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Heterogeneity in the deformation field, especially in the form of shear bands, is a universal feature in
disordered solids. The current paradigm presents the deformation heterogeneity as the result of structural
inhomogeneity which is controlled by the concentration of atomic ordering clusters or flow defects. Here, we
show that, in contrast to the population of atomic clusters, their topology, i.e., spatial distribution, is the root cause
of the strain localization. This conclusion is reached via a decoupling tactic which completely eliminates the
effect of concentration. Under loading stimuli, model glasses with identical concentration but various topological
connectivity of atomic ordering clusters show remarkably distinct mechanical behaviors. Deformation hetero-
geneity and shear banding emergence are linked to glasses with strong topological connectivity. Topological
connectivity can be not only characterized as the structural origin of strain localization, but is also transferable
to detect the dynamical heterogeneity. These results are instrumental to rationalize the emergence of shear bands
in disordered solids in terms of the pure structural information.

DOI: 10.1103/PhysRevMaterials.7.113601

I. INTRODUCTION

In the broad existed disordered packing media, de-
formation heterogeneity [1,2], for instance the directional
percolation of localized strain to form shear bands [3–5], is
ubiquitous and has been the object of tremendous experi-
mental [6–8], computational [9–12], and theoretical [13–16]
efforts over the last decades. Metallic glasses are not only
of extensive application potential due to their outstanding
mechanical behaviors [17], but also an ideal glass model for
the investigation of the fundamental physics of the disordered
materials. In metallic glasses, simulated evidences down to
atomic scale have shown that the inherent inhomogeneous de-
formation and dynamical heterogeneity are dependent on both
chemical composition [18,19] and cooling histories [20,21].
Since the fraction of atomic ordering clusters, e.g., icosahe-
dron in CuZr system, also appear to vary with the evolution of
deformation fields [22], the prevailing understanding underly-
ing the inhomogeneous deformation field of metallic glasses
is attributed it as the cause of the density of ordering clus-
ters or flow defects [23–25]. For example, the key internal
variables in the famous free-volume model [26] and shear
transformation zone (STZ) framework [27,28] are the fraction
of free volume and the number density of STZ, respectively.
On the basis of this conception, the current approaches to
achieve the ductility and homogeneous deformation in metal-
lic glasses are based on rejuvenation process [29–31] which
tailors the concentration of ordering or defect density via
preloading [32,33], thermal process [34,35], and so on.
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In spite of this, further experimental [36,37] and simu-
lated [38,39] evidence were collected later on, revealing the
profound effects of spatial connection of atomic ordering,
namely, medium-range order [40,41], on the deformation be-
haviors of metallic glasses. For example, icosahedral clusters
in CuZr systems exhibit strong spatial correlation and are
prone to interpenetrate with each other [42], forming a per-
colating backbone. Such a spatial connection is validated to
be closely related to the relaxation dynamics [43] and defor-
mation heterogeneity [44]. These observations then provide a
clear demonstration of the inherent structural inhomogeneity
as well as another possible explanation to the physical origin
of the deformation heterogeneity, being traced back to the
spatial distribution, i.e., topology of atomic packing, rather
than the purely statistic distribution or density.

Therefore, there is an emerging and imperative question:
whether the fraction of ordering clusters or its topology is the
root cause that leads to the inhomogeneity of deformation field
in metallic glasses? Actually, this is a long-standing challenge
due to the strong coupling between the fraction of atomic
ordering and its spatial connection [20,45], thus leading to the
determination of structural origin of deformation heterogene-
ity is still an open question.

In this work, we focus on this debate and provide a
conclusive answer to this fundamental question, based on
atomistic simulations and the decoupling strategy which com-
pletely eliminates the effect of fraction of ordering clusters.
We are able to directly discuss the deformation behaviors of
glass samples with identical fraction but distinct topology of
atomic ordering. It is illustrated that such model glasses show
various levels of deformation heterogeneity, ranging from
homogeneous deformation to the formation of a shear band,
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FIG. 1. Typical shear stress-strain curve of Cu50Zr50 metallic
glass with fast cooling rate of 1014 K/s. The inset shows the evolution
of spatial distribution of nonaffine displacement.

suggesting the leading role of topology as the main driving
factor for the strain localization leading to the emergence of
shear band.

II. SIMULATION DETAILS

Here, atomistic simulations are carried out via the open
source LAMMPS code [46]. The prototypical binary system
Cu50Zr50 is used as the model glass. The embedded-atom
potential provided by Mendelev et al. [47] is employed to de-
scribe the interatomic interactions. First of all, a soft Cu50Zr50

glass, containing 108 000 atoms is constructed by quenching
the fully relaxed melting liquid (2050 K) into glassy state
(50 K) with extremely fast cooling rate of 1014 K/ps. The
obtained glass, with dimensions of 12.8 × 12.8 × 12.8 nm3,
is then sheared along the xy direction and with strain rate of
108 s−1. For the process of glass preparation and subsequent
loading test, an NPT ensemble (constant number of atoms,
constant pressure, and constant temperature) is utilized. Here,
the pressure and temperature are controlled by using the Nose-
Hoover thermostat [48]. The mechanical response is given in
Fig. 1. It gives the evolution of spatial distribution of nonaffine
displacement [28]. Intuitively, this glass sample shows the
nearly homogeneous deformation field without the generation
of strain localization or shear bands. This is in line with an
earlier view that fast cooling rates will lead to rejuvenated
glass states which are coupled with restrained shear banding
instability [19,21].

Then, we insert additional structural inhomogeneity to this
soft glass by further heating and relaxing a tiny fraction of
atoms (nearly 2% of the total atoms). The selected regions,
each with length scale of 1 nm in each direction, is relaxed
at 850 K (slightly above the glass transition temperature)
for 1 ns, namely, the relaxed region, while other atoms are
simultaneously annealed at 50 K, referring to the matrix. In
this relaxation process, the microcanonical ensemble (NV E )
is utilized. To conduct model glasses with identical population
but various topology of short-range order clusters, packing
manners with different level of connectivity are carried out.

Unrelaxed atoms

Separately relaxed atoms

(a) (b)

(c)

Connectedly relaxed atoms

FIG. 2. Snapshots of Cu50Zr50 metallic glasses with connected
factor equaling (a) 0.0, (b) 0.5, and (c) 1.0, respectively. Here, blue
spheres denote atoms in the matrix. Yellow spheres denote separately
distributed relaxed regions. Red spheres characterize relaxed atoms
in connectedly relaxed regions.

As shown in Figs. 2(a) to 2(c), three typical model glasses
with obviously distinct spatial distribution of relaxed regions
are obtained. In Fig. 2(a), relaxed regions are distributed
randomly and separately. In Fig. 2(b), half of the relaxed
regions are connected. In contrast, the glass shown in Fig. 2(c)
presents the fully connected network formed by relaxed re-
gions. To quantify the level of connectivity and distinguish
the topology of ordering clusters in these three model glasses,
the connected factor χcon is defined as the fraction of con-
nected regions in all relaxed regions. In this connection, the
model glasses in Figs. 2(a) to 2(c) correspond to χcon = 0.0,
χcon = 0.5, and χcon = 1.0, respectively. There is general
consensus that anisotropic structures, acting as the intrinsic
feature, play an important role on the mechanical behavior of
metallic glasses [49–51]. Thus, the relaxed regions as shown
in Figs. 2(b) and 2(c) are mainly connected along a certain
direction, for the sake of remodeling the intrinsic anisotropic
effect in metallic glasses. It is noted that periodic boundary
conditions along the x, y, and z directions are imposed for all
the simulations. The time step is set to be 0.002 ps.

III. RESULTS AND DISCUSSIONS

A. Decoupling between population and topology
of structural ordering

It is generally accepted that glass samples will become
more stable after relaxing at temperature near the glass tran-
sition [52,53]. Therefore, it is expected that the heating and
subsequent relaxing process mentioned in Sec. II is able to
drive the glass states towards being less energetic. This can
be clarified by the comparison of the level of potential en-
ergy in both the matrix and the relaxed regions as shown in
Figs. 3(a) and 3(b). It is observed that the relaxed regions
show less potential energy than the matrix. It indicates that
atoms in the relaxed regions are much more stable than those
in the matrix. This phenomenon is suitable for both Cu and
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FIG. 3. (a) The per atom potential energy for Cu atoms in various sample glasses. (b) The per atom potential energy for Zr atoms in
various sample glasses. (c) Statistic distributions of static short-range structures. First to third rows: Distribution of 20 most frequent Voronoi
clusters in samples with χcon = 0.0, χcon = 0.5, and χcon = 1.0, respectively. Fourth to fifth rows: Deviations among the three sample glasses
in the distribution of Voronoi polyhedra. (d) Statistically structural information via radial distribution functions. First to third rows: Radial
distribution functions for Cu50Zr50 metallic glasses with χcon = 0.0, χcon = 0.5, and χcon = 1.0, respectively. Fourth to fifth rows: Deviations
among the three sample glasses in radial distribution functions.

Zr atoms. In addition, it is intriguing to find that the energy
reduction is enhanced as χcon increases from 0.0 to 1.0. This
gives the intuitive evidences that the topology, specifically,
the connectivity, of stable regions is critical for the energetic
state. Moreover, since the relaxing procedure is carried out
on a tiny fraction of atoms, it would not induce a noticeable
difference on the overall energy states, as shown by the dashed
lines in Figs. 3(a) and 3(b). Here, only subtle fluctuations
of the overall energy states are observed among glasses with
different χcon values. It indicates that the structural topology
can be tailored by the premise of not affecting the overall
energy state.

We then test the effect of decoupling between popula-
tion and topology. On the one hand, the statistic distribution
of short-range order clusters is investigated. Figure 3(c)
shows the Voronoi polyhedra analysis for glasses with various
topology, as evaluated by the connected factor χcon. Here,
the label of Fig. 3(c) is the Voronoi index, which has the

form of 〈n3, n4, n5, n6〉. Here, ni denotes the number of i-
edge polygons. The Voronoi index is able to identify the
Voronoi structure and is widely used to characterize the short-
range atomic packings [41,54]. It is clearly seen that these
three samples show almost the same fraction on each type
of Voronoi clusters. This is further quantitatively validated
by the fourth and fifth rows of Fig. 3(c). It can be seen
that the deviation �i is approaching zero. Such a similarity
on the statistically structural features can also be identified by
the almost identical total radial distribution functions (RDFs)
among these three model glasses, as seen in Fig. 3(d). On
the other hand, the topology or spatially packing manner of
short-range order clusters is uncovered by monitoring the
connectivity of full icosahedron in glasses with various χcon.
Here, two full icosahedral clusters are connected if they share
atoms. We characterize all of the icosahedral clusters and
identify the details that they interpenetrate with each other
and thus form the bigger network. Consequently, all of the
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FIG. 4. (a) The spatial distribution of interpenetrating full icosahedral clusters for samples with different χcon values. The 15 largest clusters
are visualized with atoms color-coded according to the cluster id. (b) Statistical distribution of reduced non-affine displacement D2

min/〈D2
min〉 at

strain of 0.30. (c) The localization factor � of strain field. (d) The skewness of strain field.

interpenetrating clusters are obtained and then sorted in order
according to the number of their containing atoms. Figure 4(a)
shows the spatial distribution of the top 15 interpenetrating
clusters. It is seen that full icosahedral clusters are prone to
connect with each other in glasses with high χcon values, lead-
ing to the huge structural network. Such a structural network
might act as the stiff backbone to resist deformation under ex-
ternal stimuli. In this connection, this gives the direct evidence
that our decoupling strategy eliminates the population factor
and is able to purely concentrate on the effect of topology on
strain localization behavior.

B. Topological packing of ordering structure controls
the deformation inhomogeneity

Having singled out the topological features from the struc-
tural information, the next task is to figure out its critical
role on the deformation inhomogeneity. First of all, the strain
localization behavior is briefly unveiled by the distribution of
reduced non-affine displacement D2

min/〈D2
min〉 [28], as shown

in Fig. 4(b). It is seen that glass with χcon = 0.0 exhibits
nearly a Gaussian distribution, indicating a uniform-like de-
formation field. In contrast, the distribution of D2

min/〈D2
min〉

in glasses with χcon = 0.5 and χcon = 1.0 show visible
non-Gaussian tails, indicating the pronounced deformation
inhomogeneity. To intuitively and quantitatively evaluate the
degree of deformation localization, two parameters, namely,
the localization factor and skewness are introduced [21]. Here,
the localization factor � is defined as

� =
√

1

N

∑
i

(
αi

〈αi〉 − 1

)2

, (1)

and the parameter skewness Sk has the form of

Sk =
〈(

αi − 〈αi〉
σ

)3
〉
. (2)

Here, αi represents the physical entity α for atom i and can
be replaced by D2

min/〈D2
min〉 in this work. N denotes the total

number of atoms and σ demonstrates the standard deviation
of D2

min/〈D2
min〉. 〈· · · 〉 denotes the statistical average. More

details about these two parameters can be found in Ref [21].
The results are shown in Figs. 4(c) and 4(d). It is intuitive that
the strain localization and anisotropic manner of the deforma-
tion field are enhanced with the increasing values of χcon as
well as the more remarkable anisotropic effect of structural
packing manners shown in Fig. 2. Since we eliminated the
effect of population of atomic ordering, it is suggested that
the structural origin of deformation heterogeneity is radically
the topological packing.

We also calculate the atomic effective strain �̃ based on
the recently developed two-term gradient (TTG) model [12].
In contrast to the nonaffine displacement, �̃ covers both the
affine and nonaffine components of deformation. Figure 5(a)
presents the evolution of spatial distribution of �̃ in the
three glasses under shear loading. Intuitively, in glass with
χcon = 1.0, plastic regions with high �̃ are gradually ag-
gregating along the shear direction, causing the emergence
of a shear band. For comparison, plastic units are activated
randomly and homogeneously in glass with no connected
relaxed regions (χcon = 0.0). Figure 5(b) shows the evolution
of the effective strain in both the strain-localized region and
the matrix during deformation. Strain localization pops up at

113601-4



STRUCTURAL ORIGIN OF DEFORMATION AND … PHYSICAL REVIEW MATERIALS 7, 113601 (2023)

ε = 0.10 ε = 0.15 ε = 0.20 ε = 0.30
Macroscopic strain

0.5

0.1

0
Λ

0.0 0.1 0.2
0.0

0.2

0.4

A
to

m
ic

 st
ra

in
 

Macroscopic strain

 Matrix
 Localized region

con = 0.0

0.0 0.1 0.2

con = 0.5

Macroscopic strain
0.0 0.1 0.2 0.3

con = 1.0

Macroscopic strain

(a)

con = 0.5

con = 1.0

(b)

con = 0.0

FIG. 5. (a) Spatial distributions of effective strain at various ap-
plied strains. (b) Evolution of effective atomic strain for samples with
χcon = 0.0, χcon = 0.5, and χcon = 1.0, respectively.

the point when atomic strain in localized region deviates from
the matrix level. Intuitively, the deformation inhomogeneity
in glass with χcon = 1.0 occurs indeed prior to that in glass
with χcon = 0.5, followed by the case with χcon = 0.0. In
addition, the mismatch between the matrix and the localized
region is more pronounced with the increasing χcon, leading
to the strong aggregation of plastic deformation as well as the
subsequent onset of shear band in glass with χcon = 1.0.

Since the strain gradient is the direct reflection of defor-
mation inhomogeneity and is also the driving force of the
emergence of shear bands [55–57], we also calculate the effec-
tive strain gradient η at atomic scale based on the TTG [12].
First of all, the projected strain gradient fields color coded
by η at various applied strains are shown in Fig. 6(a). It
is clearly seen that the glass sample with the highest level
of connectivity of short-range order clusters shows the most
pronounced strain-gradient effect while the sample where the
relaxed regions are not connected does not exhibit visible
strain gradient. This is quantitatively validated by Fig. 6(b)
which plots the evolution of atomic strain gradient in both
the matrix and the localized region. As shown in Fig. 6(b),
the strain-gradient effect is magnified step by step, especially
in the shear band region of the glass with χcon = 1.0. More-
over, the high strain-gradient region perfectly overlaps with
the shear band in the glass with χcon = 1.0. This stresses the
critical role of the strain gradient in shear banding emergence.

In addition, comparing Figs. 2, 4(a), 5(a), as well as 6(a),
it is intriguing to find that interpenetrating full icosahedral
clusters are prone to generate in connected relaxed regions,
as evidenced by the correspondence between red regions in
Fig. 2 and the blue clusters shown in Fig. 4(a). Such regions,
in turn, form stiff backbones, leading to the high activation
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FIG. 6. (a) Spatial distributions of effective strain gradient at
various applied strains. (b) Evolution of effective atomic strain
gradient for samples with χcon = 0.0, χcon = 0.5, and χcon = 1.0,
respectively.

barriers and low attendance of shear transformation, as evi-
denced by the fields of strain and strain gradient shown in
Figs. 5(a) and 6(a), respectively. This is probably the root
cause of the topology of short-range order clusters playing
a significant role on the deformation behavior in metallic
glasses.

To validate the spatial correspondence between the struc-
tural signature evaluated by interpenetrating full icosahedral
clusters and the deformation field, additional glass samples
with χcon = 0.7, χcon = 0.8, and χcon = 0.9 are prepared, as
shown in Fig. 7. Similar characterizations of the interpene-
trating network of full icosahedral clusters are carried out, as
shown in the second row of Fig. 7. Also, we cast shear load-
ing tests with identical settings on these glass samples. The
deformation field is demonstrated via nonaffine displacement,
as shown in the third row of Fig. 7. These observations show
that regions lack of interpenetrating full icosahedral clusters
overlap with regions where strong localization of strain oc-
curs. This indicates the critical role of topology acting as the
structural carriers of deformation inhomogeneity.

More evidence to depict the critical role of initially struc-
tural topology on deformation inhomogeneity is needed in
light of the percolation process of STZ spanning to large
scales in the form of shear band. Here, an atom with �̃

beyond 0.25 is characterized as being part of the plastic
regions. We calculate the linkage among plastic atoms and
characterize the size of all of the percolated plastic regions.
Sall denotes the total number of plastic atoms and Smax refers
to the size of the largest percolating region. First of all, we
monitor the percolation process of STZs by investigating the
time evolution of Smax for the three model glass. As shown
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in Fig. 8(a), Smax displays the drastic rise in the glass with
strongest connectivity of full icosahedral clusters while only
a weak increment is observed in glass with χcon = 0.0. Dur-
ing the deformation of disordered solids, the two processes
of percolation of coexisted STZ and the activation of new
STZ are inherently coupled. Their competition is the principal
source of the strain field being localized or homogeneous.
To carefully demonstrate this competing behavior, the dimen-
sionless percolating factor, i.e., Smax/Sall is introduced [12].
It is noted that the abrupt increase in Smax/Sall means the
more pronounced growth of Smax than Sall, indicating that the
percolation of plastic atoms is dominant over the stochastic
activation process. In this sense, it is the significant signature
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FIG. 8. (a) Size of the maximum percolating cluster with plastic
atoms interpenetrating each other as a function of applied strain.
(b) Time evolution of percolating factor Smax/Sall during loading.

of strain aggregation and the onset of the shear band. Fig-
ure 8(b) shows the time evolution of Smax/Sall for the three
model glasses. As is expected, the occurrence of percolating
events is captured in glass with χcon = 0.5 and χcon = 1.0. In
contrast, the evolution of Smax/Sall in glass with χcon = 0.0 is
fairly stable without any evident increment. This reflects the
sluggish percolating process which leads to the homogenous
deformation field as seen in Fig. 5(a).

The deformation response is further demonstrated by trac-
ing the evolution of possible elemental atomic-scale motions,
i.e., shear, dilatation and rotation. In Ref. [12], these three
highly entangled motions were decoupled from the deforma-
tion field and parameters ξS, ξD, and ξR were used to quantify
the atomic-scale shear, dilatation, and rotation motions,
respectively. Here, ξS, ξD, and ξR for each atom in the three
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FIG. 9. Extreme value analysis showing the evolution of nor-
malized extreme values, ξXR/〈ξR〉, ξXD/〈ξD〉, ξXS/〈ξS〉, for rotation,
dilatation, and shear, respectively.
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FIG. 10. Transferability of χcon in correlating dynamic inho-
mogeneity of metallic glasses. (a) Evolution of non-Gaussian
parameters during relaxation process for glass samples with various
χcon values. (b) Maximum non-Gaussian parameters for samples with
various values of χcon.

model glasses are calculated. Since the distributions of ξS, ξD,
and ξR are proved to display an inherent non-Gaussian manner
with long tails being the reflection of the inhomogeneity [12],
here the extreme value analysis is used to track the extreme
sites residing in the long tail. Atoms with the top 1% values of
parameter P are picked out. P can be replaced by ξS, ξD, and
ξR. Then the reduced extreme value PX/〈P〉, where PX denotes
the mean value of the selected atoms and 〈P〉 denotes the
mean value in the overall sample is calculated. The evolution
of ξXR/〈ξR〉, ξXD/〈ξD〉, ξXS/〈ξS〉 for the three model glasses
are shown in Fig. 9. The observed higher level of ξXD/〈ξD〉
over that of ξXR/〈ξR〉 and ξXS/〈ξS〉 indicates that the dilata-
tion localization is the dominant mode in the deformation
inhomogeneity. This is in concert with the previous simulated
and experimental works [12,58]. In addition, the three tested
glasses also show various evolving manners of PX/〈P〉. With
the increasing of χcon, there is a more pronounced growing
trend of PX/〈P〉 in the regime where applied strain exceeds
0.15. Since PX/〈P〉 can quantify the localization behavior
of the extreme sites, such an increment in PX/〈P〉 suggests
the growing the strain localization is related to samples with
higher connectivity.

C. Topological packing of ordering structure controls
the dynamical heterogeneity

In addition to the deformation inhomogeneity, we also test
the transferability of χcon in correlating the dynamical hetero-
geneity. To address this issue, the glass samples are relaxed

at 300 K for 1 ns. The non-Gaussian parameter α2, which is
commonly used to measure the dynamical heterogeneity of a
disordered system [59], is then calculated. The evolution of
α2 for glasses with various χcon is monitored, as shown in
Fig. 10(a). Generally, the peak value α2

max is the signature of
the degree of dynamic heterogeneity. As seen in Fig. 10(b),
the growing of topological connectivity is accompanied
by the rise of α2

max, indicating an increasing dynamic hetero-
geneity. This phenomenon suggests that the structural topol-
ogy proves highly versatile in being able to correlate dynamic
heterogeneity.

IV. CONCLUSION

In summary, we presented a series of detailed quantitative
characterizations of atomic structure and deformation field
in model glasses with an identical fraction but various spa-
tial topologies of atomic orderings. In contradiction with the
prevailing dominant paradigm that deems deformation hetero-
geneity induced solely by density of atomic ordering or flow
defects, we demonstrated quantitatively that their topology,
e.g., spatial connection, plays a crucial role. Acting as the root
cause of strain localization, structural topology is strongly
related to the process of shear banding emergence. Such a
structure-property correlation is also validated in determining
the dynamical heterogeneity. In addition, it is observed that
the inherent dynamical heterogeneity is also controlled by the
topology of atomic ordering. Moreover, it is suggested that
distinct deformation heterogeneity can be achieved without
influencing the overall energy state. This provides an alterna-
tive understanding of structural rejuvenation which may not
be completely related to high energy. The emerging picture of
breaking the spatial connection of atomic ordering but keeping
its fraction opens up plenty of opportunities for the material
discovery of metallic glasses with improving plasticity and
unaffected strength.
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