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Signature of local stress states in the deformation
behavior of metallic glasses
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Jürgen Eckert2,6

Abstract

The design of ductile heterogeneous metallic glasses (MGs) with enhanced deformability by purposely controlling the
shear-band dynamics via modulation of the atomic-scale structures and local stress states remains a significant
challenge. Here, we correlate the changes in the local atomic structure when cooling to cryogenic temperature with
the observed improved shear stability. The enhanced atomic-level structural and elastic heterogeneities related to the
nonaffine thermal contraction of the short-range order (SRO) and medium-range order (MRO) change the
characteristics of the activation process of the shear transformation zones (STZs). The experimental observations
corroborated by Eshelby inclusion analysis and molecular dynamics simulations disclose the correlation between the
structural fluctuations and the change in the stress field around the STZ. The variations in the inclination axes of the
STZs alter their percolation mechanism, affect the shear-band dynamics and kinetics, and consequently delay shear
failure. These results expand the understanding of the correlation between the atomic-level structure and elementary
plastic events in monolithic MGs and thereby pave the way for the design of new ductile metallic alloys.

Introduction

The plastic deformation of metallic glasses (MGs) at
room temperature is inhomogeneous and highly localized
into shear bands (SBs). Once SBs are triggered, such
localized deformation and the related strain softening
accelerate the instability of these SBs, eventually leading
to catastrophic failure and essentially zero tensile plasti-
city1,2. Controlling the SB dynamics and consequently
improving the plastic deformability of MGs are challen-
ging issues that are of crucial fundamental and practical
importance. Tremendous efforts have been devoted to
improving the room temperature ductility of MGs via
modification of the glassy structure. The improvement in
the mechanical properties has been widely attributed to
an increase in the free volume (rejuvenation)3–5 or elastic

fluctuations and structural heterogeneities (from atomic-
scale fluctuations to microscale crystalline inclusions)6–14.
The underlying mechanisms are different: the former
corresponds to lowered activation barriers for plastic
events, while the latter is related to a broadened energy
barrier distribution. While for composite materials, the
interaction between SBs and crystalline inclusions has
been used to explain the observed improvements in
ductility13,14, a thorough understanding of the intrinsic
correlation between the atomic-scale structure and the
macroscopic plasticity/ductility in monolithic MGs is still
lacking, hindering the development of new high perfor-
mance MGs. As a result, purposely designing the ductility
by modulating the local atomic structure in MGs remains
a major challenge.
The percolation of many shear transformation zones

(STZs) along a maximum stress path remains the most
plausible mechanism for SB formation. Following the
pioneering work of Spaepen and Argon15,16, numerous
simulations found that an STZ can be seen as a single
plastic event in MGs characterized by a local stress field
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with quadrupolar symmetry17–19, reminiscent of the
elastic field associated with the nucleation of a dislocation
pair or the transformation of an Eshelby inclusion within
an elastic continuum20. A quadrupolar-stress field sym-
metry is very similar to the basic symmetry of shear
deformation in a disordered lattice of spherical-like
atoms17. Although MGs lack long-range order, they still
have a high degree of short-range order (SRO) and
medium-range order (MRO), consisting of an inter-
penetrating network of close-packed and loose-packed
atomic clusters15,16. Thus, although MGs are macro-
scopically homogeneous, the atomic-scale structure is
highly heterogeneous, involving a distribution of atomic
clusters with different effective bond strengths, which
results in the formation of local soft spots enveloped by
elastic surroundings21–23. Under loading, these soft spots
show a high propensity for STZ activation21–23. Moreover,
STZs behave as Eshelby inclusions17,24, and it has been
predicted that an alignment of Eshelby-like quadrupoles
in MGs can stimulate SB formation and plays an impor-
tant role in the deformation behavior18. Moreover, STZs
show complex antisymmetric stress fields, which in turn
cause a vortex-like motion of the surrounding atoms.
Such an autocatalytic STZ-vortex mechanism controls the
percolation of STZs and, ultimately, SB dynamics and
morphology25,26. However, once the structural state
changes the stress field around the STZ, the axes of the
activated STZs experience a large deviation from the
maximum resolved stress affecting the STZ percolation
path, which may further influence the shear-banding
behavior27. To date, the effects of the STZ activation and
percolation processes associated with variations in the
local stress state have not been elucidated and could have
strong implications for the brittle-ductile transition
in MGs.
To this end, by changing the environmental tempera-

ture, we attempt to modify the structural state to influ-
ence the activation of primary deformation units, such as
STZs. In situ high-energy synchrotron X-ray diffraction
(XRD) measurements are used to track the structural
changes in real and reciprocal space. The relationship
between the structural changes and the related stress-
state modification is discussed in terms of stress field
distributions around STZs, while an analytical model is
proposed to explain the variations in the shear-banding
angle. Finally, the atomic-scale origin of the observed
variations in the SB dynamics and angle with changing
structural state is revealed by molecular dynamic (MD)
simulations.

Materials and methods

Tensile testing

A Zr64.13Cu15.75Ni10.12Al10 (at%) MG was chosen as the
model material due to its excellent plasticity7. Alloy ingots

were prepared by arc melting a mixture of high purity
(>99.99%) metallic elements, and the samples were
remelted at least four times under a Ti-gettered argon
atmosphere. Rod-like samples sized 3mm (diameter) ×
70mm (length) were obtained by suction casting in a
copper mold. Dog-bone-shaped tensile specimens with
gauge dimensions of 2 × 1 × 1 mm3 (length × width ×
thickness) were machined from the as-cast rods and then
finely polished. Uniaxial tensile tests were conducted
using an MTS CMT5205 deformation machine with a
temperature control facility at a strain rate of 5 × 10−4 s−1.
The strain measurement was obtained from the correc-
tion of the recorded displacement (from both the sample
and testing machine). The test temperatures ranged from
293 to 77 K. For each temperature, at least five specimens
were tested. Prior to and during the tension tests, a
cryogenic environment was attained and maintained at
the preset temperatures by circulating liquid nitrogen
through the specimen chamber. The fractography was
examined using a scanning electron microscope (SEM,
HITACHI SU-1500).

In situ XRD measurements

In situ XRD measurements were performed at the P02.1
beamline of the PETRA III electron storage ring (DESY
Hamburg, Germany). The beam size was 0.6 × 0.6 mm2,
and the wavelength was 0.20727 Å. The sample (1 mm
diameter × 2mm length) was held in a quartz capillary
with a 1.2 mm diameter and 20 μm wall thickness. The
diffracted photons were collected using a 2D detector
(Perkin Elmer PEI1621) mounted orthogonal to the X-ray
beam. The sample-to-detector distance and tilting of the
image plate detector with respect to the beam axis were
calibrated using a diffraction pattern from LaB6 (NIST
660a). The samples were cooled from ambient tempera-
ture to ~79 K, followed by heating from 79 K up to 293 K.
The heating/cooling rates were 5 K/min. The obtained 2D
diffraction patterns were integrated via Fit2D software28.
From the integrated diffraction intensity, the structure
factor S(q) and the reduced pair-distribution function
(PDF) G(r) were calculated using the PDFgetX3 pack-
age29. The peak positions of the structure factor S(q) were
extracted from a fit with a pseudo-Voigt function between
2.1 ≤ q ≤ 3.4 Å−1.

Molecular dynamics simulations

The atomic-level mechanism of the shear banding was
analyzed by MD simulations of a model Cu64Zr36 MG
using the LAMMPS code30. No appropriate interatomic
potentials exist for Zr64.13Cu15.75Ni10.12Al10 MG; hence,
the Cu64Zr36 composition was chosen as a prototype
because reliable Finnis–Sinclair type potentials are avail-
able31. The simulated specimen was generated as follows.
First, an MG cubic cell containing 8000 atoms was
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produced by quenching it from the melt to 50 K at a
cooling rate of 1010 K/s. A softer glass was also prepared
following the same procedure but using a higher cooling
rate of 1012 K/s. Rectangular samples with dimensions of
46 × 5 × 106 nm3 were then created by replicating the
initial cell, resulting in a total of ~1.5 × 106 atoms. These
samples were termed hard and soft glasses, respectively. A
small notch was introduced into the specimens to ensure
that the plastic deformation was confined in a single SB,
thus reproducing the experimental deformation behavior.
The notched sample was loaded under uniaxial tension
along the z-axis at 50 K using a strain rate of 4 × 107 s−1.
The atomic von Mises stress/strain, rotation angle and
rotation field were calculated and visualized using OVITO
software. The local rotation R was calculated by decom-
posing the atomic deformation gradient F in the rigid-
body rotation tensor and U the right stretch tensor. In
OVITO, the local rotation R is encoded as a quaternion
R= (X, Y, Z, W). Thus, the rotation field was visualized by
computing the angle of rotation (in radians) for each
particle as θ= 2acos(Rotation.W) using the Compute
Property modifier. In addition, the sign of the rotation
angle was calculated using a Compute Property modifier
as follows: sign(Rotation.Y)2acos(Rotation.W), where Y is
the direction perpendicular to the vortex (SB).

Results

Tensile properties

Typical tensile stress–strain curves of Zr64.13Cu15.75-
Ni10.12Al10 MG at different temperatures are shown in
Fig. 1a. Most monolithic MGs tensile tested at room
temperature are prone to catastrophic fracture with zero
plastic yielding after elastic deformation1,2. However,
here, discernible strain to failure can be detected with
decreasing temperature. Note that strain softening takes
place once the maximum strength is reached, implying

that inhomogeneous flow is the dominant method at
cryogenic temperature32. To better visualize this behavior,
Fig. 1b shows a magnified view of the stress–strain curves
indicated by the dashed rectangle in Fig. 1a, which clearly
indicates that both the tensile strength and sustained
strain to failure increase with decreasing temperature, as
shown in the inset of Fig. 1b. The method for determining
the yield strength and strain to failure is given in Sup-
plementary Fig. 1. The tensile strength shows a linear
relationship with temperature, and it increases by
~350MPa when the temperature decreases from 293 to
77 K. The strain to failure also increases with decreasing
temperature, although it is improved marginally. Thus, it
is obvious that decreasing temperature can yield higher
strength and larger strain to failure in monolithic MGs.

Structure evolution with decreasing temperature

Usually, enhanced strength and ductility are attributed
to structural changes33,34. However, the structural evolu-
tion due to changes in the environmental temperature is
very insignificant. Here, high-energy synchrotron XRD
investigations provide insights into the structural changes
of MG with temperature. The structure factors in reci-
procal space, S(q), at different temperatures are plotted in
Supplementary Fig. 2. The first maximum of S(q) reflects
the structural evolution in the MRO. The peak position of
the first maximum shifts to a higher q value with
decreasing temperature, indicating a decrease in the mean
atomic bond length. This corresponds to a volume con-
traction, which can influence the mechanical properties of
the MG35. For example, the elastic modulus, E, of the MG
monotonically increases with decreasing temperature
(Supplementary Fig. 3), indicating continuous stiffening of
the MG with decreasing temperature35. In addition,
cooling from 293 to 79 K induces thermal stress, which is
evaluated to be ~10% of the macroscopic yield stress3.

Fig. 1 Mechanical properties of Zr64.13Cu15.75Ni10.12Al10 MG at different temperatures in the range of 77-293 K. a Representative tensile
stress–strain curves. The starting points of the curves are set off for clearer viewing. b Magnified view of the tensile stress–strain curves marked by the
dashed rectangle in (a). The tensile strength as well as the strain to failure as a function of temperature is shown in the inset. The lines are for guiding
the eye.
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However, the evaluated thermal stress is much lower. The
increase in the elastic modulus at 79 K is only 3% (Sup-
plementary Fig. 3), which is not sufficient to explain the
~23% increase in yield strength, implying that the yield
strength increase not only depends on the affine con-
traction of the MRO (macroscopic contraction) under-
lying the cooling process but may also be linked to the
changes in the SRO (degree of heterogeneity).
For the Zr-based MG, the first maximum in the reduced

PDF, G(r), is a superposition of ten pair correlations (see
Supplementary Table 1). Each partial pair correlation
changes with temperature under the anharmonic and
asymmetric nature of the interatomic interaction poten-
tial, leading to skewness of the non-Gaussian profile in the
first maximum of G(r)36–38, as shown in Fig. 2a. There-
fore, caution should be taken in defining the position of
the maximum for such an asymmetric and broad max-
imum. However, after some reasonable approximations,
only three effective atomic pairs, i.e., Zr–Zr, Zr–Cu, and
Zr–Ni, are considered39,40, as dominant contributions to
G(r) (see Fig. 2a). To explore the structural evolution of
the SRO (the first coordination shell) and MRO (beyond
the first coordination shell) in real space, the peak center-
of-mass, rcom, of each coordination shell in G(r) is deter-
mined by:

rcom ¼

R rmax

rmin
rGðrÞ

R rmax

rmin
GðrÞ

; ð1Þ

where rmin and rmax are the intersection coordinates of G
(r) with the line G(r)= 0. Based on the method developed
by Poulsen et al.41 and further outlined by Shahabi et al.40,
we can estimate the mean strain, εiT , from the variations in
the G(r) peak position for the different coordination shells

according to:

εiT ¼
riT � ri293K

ri293K
; ð2Þ

where ri293K and riT represent the center-of-mass of the
i-th shell in G(r) at 293 K and T, respectively. Similarly,
the mean strain can also be calculated by using the peak
position of S(q) in reciprocal space. From both real- and
reciprocal-space analyses, the variations in the averaged
strains for SRO and MRO as a function of temperature
are shown in Fig. 2b, which clearly demonstrates that
cooling contraction takes place for all coordination
shells with decreasing temperature. However, this cool-
ing contraction is nonuniform in different structure
motifs (i.e., SRO and MRO), and the MRO contracts
more, which is manifested by the wider difference in the
mean strain (highlighted by arrow in Fig. 2b). The
difference in the MRO on different length scales, such as
the second and third coordination shells, becomes
slightly stronger only at very low temperatures, indicat-
ing that nonaffine thermal strain primarily takes place in
the MRO and SRO (Fig. 2b). That is, the SRO may
experience cooling expansion due to local rejuvenation
in addition to macroscopic cooling contraction when the
temperature is down to the cryogenic level, which
probably results from chemical SRO variations (changes
in the Zr–Zr, Zr–(Cu, Ni) atomic pairs) in the first
coordination shell during cooling34,42. Note that the
averaged strains estimated in Fig. 2b are inherently
related to the structural density within and between the
STZs. However, we must emphasize that the actual local
variations may indeed be more pronounced than the
magnitudes estimated here because the diffraction

Fig. 2 Structural characterization of Zr64.13Cu15.75Ni10.12Al10 MG. a Representative reduced pair-distribution functions, G(r), at different
temperatures ranging from 293 to 79 K. The inset shows the main three atomic pair correlations (Zr–Zr, Zr–Cu, and Zr–Ni) dominating the peak
position shift in the first maximum. b Variations in the averaged strain calculated using the peak positions of G(r) and S(q) at different temperatures.
Upon cooling, the MRO shows larger cooling contraction than the SRO, indicating that nonaffine thermal strain exists in the MRO and SRO. The lower
the temperature is, the larger the difference in thermal strain. The fitted lines are for guiding the eye.
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patterns are recorded over the entire interaction
volume11,23.

Fracture angle and SB dynamics

As demonstrated in Fig. 2b, a decrease in temperature
leads to a nonaffine thermal strain in different structure
motifs, rendering enhanced structural, and elastic het-
erogeneities9–12. Although we cannot clearly distinguish
between the local structural excitations and local elastic
fluctuations, it is generally accepted that a higher degree
of heterogeneity would change the characteristics of the
STZ activation process and consequently affect the SB
behavior, i.e., SB propagation direction and rate.
The SB propagation direction can be reflected by the

shear fracture angle. The fracture angle, θ (or shear-
banding angle), between the loading axis and the shear
plane measured at different temperatures is shown in
Fig. 3 (also see Supplementary Fig. 4). When the tem-
perature decreases from 293 to 77 K, the θ value
increases from 54 to 60°, which is in excellent agreement
with the theoretical prediction that all experimental θ
values should fall in the range of 30–60°43. Moreover,
the θ value becomes larger with decreasing temperature,
implying that the normal stress has a significant effect
on the fracture angle43,44. This can be easily detected
from the inset of Fig. 3, which clearly shows that the
normal stress increases with decreasing temperature,
while the shear stress remains almost constant. The
fracture mode factor, ω, i.e., ω=−cot(2θ)43, char-
acterizes the competition between the shear deforma-
tion and normal fracture under a uniaxial tension
condition. The dependence of θ at different tempera-
tures on ω is also plotted in Fig. 3, showing that the
lower the temperature is, the larger ω, which is con-
sistent with the above analysis.

Based on the stick-slip shear dynamics and the atomic-
scale cooperative shearing model of STZs, the SB
(inserting) sliding velocity, vs, can be expressed as45:

vs ¼ v0 exp
4RξG0Tγ

2
CΩ

kBT
1�

σ

σ0

� �3=2

þ
1
χ

" #

; ð3Þ

where v0 is the external loading velocity, kB is the
Boltzmann constant, T is the temperature, G0T is the
shear modulus at different temperatures, γC is the critical
yield shear strain (γC ≈ 0.027),Ω is the volume of the STZ,
R ≈ 1/4, ξ~2 – 446, and σ and σ0 are the yield strengths at
temperatures T and 0 K, respectively. χ is the effective
temperature characterizing the state of the configuration
disorder and the density or the total number of STZs47.
The effective temperature is a dynamic quantity that
depends on the strain rate and the temperature48 and
evolves towards its kinetically ideal value, χ̂. Here,
χ̂ ¼ χw= ln qc= _γt0ð Þ49, where qc is the normalized strain
rate at which the effective temperature diverges, χw is the
normalized energy barrier that determines the effective
temperature rate dependence, _γ is the inelastic strain rate,
and t0 is the STZ time scale. An approximate analytical
solution for the temperature dependence of χ is47:

1
χ
¼

1
χ̂

T � TC

1
χ̂
� Q

kBβ
1
T
� 1

TC

� �

T � TC

8

<

:

; ð4Þ

where Q is the activation energy for relaxation events, β is
the energy scale for the creation of relaxation events, and
TC is the crossover temperature (173 K).
Substituting all the parameters into Eq. (3) allows eva-

luation of the SB sliding velocity, vs, as a function of
inverse temperature, as shown in Fig. 4. Apparently, the
sliding velocity is much slower at cryogenic temperatures
than at high temperatures and increases gradually below
173 K, as indicated by the blue arrow in Fig. 4. When the
temperature is higher than 173 K, the value of vs increases
dramatically. It must be noted that the vs value below
173 K is comparable to that at room temperature under
the compression mode50,51. Moreover, the vs value at
room temperature can approach 1200m/s, which is much
faster than the speed of sound but slower than the Ray-
leigh wave speed, vR [vR ≈ 0.9225cs, where cs is the shear-
wave speed (~2100 m/s)]35,50. The vs value dramatically
drops by approximately three orders of magnitude when
the temperature is decreased from room temperature to
the cryogenic level. Unlike the case of compression
deformation, tensile deformation is usually dominated by
a primary SB, which can have catastrophic consequences,
resembling the fracture of brittle MGs with a high crack
speed52.

Fig. 3 Variations in the fracture angle (θ) and the fracture mode

factor (ω) with decreasing temperature. The inset shows the shear
and normal stresses on the failure plane as a function of temperature.
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With decreasing temperature, due to the cooling con-
traction, the overall density increases, while at the atomic
scale, the degree of heterogeneity also increases due to the
nonaffine thermal contraction. A global increase in den-
sity is equivalent to larger barriers for STZ activation, and
consequently, reaching the macroscopic yielding point
definitely requires more energy (higher loading stress),
explaining the observed higher yield stress at low tem-
perature (Fig. 1b). Moreover, microscopically, during
plastic deformation, the shear-banding process is con-
trolled by STZ percolation. While STZ activation requires
higher energies (higher stresses), the percolation pro-
cesses correlate to a high degree of heterogeneity due to
the nonaffine thermal contraction in the SRO and MRO.
In this case, the density of potential sites for SB nucleation
should be enhanced in principle, and therefore, multiple
SBs should form12,33. However, accommodating the
imposed strain does not necessarily require activation of
multiple SBs with decreasing temperature32. This is
because the activation of a single SB (Supplementary Fig.
4) can also accommodate the imposed strain via strain
softening behavior32, giving rise to a higher sustained
strain to failure (see Fig. 1b). In addition, large variations
in the structural/elastic heterogeneities perturb the per-
colation process, so the activation of a neighbor STZ
becomes more difficult, which, consequently, leads to a
slower STZ percolation rate and thus slower SB sliding
velocity, and ultimately, runaway instability is retarded53.
In other words, 10% of the increase in the yield strength
relates to the affine contraction of the MRO, while the rest
(13%) could be related to the enhanced degree of

heterogeneity, which slows percolation of the STZs and
delays SB formation and propagation. Therefore, these
results suggest that the increased nonaffine thermal strain
in the SRO and MRO may play a paramount important
role in the STZ percolation path and influence the for-
mation, morphology, and dynamics of the SB.

Discussion

Correlation between structure/stress state and stress field

around the STZ

At this point, based on our experimental results, we can
conclude that as the temperature decreases, an increasing
difference in the nonaffine thermal strain occurs in dif-
ferent structure motifs (Fig. 2b), leading to enhanced
structural heterogeneity, which in turn can promote the
activation of more STZs. However, detailed character-
ization of the STZs in MGs is not straightforward because
of the limited resolution of the measuring instruments.
On the other hand, atomistic modeling and theory have
shown that STZ activation results in long-range elastic-
displacement fields reminiscent of Eshelby inclu-
sions17,20,24,25,27. Therefore, STZs behave as Eshelby
inclusions experiencing shear strain in the elastic glassy
matrix15,16. The change in the local structure during the
lowering of the temperature to the cryogenic level causes
an additional thermal strain/stress in addition to shear
strain due to the nonuniform cooling contraction (Fig.
2b). This, in turn, will have a strong effect on the STZ
activation process, affecting the distribution of the strain
and stress fields around the STZ due to the constraint of
the glassy matrix (see Supplementary Note 1, Supple-
mentary Table 2, and Supplementary Fig. 5).
An SB can be seen as a series of STZ-vortex arrange-

ments25. Here, we consider the response of one STZ
under shear strain along the shear plane. Based on the
stress field distributions displayed in Supplementary Fig.
5, the STZ percolation mechanism is schematically
depicted in Fig. 5. When subjected to tensile stress, a
quadrupolar-stress field will develop around the STZ. The
tensile stress is oriented along the y-axis, whereas the
compressive stress is perpendicular to it. The activated
STZ can perturb the adjacent area by generating a strong
antisymmetric-strain field that causes a collective vortex-
like motion. The tensile strain compresses the material
surrounding the vortex, and the compressive field gen-
erates traction below the vortex, as indicated by the green
arrows in Fig. 5. The antisymmetric-strain field can drive
the vortex to move, which then controls the activation of
the following STZ. Thus, the repetition of such STZ-
vortex arrangements leads to STZ percolation along a
preferential direction with an angle of α1 and ultimately
results in the formation and propagation of an SB when all
STZs are activated and percolate along this α1-angle (see
Fig. 5, left panel). When the temperature is decreased to

Fig. 4 Temperature dependence of the inserting SB sliding

velocity vs. The value of vs drops by approximately three orders of
magnitude as the temperature decreases from 293 to 77 K. The blue
arrow indicates a transition point at 173 K. The dashed line is to guide
the eye, below which the value of vs is comparable to that at room
temperature under compression mode.
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213 K, the stress field is similar to the case of 293 K
(middle panel). However, the increased nonaffine thermal
strain in the SRO and MRO perturbs the stress field
around the STZ, and the compressive stress becomes
larger than the tensile stress (see middle panel). Such a
change in the stress distribution will govern the vortex
alignment, which continuously deviates to the compres-
sive stress. In this case, the activation of the next
STZ-vortex sequence must deviate from the favorable
orientation (along the α1-angle), and the SB propagation
will be progressively hindered. The STZ must be aligned
with the new local stress field, causing the SB to change
direction towards a larger angle of α2 (middle panel). With
a further decrease in the temperature to 77 K, the com-
pressive stress continues to increase, and the vortex-
formation site is closer to the direction of the compressive
stress component. Hence, the angle of the STZ percola-
tion path changes to a larger value of α3 than that at high
temperature (see Fig. 5, right panel). Thus, we can easily
deduce that α1 < α2 < α3 accounts for the observed incli-
nation of the SB angle with decreasing temperature (Fig. 3
and Supplementary Fig. 4).

Atomic-scale origin of the improved shear stability

We demonstrated that the stress distribution around
STZs dramatically changes with temperature, i.e., the
compressive stress overwhelms the tensile stress, which
perturbs the percolation of the STZs and changes the
angle of the SB path with decreasing temperature down to
the cryogenic level (Fig. 5). Moreover, the change in the
magnitude of the stress around the STZs at 77 K will
retard the generation of the adjacent vortex, and conse-
quently, higher applied stresses are required to nucleate
SBs and cause the glass to yield. Hence, the STZ-vortex
sequence can be controlled by changing the environ-
mental temperature, and thus, the SB dynamics can be
influenced to delay runaway instability. The unexpected

change in the stress state at cryogenic temperature is
primarily attributed to the heterogeneous structure, with
alternating soft and hard structure motifs resulting from
the nonaffine thermal contraction in the SRO and MRO.
Here, we must mention that structural and elastic varia-
tions within the glass as the temperature decreases to the
cryogenic level will result in a higher degree of hetero-
geneity, consisting of soft spots with lower activation
energy and hard spots with higher activation energy than
the as-cast structure6–12,21–23. This is to say, a decrease in
temperature leads to an increased nonaffine thermal
strain. Moreover, the model proposed in Fig. 5 can be
extended to explain the improved plasticity obtained by
other approaches, such as thermal cycling3, triaxial com-
pression4, hyperquenching8, fatigue9, severe plastic
deformation12, and second crystalline phases13,14.
Although all these methods will increase the structural
heterogeneities in the structure and generate mostly soft/
rejuvenated regions, resulting in a lower macroscopic
yield strength, our model can still explain the observed
shear stability. To verify the importance of soft spots on
the deformation and thus validate our model, we per-
formed MD simulations on two kinds of structures, a soft
and a hard MG obtained using different cooling rates,
with the same chemical composition but different
amounts (distributions) of free volume and degrees of
SRO (Supplementary Fig. 6). The variations in the stress
and strain at the atomistic level during SB formation are
compared for the hard MG (with a small number of soft
spots) and the soft MG (with a large number of soft
spots). The reason for choosing simulations at 50 K with
different cooling rates is detailed in Supplementary Note 2
and Supplementary Fig. 7.
The evolutions of the atomic von Mises strain and the

rotation angle of the hard and soft MGs under loading are
shown in Fig. 6. For both MGs, the strain distribution is
highly discontinuous within the evolving SB, consisting of
isolated regions (STZs, red circles) with larger strain
separated by regions with strong rotation (vortexes, yel-
low circles) but smaller strain (Fig. 6). To better visualize
the vortex motion, the time evolution during the defor-
mation of a randomly chosen vortex based on displace-
ment vectors is shown in Supplementary Movie 1. The
alternating sequence of STZs and vortex elements is
correlated with a systematic variation in the von Mises
stress (dashed blue curves in Fig. 6), showing minima at
the position of the STZs (rose colored region) and max-
ima at the position of the vortexes (orange colored
region). The variation in the von Mises stress is in the
range of 6 × 105–10 × 105 atm Å3 for the hard MG,
whereas it is between 2 × 105 and 8 × 105 atm Å3 for the
soft MG, showing a wider variation than the hard MG
(dashed blue curves in Fig. 6). To quantitatively char-
acterize this difference, we computed the stress difference

Fig. 5 Schematic illustration of the STZ (inclusion) percolation

mechanism at different temperatures. Under tension, a
quadrupolar-stress field is generated around an STZ, showing that the
tensile stress (outwards pointing green arrows) acts along the y-
direction and a compressive stress (inwards pointing green arrows)
occurs perpendicular to it. The dashed lines show the angle of α1
(percolation direction of the STZs), and the purple arrows indicate the
deviation direction of the angle.
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between the positions of the STZs and vortexes. The
average difference in the von Mises stress is higher for
the soft MG than for the hard MG (3.26 × 105 atm Å3 and
2.21 × 105 atm Å3, respectively). Since shear banding is a
stress-driven process25, the evolution of the shear front
will be strongly affected by the local stress field. We can
thus expect that the higher stress required to generate a
vortex from an STZ perturbation in the soft MG is likely
to slow down the continuum percolation of STZs and the
formation of critical SBs.
Next, the correlation between the structural fluctuations

and the change in the SB angle is investigated by using the
sign of the rotation angle with the y-axis, as shown in Fig. 7.
Since the rotation field shows a quadrupolar-like dis-
tribution around the STZs, it can be used as a diagnostic
tool to highlight the axes of the activated STZs27. The
rotation direction is clockwise (white color) along the
shear front and counterclockwise (black color) perpen-
dicular to it. The change in the stress distribution around
the STZ directly causes variation in the inclination axes.
Hence, the STZ percolation path and SB formation follow

different specific directions, leading to SB propagation
with a higher angle in the soft sample (see lower panels in
Fig. 7). The increase in the shear angle for MGs with soft
structures is also observed experimentally12 (see Fig. 3 and
Supplementary Fig. 4). Moreover, the stress accumulation
process of the soft sample must slow the rate of STZ
percolation and thus prolong the time for SB formation,
which ultimately decreases the sliding velocity of the
inserting SB (see Fig. 4).
Soft heterogeneities, in composite materials, soft crys-

talline second phases13,14, or heterogeneities generated by
thermal or mechanical treatments3,4,8–12 introduce strain
concentrations, acting as initiation sites for shear banding.
Such heterogeneities can be considered an effective means
for stress-state modification that can enhance the
deformability of MGs. The nanoscale MD simulations
shown above demonstrate that our model proposed in Fig. 5
can effectively capture the underlying mechanism of the
enhanced shear stability through the alteration of the
stress-state distribution via nanoscale structural hetero-
geneities. The connection between the simulation and

Fig. 6 Simulation files of the soft and hard samples. Evolutions of the atomic von Mises stress/strain and rotation angle along the SB of the
simulated soft [(a) and (b)] and hard [(c) and (d)] samples under loading. For both samples, strong rotation and strain fields are mutually exclusive:
areas with the largest rotation (vortexes, yellow circles) exhibit reduced von Mises strain (STZs, red circles), whereas strong strain coincides with
smaller rotation. The corresponding von Mises stress (unit, atm×Å3) curves also display a rather systematic variation, i.e., the stress is low at the STZ
position (rose colored region) and relatively high at the vortexes (orange colored region).
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experiment can be found in Supplementary Note 2. An
increased degree of heterogeneity induces a complex
stress field around STZs, transforming the uniaxial stress
field into a multiaxial complex stress field. This slows the
STZ percolation process and thus the formation of critical
SBs, which delays the shear failure of MGs. Therefore, we
believe that there is an essential, in-depth link between
structural/elastic heterogeneities, the dynamics of the
STZ percolation process, the progressive formation of
SBs, and enhanced strain to failure.

Conclusions

We performed tension experiments and in situ high-
energy synchrotron XRD investigations on a monolithic
MG at cryogenic temperatures. Macroscopically, the
overall density increases with decreasing temperature,
causing a 43% increase in the yield strength. In addition,
the changes in the atomic-level structural heterogeneity
related to the increased nonaffine thermal strain of the

SRO and the MRO might control the STZ percolation
process and consequently change the SB dynamics and
directional angle. Based on Eshelby’s inclusion analysis,
we proposed a model to explain the STZ percolation
mechanism and the strong variations in SB dynamics.
With decreasing temperature, inhomogeneous fluctua-
tions in the atomic packing structure induce a
compression-overwhelmed stress field around the STZ.
MD simulations revealed how variations in the stress field
around the STZ affect the STZ percolation path and
influence the shear-banding process. Furthermore, a high
degree of heterogeneity slows the rate of STZ percolation
and ultimately decelerates SB sliding. Therefore, stress-
state modification on the microscale provides a feasible
strategy for enhancing the shear stability and guiding the
design of new ductile MGs. These findings can expand
our understanding of the relationship between the
atomic-scale structure and deformation mechanisms
in MGs.
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Fig. 7 Mechanism of SB formation. The upper panels display the
distribution of the rotation field of the Eshelby-like quadrupoles
around the STZs (red solid circles) for both soft and hard glasses. The
rotation field can be correlated with the stress field shown in Fig. 5.
Clockwise rotation (white color) is along the shear front, while
counterclockwise rotation (black color) is perpendicular to it.
Percolation of the activated STZs finally results in SB propagation in a
specific direction (lower panels).
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