annihilation of short-range atomic packings, and Smax/SFI,
representing the longer-range process with the connection of
existing icosahedral clusters, may operate at distinct stages
during quenching. To further elucidate the progression of the
formation of the icosahedral network, Fig. 2(a) presents a
quantitative correlation between Smax and SFI. An obvious
change of the slope can be observed, with the turning point
occurring close to the glass transition, as marked by the blue

dashed line. It is noted that SFI and Smax are quantitative
reflections of the birth and connection of icosahedral clusters,
respectively. Therefore, a competition between these two pro-
cesses is expected. During the quenching process, firstly, the
newborn of the icosahedral clusters plays the leading role as
evidenced by the more pronounced increase of SFI than that
of Smax at temperatures over the glass transition temperature.
After the turning point, the dominant mode changes to the
connection of existing icosahedral clusters, with Smax growing
with a faster rate than SFI.

The details of such intriguing emergence of icosahedral
network are further demonstrated by the evolution of Smax/SFI,
SFI and Qcluster, as shown in Fig. 2(b). Here, Qcluster is defined
as the number of isolated icosahedral clusters which do not
share atoms with other icosahedral clusters. On the one hand,
the formation of newly isolated icosahedral clusters will lead
to the increase of Qcluster. On the other hand, the connection of
existing icosahedral clusters is expected to drive the decrease
of Qcluster. In this sense, the evolution of Qcluster is capable of
quantifying the competition between the birth and connection
of icosahedral clusters. The growth or decay of Qcluster then
demonstrates that the formation of newly isolated icosahedral
clusters or their connection is the dominated mode. As shown
in Fig. 2(b), the structural evolution of the glass transition pro-
cess can be divided into four stages. Representative snapshots
relating to each step are shown in Fig. 2(c). In stage 1, there
is a gradual emergence of isolated icosahedral clusters whose
fraction is growing slowly. In stage 2, an abrupt enhancement
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FIG. 2. (a) Smax as a function of SFI. (b) The evolution of Smax/SFI, SFI, and Qcluster as a function of temperature. (c) Four stages of the cooling
process, showing the initial distribution of icosahedral clusters (stage 1), the generation of new icosahedral clusters (stage 2), the connection
of neighboring icosahedral clusters (stage 3), and the coalescence of connected clusters to form a structural network in the whole system
(stage 4).

on the birth of icosahedral clusters accompanied by the growth
of Qcluster implies that isolated icosahedral clusters begin to
connect with neighboring ones to form the small connecting
clusters. During the first two stages, the newborn event is the
dominated mode, thus Smax/SFI grows slowly. At the beginning
of stage 3, it is seen that Qcluster begins to decrease while the
value of Smax/SFI grows significantly. This indicates that the
dominant event turns to the connection of existing icosahedral
clusters formed in previous stages, resulting in several larger
networks, each containing hundreds of atoms. This shift over-
laps with the turning point in Fig. 2(a). At the last stage, most
of the icosahedral clusters link together to form a structural
network that spreads over the whole system.

It is generally accepted that the cooling history controls
the glass transition process as well as the obtained glassy
structures. To clarify the critical role of each stage on the glass
transition process, we carried out four cooling procedures
with cooling rates of 0.01, 0.1, 1, and 10 K/ps, respectively.
Figures 3(a)–3(c) show the exact evolution of Smax/SFI, SFI,
and Qcluster. The structural evolution of the samples exhibits
a similar trend which is in line with the four stages shown in
Fig. 2. Differences can be observed in terms of the amplitudes
of structural indicators. For instance, samples that undergo
slower cooling rates are prone to display higher levels for both
Smax/SFI and SFI. This is in line with the existing literature that
slow cooling rates are expected to lead to glasses with more
ordered clusters [25,65].

Surprisingly, it is intriguing to observe that difference
on structural evolution can only be captured after the be-
ginning of stage 3. In stage 1 and stage 2, the structural

evolutions for various cooling rates are perfectly overlapping
with each other. This result is consistent for all three param-
eters, Smax/SFI, SFI, and Qcluster. Referring to the significant
observation that stage 3 is just right before the critical glass
transition, it is reasonable to demonstrate that stage 3 plays
the key role on the glass transition process. This is validated
by further conducting cooling simulations with additional
cooling procedures. Here, constant cooling rates of 0.1 and
10 K/ps for all stages is characterized as model 1 and model
3, respectively. In contrast, the strategy of model 2 is that a
cooling rate of 0.1 K/ps is used in stage 3 while 10 K/ps is
used in other stages. Figures 3(d)–3(f) show the correspond-
ing structural evolutions. Intuitively, the structural evolutions
of both model 1 and model 2 are almost identical to each
other. This suggests that stage 3 controls the obtained glassy
structure and is thus paramount during the glass transition
process. In the structural scenario, the cooling history does
not have an effect on the initial birth of the icosahedral clus-
ters in the first two stages. However, sluggish quenching in
stage 3 offers sufficient time for the connection of icosahedral
clusters, thus leading to the various structures of the obtained
glasses. Therefore, it can be concluded that stage 3, in which
existing short-range icosahedral clusters connect to each other
to form stiff structures with longer range, contributes most
to the glass transition process. This is likely the underlying
structural origin of the glass transition.

Having elaborated the critical role of the icosahedral net-
work on glass transition, we next quantitatively discuss its
correlation to the relaxation time, which is one of the critical
dynamic signatures of the glass transition [66,67]. Firstly,
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FIG. 3. (a)–(c) The evolution of Smax/SFI, SFI, and Qcluster , respectively, during the cooling procedure with various cooling rates. (d)–(f) The
evolution of Smax/SFI, SFI, and Qcluster , respectively, during the cooling procedure with various cooling strategies. Model 1: constant cooling rate
of 0.1 K/ps. Model 2: 0.1 K/ps in stage 3 while 10 K/ps for other stages. Model 3: constant cooling rate of 10 K/ps.

the self-intermediate scattering function (SISF) [68,69] is
calculated:

Fs(q, t ) = 1

N

〈
N∑

j=1

exp[i�q · (�r j (t ) − �r j (0))]

〉
. (2)

Here, N is the total number of atoms and �r j (t ) − �r j (0)
represents the displacement of atom j going through time
t . �q is the wave vector. Here, | �q| = 2.7 Å−1 corresponding
to the first peak position of the structural factor. Then the
α-relaxation time τα is obtained as the timescale when the
SISF decays to exp(−1).

Figures 4(a)–4(d) show the SISF of supercooled liquids
with various cooling rates. With decreasing temperature, it
takes a longer time for atoms to lose memory about their
initial occupying positions. It is intuitively seen that samples
experiencing diverse cooling histories exhibit distinct dynam-
ics properties. The conclusions acquired above reveal that the
connectivity of icosahedral clusters grows with cooling, and
the evolution of this indicator is various in four samples. In
this sense, this is the fundamental evidence that icosahedral
clusters play an important role in the relaxation dynamics
process.

To obtain a more detailed relationship between Smax and
τα , we plot τα as a function of Smax in Fig. 4(e). It exhibits
a power law between τα and Smax. Factor S0 is introduced
to normalize Smax. Similarly, τα could be normalized by τ0.
As a result, we obtain the following power law between the

structural indicator Smax and the relaxation time τα:

τα = τ0

(
Smax

S0

)A

, (3)

where A is the exponent of the power law. Figure 4(e) clearly
illustrates that the correlation between Smax and τα is well
fitted by Eq. (3). Here, parameter A is shown geometrically
as the slope of the fitted line. Obviously, parameter A exhibits
different values for different cooling rates. Therefore, it is a
factor between the icosahedral cluster and the α-relaxation
time, which varies with samples produced in diverse process.
The values of A are approximately 2.7, 4.2, 5.4, and 14.4
corresponding to the samples with cooling rates of 0.01, 0.1,
1 and 10 K/ps, respectively. As shown in Fig. 4, fitted lines
have a potential to be vertical with the growth of cooling
rates. In terms of Eq. (3), factor A is capable of measuring
the susceptibility of dynamics to the connectivity of icosa-
hedral clusters quantified by Smax. It is worth noting that the
normalization coefficients S0 and τ0 for these four samples
are equal within the margin of error, presenting as fitted lines
intersecting at (S0, τ0) in geometry. Actually, they correspond
to the structural parameter and relaxation time around 900 K,
which is the beginning of stage 3.

It has been verified that the relationship between fivefold
symmetry and τα can be fitted by an exponential function
in various metallic glass systems [29]. However, as a pa-
rameter describing the extension of icosahedral clusters, Smax

reflects both SROs and the spatial correlations among SROs
that are beyond the nearest neighbors. Thus, the power-law
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FIG. 4. Self-intermediate scattering functions for supercooled liquids in 1100, 1000, 900, 800, 700, and 600 K, respectively, among various
cooling rates (a)–(d). The α-relaxation time is defined as the time when SIFI drops to exp(−1). The value of exp(−1) is denoted by the
horizontal orange line. (e) The evolution of τα as a function of Smax which obeys the power law.

relation represents the interrelation between connected SROs
and glassy dynamics.

We have elaborated that various cooling histories indeed
bring different extents of connectivity in icosahedral networks
which would induce diverse stability of the quenched glasses.
This is properly the hidden structural origin of the cooling-
history dependence of deformation responses in metallic
glasses [25]. For example, glass samples with slower quench-
ing rates have a higher level of icosahedral network and are
thus more susceptible to shear banding. Thus, it is reasonable
to speculate that the medium-range packing connection, act-
ing as the icosahedral network, is the structural cause of strain
localization and the subsequent shear banding emergence. In
other words, the icosahedral network might be the critical
clue going through both the quenching and the deformation
process. This network provides a possibility for uncovering
the mechanism hidden behind the cooling-rate-dependent de-
formation response which can be traced back to the glass
transition. To validate this view, we carried out shear loading
on the four glasses with different cooling rates.

Firstly, shear loading with a constant strain rate of 109 s−1

is applied to the obtained glass samples with various cooling
rates. The stress-strain curves are given in Fig. 5(a). There is
an initial linear increase of stress in the elastic deformation
stage, until general strain ε ∼ 0.1. Subsequently, the curve
deviates from the linear growth and reaches the peak stress.
After that, an abrupt decline of stress, namely stress over-
shoot, takes place, indicating the emergence of a shear band.
Distinct peak stress and similar plastic flow stress indicate
that the initial structures are strongly correlated with the peak
stress, but evidently do not influence the flow stress. The
snapshots in Fig. 5(b) directly present the evolution of the

strain field, colored by atomic effective strain �, which covers
both affine and nonaffine parts of displacement [70,71]. Obvi-
ously, samples with slower cooling rates show higher levels
of susceptibility to strain localization. This is the intuitive
evidence that an icosahedral network controls the inherent
deformation localization in metallic glasses. Furthermore, we
place an emphasis on discussion about the relation between
the behavior of the icosahedral network and the emergence
of shear bands. Here, we focus on the atoms occupying the
single shear band shown in Fig. 5. Specifically, the largest
connectivity of icosahedral clusters (Smax/SFI) is then calcu-
lated based on these atoms. The parameter Smax/SFI, which
will be discussed later, is defined as the ratio between num-
bers of atoms constituting the icosahedral network and those
constructing the icosahedral clusters in the region of the
shear band.

Figure 6 shows the change of Smax/SFI in the single shear
band. It is seen that Smax/SFI declines in the elastic regime
in Fig. 5(a). Subsequently, a precipitous drop in Smax/SFI to
almost zero is observed, indicating the spontaneous collapse
of the icosahedral network during the emergence of shear
bands. During the plastic flow regime, Smax/SFI stays at around
0 for all glass samples. This indicates the similar structure
of glasses in plastic flow states. Referring back to Fig. 5(a),
Smax/SFI is capable of reflecting the structural evolution which
perfectly matches the overall stress-strain curves.

Obviously, there is a mutual influence between structure
and deformation. On the one hand, the deformation field is
controlled by the inhomogeneous structure induced by the
spatial distribution of connected icosahedral clusters. On the
other hand, such icosahedral network, in turn, can be broken
once the emergence of a shear band takes place. This result is
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FIG. 5. (a) Simulated stress-strain curve under the simple shear loading. The dashed line indicates the formation of one shear band.
(b) The snapshots show the localization process by monitoring atomic effective strain.

FIG. 6. The evolution of Smax/SFI in shear bands for metallic glass
prepared by various cooling rates.

consistent among all of the simulated samples. To investigate
the specific influence between long-range packing and defor-
mation localization, we will thoroughly analyze the sample
quenching at a rate of 0.01 K/ps.

It is well known that full icosahedral clusters are a kind
of hard short-range order structure. In this connection, it is
predicted that the icosahedral network might be the obstacle
of deformation. In order to explicitly demonstrate the defor-
mation response of the icosahedral network, the normalized
atomic strain in each icosahedral cluster as a function of
cluster size is given in Fig. 7. Here, microscopic strain � for
an icosahedral cluster is the mean value of atomic strain for
atoms constructing the cluster and it is normalized by general
strain ε. When �/ε equals 1, it represents the average strain
for the overall sample. In contrast, the value far beyond or
below 1 implies deformation localization or nearly no defor-
mation, respectively. For comparison, various applied strains
are considered. It clearly reveals that a large magnitude of mi-
croscopic strain is always located inside clusters with smaller
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FIG. 7. The correlation between average magnitudes of microscopic strain � normalized by macroscopic strain ε and the size of icosahedral
clusters S which means the quantity of atoms forming the cluster. The evolution in different deformation stages is shown in (a)–(f), including
the early stage of deformation (a), the moment just before shear banding emergence (b), the stage of the emergence of a shear band (c)–(e),
and the formation of a mature shear band (f). The biggest icosahedral network is specially marked by the red circle.

size, with the largest icosahedral cluster (marked by a red
circle in Fig. 7) undergoing the relatively small deformation
far below the average. This trend is more pronounced as the
applied strain increases.

It is widely believed that shear transformation zones
(STZs), manifesting as flow defects in metallic glasses, are
originally activated in soft regions, where atomic clusters
are unstable [18,64]. The icosahedral network that wraps
these areas could be thought of as a barrier that limits the
arbitrary propagation of these initially deformed regions.
With growing general strain, regions of network neighboring
STZs are activated and soften with atoms peeling from it.
Finally, it leads to the percolation transition and shear banding
formation. In this connection, our results are consistent with
these reported works.

To discuss the correspondence between structural evo-
lution and the deformation field, we introduce the TTG
model developed in our previous work [56]. The model de-
couples atomic deformation covering affine and nonaffine
parts to elementary atomic motion, that is, shear, dilata-
tion, and rotation. Firstly, displacement gradient tensor Hi

mn
and strain gradient ηi correspond to affine and nonaffine
deformation, respectively. For the affine part, Hi

mn could be re-
arranged to three components, as RH,i

mn = 1
2 (Hi

mn−Hi
nm), SH,i

mn =
[ 1

2 (Hi
mn−Hi

nm) − 1
3 (Hi

ll Imn)], and DH,i
mn = 1

3 (Hi
ll Imn), where Imn

is the identity tensor. Furthermore, following the decoupling
method of Fleck and Hutchinson [72], strain gradient ηi

can be decoupled into Sη,i
kmn = 1

6 (η
′i
kmn + η

′i
mnk + η

′i
nkm), Rη,i

kmn =
η

′i
kmn − Sη,i

kmn, and Dη,i
kmn = 1

8 (ηi
mllδkn + ηi

kllδmn). Here, δmn is

the Kronecker symbol. After decoupling of the deformation
field, transformation factors ξR, ξS, and ξD for rotation,
shear, and dilatation, respectively, could be defined as follows:

ξ i
R =

√
RH,i

mn RH,i
mn

√
Rη,i

kmnRη,i
kmn,

ξ i
S =

√
SH,i

mn SH,i
mn

√
Sη,i

kmnSη,i
kmn,

ξ i
D =

√
DH,i

mn DH,i
mn

√
Dη,i

kmnDη,i
kmn. (4)

Based on the quantitative description of shear, dilation,
and rotation for both affine and nonaffine deformation, the
participation fraction is defined as

χ i
P =

ξ i
P

ξM
P√( ξ i

R

ξM
R

)2 + ( ξ i
D

ξM
D

)2 + ( ξ i
S

ξM
S

)2
, (5)

where the subscript P in ξ i
P and ξM

P could be replaced by
R, S, and D for rotation, shear, and dilatation, respectively.
ξ i

P/ξM
P is the ratio of transition factors and their mean values.

The determination of the dominant event for an atom is based
on comparing the participation fraction. The highest value of
this fraction identifies the deformation region as either shear
dominated (SDZs), dilation dominated (DDZs), or rotation
dominated (RDZs). In this way, shear banding emergence can
be demonstrated as the cooperative evolution of SDZs, DDZs,
and RDZs.
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FIG. 8. The extreme analysis of rotation, dilatation, and shear events of atoms in the shear band. Statistical distribution of dilatation (a),
rotation (b), and shear (c) transformation factors normalized by mean values at various general strains. (d) The evolution of extreme value with
the growth of applied strain.

First, the extreme value theory [73] is applied to analyze
the initial deformation localization. Figures 8(a)–8(c) show
the probability density distribution of dimensionless ratios
ξX

S /ξM
S , ξX

D /ξM
D , and ξX

R /ξM
R , which are atomic transition fac-

tors normalized by their mean values. Since these indicators
are dimensionless, it is reasonable to compare the initial local-
ization behavior of shear, dilatation, and rotation. It is intuitive
that the maximum probability of factors always stays around
1 for all of the applied macroscopic strains. The statistical dis-
tribution of these factors is synchronously decreasing, except
the long tail behavior. This difference implies inhomogeneous
flow for events of shear, rotation, and dilatation.

Based on the extreme value theory, we then pick out and
track atoms with the top 2% of transformation factors re-
lated to the shear, dilatation, and rotation events, respectively.
Atoms corresponding to these extreme values are expected
to be the origin of strain burst and deformation localization.
These transformation actors ξX

P are then normalized by the
mean values ξM

P of atoms residing in the whole configuration.
Here, the subscript P in ξX

P and ξM
P can be replaced by D

for dilatation, R for rotation, and S for shear, respectively.
The ratio ξX

P /ξM
P is an indicator to measure irregularity for

the obtained deformation events, that is, long-tailing behavior.
The change of this indicator ξX

P /ξM
P as a function of applied

strains is shown in Fig. 8(d). It is seen that the extreme values
of the parameter for dilatation goes beyond that of shear and
rotation. This result indicates that dilatation plays the dom-
inant role in the initial stage of deformation. This is in line
with our previous simulated work [56].

Next, we discuss the structural responses accompanying
the evolution of SDZs, DDZs, and RDZs. We pick atoms
representing shear dominant, dilatation dominant, and rotation
dominant, respectively, and pay attention to the fraction of
atoms constituting the biggest icosahedral clusters. The result
is plotted in Fig. 9(a). The ratio of atoms belonging to the stiff
network that exhibit rotation-dominant events is consistently
larger than that of the shear-dominant and dilatation-dominant
events. This indicates that RDZs are prone to overlap with
the biggest icosahedral network. In contrast, DDZs and SDZs
are more likely to be related to regions with relatively looser
atomic packing. The consequence reinforces the idea that
atomic motion in the hard region is apt to rotation.

As shown in Fig. 9(a), an abrupt drop in the fraction of
atoms participating in these three events takes place when the
sample strain exceeds 0.1, corresponding to the emergence of
stress overshoot shown in Fig. 5(a). The phenomena indicates
that a large extent of destruction for the icosahedral network
begins after the sample strain exceeds 0.1. Therefore, we
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FIG. 9. (a) Ratio of atoms constructing the biggest cluster over atoms exhibiting shear dominant, dilatation dominant, and rotation
dominant, respectively. (b) Spatial evolution of the biggest connected icosahedral network in the shear band. The snapshots are shown in
the 20 Å slice of shear banding zones at different strain magnitudes. Atoms undergoing SDZs, DDZs, and RDZs are denoted by red, green,
and blue, respectively. (c) Parts of the core-shell structure taken from the icosahedral network.

specifically analyze the atomic behaviors in the icosahedral
network during this period. Figure 9(b) intuitively presents
the spatial distribution of SDZs, DDZs, and RDZs, with the
tumbling evolution for the icosahedral network in general
strain from 0.1 to 0.15. Comparing the snapshots of samples
prior to and after deformed stages, the vanished parts are
usually atoms located at the edge of the network. These
are typically SDZs and DDZs enfolding RDZs. This result
inspires us to analyze the icosahedral network as a core-shell
structure as sketched in Fig. 9(c). The atoms in outer shells
neighboring soft and deformed regions mainly move via shear
and dilatation, thus acting as the SDZs and DDZs. In contrast,
the internal cores, being stable and stiff parts, display as
RDZs. With applied strains, SDZ and DDZ shells, wrapping
RDZ cores, peel from the icosahedral network, ultimately
causing its collapse.

From these results, we demonstrate that structure has
a great impact on deformation motion. The behavior of
atoms located in the network follows the core-shell rule
during the whole process of destruction of the network.
The next task is to demonstrate, how the element motions

drive the deconstruction of the biggest network. Subse-
quently, we will demonstrate that the atomic events, in
turn, have the effect of destruction for the icosahedral
network by analyzing atoms peeling from the icosahedral
network.

For explicit comprehension, we define the atoms falling
out from the network as the collection of atoms residing in
the icosahedral network in the former moment in simulation
while not belonging to the network in the next moment. Based
on these explanations, Fig. 10(a) presents the fraction of dom-
inant atomic motion presenting rotation, shear, and dilatation,
respectively, when peeling from the network. Firstly, fractions
of SDZs, DDZs, and RDZs overlap during the elastic defor-
mation stage. Then, the fraction of RDZs sharply increases
at the beginning of strain localization while DDZs and SDZs
are still synchronized. After the general strain of 0.2, which is
the moment when the network is exhaustively destroyed, the
fraction for RDZs, DDZs, and SDZs begins to fluctuate in a
disorderly manner, as shown in Fig. 10(a). This is due to the
structural change that after the formation of shear bands, the
biggest icosahedral network is broken.
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FIG. 10. (a) Fractional evolution of atoms exhibiting SDZs, DDZs, and RDZs peeling from the biggest cluster. (b) Spatial evolution of
atoms presenting SDZs, DDZs, and RDZs beyond the biggest cluster with the growth of general strain.

To further illustrate the specific atomic motions that control
the breakdown of the icosahedral network, Fig. 10(b) shows
a series of snapshots of the part beyond the biggest icosahe-
dral cluster. Actually, it shows the complement of Fig. 9(b).
The holes in the snapshots are the areas that the network
locates, which we call the “network rich area” while other
parts correspond to the “network poor area.” With applying
strain, atoms peel from the biggest cluster and fill the blank in
the snapshot. It is intuitive that atoms controlled by rotation
shear and dilatation are scattered randomly during the initial
deformation. After the general strain at 0.1, the fraction of
RDZs grows remarkably. When the general strain reaches
0.18, there is an obvious sandwich structure of two rotation-
dominant gathering regions separated by regions with mixed
distribution of shear dominant and dilatation dominant. That
implies that these bulk atomic clusters colored in blue fall
off from the network corresponding to the sudden growth of
RDZs in Fig. 10(a).

The physical image of atoms falling out from the network
could be sketched based on the core-shell structure. Firstly,
dilatation activates the initial deformation in soft regions,
while the hard icosahedral network mainly undertakes rota-
tion and acts as the obstacle hindering the development of
activated STZs.

As applied strain increases, STZs confined in the network
poor area excite the neighboring part of the icosahedral net-
work, inducing softening of the outer shells of the icosahedral
network. The outer shells, occupied by unstable SDZs and
DDZs, firstly collapse, accompanied by the transformation of
the inner cores from RDZs to SDZs or DDZs. Subsequently,
these transition parts become outer shells and ultimately
fall off from the network. This process sustains until the
deformation localization begins at ∼0.1, which corresponds to
the network collapsing rapidly. The collapse of such core-shell
structure thus can be characterized as a positive feedback

process with the continuing exposed shell being activated.
This is the hidden structural process accompanying the shear
banding emergence.

IV. CONCLUSION

Shear band as a consequence of the deformation-controlled
glass transition, has a uniform structural origin with the
temperature-controlled glass transition, that is, the topology
of the medium-range ordered structure, i.e., the connection of
icosahedral clusters. Instead of studying these two processes
in isolation, we followed the natural preparation-deformation
process and investigated the mechanism hidden behind sam-
ples with various cooling rates exhibiting a discrepant extent
of inhomogeneous deformation. Furthermore, we demon-
strated quantitatively that the icosahedral network also plays a
crucial role in controlling dynamical heterogeneity. This is in
line with our recent work that the topology instead of atomic
ordering or flow defects density exhibits the dominant charac-
ter [74]. Dating back to the formation of this vital network,
stage 3 (ranging from 900 to 600 K) is the fateful period
during the quenching process. According to atomic motion,
the icosahedral network, acting as the structural origin of
shear banding emergence, could be explained as a core-shell
structure, which divides the network into an outer unstable
shell occupied by SDZs or DDZs, and an inner stable core
accommodating RDZs. The collapse of the icosahedral net-
work, which accommodates plastic deformation, is actually
the procedure in which atoms in the outer shell are acti-
vated, softened, and finally peeled from the network. Then,
the newly exposed part turns into a shell, activated by shear
and dilatation again. As the deformation goes on, there is an
abrupt collapse of the icosahedral network, corresponding to
the emergence of a shear band. This process is accompanied
by the disruption of RDZs wrapped by SDZs and DDZs.
The connected icosahedral clusters then act as a bridge to
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link glass transition and shear banding emergence. These
observations thus open up a path toward understanding the
material softening mechanism and physical process of shear
band emergence in amorphous solids by tracking back to the
critical glass transition process.
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