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Recent experiments provide evidence for density variations along shear bands in metallic glasses with a
length scale of a few hundred nanometers. Via molecular dynamics simulations of a generic binary glass
model, here we show that this is strongly correlated with variations of composition, coordination number,
viscosity, and heat generation. Individual shear events along the shear band path show a mean distance of a
few nanometers, comparable to recent experimental findings on medium range order. The aforementioned
variations result from these localized perturbations, mediated by elasticity.
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Introduction.—One of the most prominent manifestations
of heterogeneity in metallic glasses is the shear-banding
phenomenon [1,2]. Shear bands (SBs) are characterized by a
local increase of excess free volume [3,4], temperature [5,6],
and shear-induced softening [7,8]. They are usually formed
via strain localization in narrow regions of 5–100 nm thick-
ness [9,10] and constitute the main cause for the limited
plasticity of metallic glasses and their catastrophic failure at
room temperature [1]. The precursor [11,12] of shear bands
in metallic glasses is the appearance of some regions that
undergo local yielding, the so-called shear transformation
zones (STZs) [13–15], which consist of 10–100 atoms that
display large nonaffine atomic displacements and geometri-
cally unfavored motifs [16,17]. The displacement and strain
field around a STZ closely resembles that of an Eshleby
inclusion [15,18–21] and in this description the shear band
comes as the result of correlated and aligned quadrupoles
[19,22–24].
Shear bands affect their vicinity within a range of up to

hundreds of micrometers [25–27], inducing structural
heterogeneity and fluctuations of local mechanical proper-
ties along the SB-propagation direction or path [28–31].
The local density also varies within the shear band [32–34]
and is accompanied by deflections of the SB path [25,26].
However, albeit computer simulations provide useful

insight on small length scales that experiments cannot
always resolve, in this case, the complex nature of the shear
bands [4] and the large length scales associated with local
density variations [23] impeded a detailed quantitative
analysis of this issue via computer simulations in 3D.
Consequently, the origin of spatially varying patterns and
the strong position dependent nature that properties exhibit
along a shear band remains still an open question.
Here, we probe, via molecular dynamics simulations, the

spatial variations of density and provide, for the first time,
direct evidence for their correlations with coordination
number, composition, excess free volume, plastic activity,
local viscosity, and energy generation rate within and along

a shear band. We observe that every single quantity is
closely connected to density, displaying variations on a
similarly long length scale. In contrast, spatial arrangement
of quadrupolar shear transformation events occurs on a
significantly shorter length scale of a few nanometers. This
supports the idea that STZs are localized events [13,24]
which, when occurring in an elastic medium, can trigger
long range perturbations [21]. At the same time, continuum
mechanics models which assume a periodic alignment of
quadrupolar stress-field perturbations need to be modified
in order to account for this separation of length scales [23].
Interestingly, the average STZ distance agrees well with
recent experimental reports on medium range order [35].
This highlights further the close connection between local
structural features and the self-organization of shear trans-
formation events [24,36].
A generic binary Lennard-Jones (LJ) glass former [37] is

used (Supplemental Material [38]). Five statistically inde-
pendent configurations are prepared. Each “sample”
contains N ≈ 2.5 × 106 particles in a thin slab with dimen-
sions Lx × Ly × Lz ¼ 2000 × 10 × 100 (reduced LJ units).
The Lx chosen here exceeds any earlier computationally
resolved scale in 3D, even though such orders of magnitude
for spatial variations within shear band are suggested by
several experimental works [28–31]. Starting from an
equilibrated liquid at a temperature of T ¼ 2 (the mode
coupling critical temperature of the model is Tc ≈ 0.43
[39]), the system is quenched to a temperature of T ¼ 10−4

close to the athermal limit [4]. Simple shear is then imposed
with a rate of _γ ¼ 10−4 by relative motion of the two parallel
walls along the x direction [40]. The walls correspond to
two frozen layers, each of three particle diameters thickness,
and are separated by a distance of Lz ¼ 100. Wall particles
in this set of simulations have no thermal motion but move
all together with a constant velocity of �Uwall along the
x direction. Periodic boundary conditions are applied in the
x and y directions. Using this protocol, we observe in each
of the five independent samples the formation of a single
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and stable system-spanning shear band without the need of
any notch or stress concentrator. In order to maximize the
overall size of the xz plane while keeping the computational
cost reasonable, the y dimension of the box is set toLy ¼ 10.
This length is larger than the interaction cutoff length and the
decay length of pair correlation function. Moreover, in the
athermal limit considered here, finite size effects on dynam-
ics play a subdominant role [41]. The system is sheared up to
50% overall strain. All the simulations reported here are
performed using LAMMPS [42] while the 3D visualization
and the color coding is done by the OVITO software [43].
This work presents the results of one independent initial
configuration but the trends and conclusions have been tested
and confirmed also for other four samples.
The deformed glassy system displays a typical stress-

strain response [Fig. 1(a)] with a stress overshoot, which
depends on the imposed strain rate [44], followed by a shear
softening region until a quasi–steady state is reached that
extends up to the largest strain investigated (γmax ¼ 50%).
The formation and the propagation of the shear band,
demonstrated as high amounts of localized shear strain in
a narrow region, is investigated via the calculation of the
atomic strain from the infinitesimal Cauchy strain tensor,
given as ϵi;αβ ¼ ð1=2Þ½ðui;α=∂βÞ þ ð∂ui;β=∂αÞ�. Here, u⃗i is
the (coarse-grained [45]) displacement vector of the ith
particle within a globally imposed strain interval of
δγ ¼ 1% and α; β ∈ fx; zg.
Prior to yielding [point A in Fig. 1(a)], the atomic strain

is rather homogeneously distributed [image A in Fig. 1(b)].
Progressively, as strain increases towards yielding, small
isolated regions with accumulated atomic strain appear
along the x axis (B) which later coalesce into a system-
spanning shear band (C andD) with a wavy character along
the SB-propagation direction. This is in remarkable agree-
ment with recent experimental observations [25,26].
The local deflections are quantified by binning the shear

band path along the SB-propagation direction with a bin
width of 2.5 particle diameter. A geometric center (centroid)

is assigned to each bin, calculated by the Cartesian coor-
dinates of its Nat constituent particles, r⃗ ¼ ð1=NatÞ

PNat
i¼1 r⃗i

and averaged over sequential snapshots in the strain range
γ ¼ 10%–20%. The thus obtained centroids form a “chain"
that represents geometrically the SB path. For further
analysis, an effective angle with respect to the x axis is also
assigned to each SB segment. Sequential bins with negative
or positive slope define a larger segment towhich an average
deflection angle is assigned. In agreement with experimental
observations [25], this analysis reveals alternating descend-
ing and ascending segments, labeled here by Latin numbers
and highlighted as white and black dashed lines [Fig. 2(a)].
It has to be mentioned that this is a simplified representation
of the shear band, where the segments are displayed as
straight lines. The actual segments, however, are slightly
curved [see images C and D in Fig. 1(b)].
The local density changes inside and along the shear

band path are spatially resolved by first introducing an
atomic density ρi ¼ ð1=ΔVÞPNðiÞ

j¼1 Hðrc − jr⃗i − r⃗jjÞ, and
then evaluating its averages within each domain of interest.
Here, H is the Heaviside step function and NðiÞ is the
number of particles enclosed in a sphere of radius rc
(volume ΔV) around the ith particle (rc ¼ second mini-
mum of the radial distribution function). The average
over ρi for all particles within a SB segment centered at
x provides the density ρSBðxÞ. The density difference
between a SB segment and the matrix, ΔρðxÞ≡ ρSBðxÞ −
ρM (Supplemental Material [38]), displays a strong position
dependence and a wavy pattern that apparently averages
out to a negative number indicative of a lower density
within the shear band as compared to the matrix [23].
Density fluctuations show significant correlations with

other physical quantities along the shear band. For exam-
ple, we find a positive correlation with the deflection angle
[Fig. 3(a)] in agreement with experimental observations
[25,26]. Going beyond experiments, denser regions exhibit
a higher average coordination number [Fig. 3(b)] and a
lower percentage of large (A) particles [Fig. 3(c)]. Since in

(a) (b)

FIG. 1. (a) System averaged shear stress versus overall strain of the sheared glass in the athermal limit. Capital letters (A, B, C, D)
indicate stress states for which the strain field is shown in the right panel. (b) Color coded atomic strain in the shear (xz) plane for
different stress states depicted as full red spheres in the left panel. Strain is evaluated using particle displacements within finite time
intervals corresponding to 1% global deformation. It contains both affine and nonaffine contributions.
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general more unoccupied volume is available between
larger spheres than among smaller ones, a region less rich
in A particles impedes the creation of excess free volume
[Fig. 3(d)], and therefore decreases the possibility of this
region to undergo a nonaffine deformation [Fig. 3(e)], the
latter quantified by the D2

min parameter [46]. In full agree-
ment with this interpretation, dynamic viscosity, that
defines the local resistance to plastic flow, is larger in
regions of higher density [Fig. 3(f)]. And finally, more
viscous regions coincide with higher amounts of locally
dissipated energy [Fig. 3(g)].
Moreover, it has been proposed recently that thevariations

of density within shear band originate from an alignment of
quadrupolar stress-field perturbations [23]. To address this
issue, we build upon the analogy between the displacement
field generated by a STZ and the corresponding continuum
mechanics solution for a localized shear perturbation
[15,21,48,49]. An analysis of the nonaffine displacement
field reveals a sequence of STZs along the entire shear band
path [Fig. 4(a)] with the same characteristics as the field
generated by adjacent localized shear deformations in an
isotropic elastic medium [Figs. 4(b)–4(d)]. We thus identify
adjacent STZs and find a skew-symmetric distribution of
their distance with a mean value of roughly six particle
diameters (Fig. 5). A comparison to Fig. 2(b) reveals that this
value is by roughly 2 orders of magnitude smaller than the
length scale associated with density variations. For a com-
parison with experimental data [35], we choose the size of
a particle to be a few angstroms and find the same scale
separation between the wavelength of density variations and
the distance between adjacent STZs (stress concentrators).
The results reported above have important consequences.

(i) The agreement of density modulations in our simple
glass model and experiments on bulk metallic glasses is
remarkable [23,27,32] and underlines the generic character

of this phenomenon. (ii) A debated topic in the metallic
glass community concerns compositional changes within
the shear band. Composition plays a paramount role in
local atomic structure, which ultimately determines the
material’s properties and its response to mechanical load.
Currently, however, the connection between composition
and local deformation is far from being completely under-
stood. To give just a few examples, we mention that while
experiments on a (Al,Y)Fe metallic glass report a clear
signature of compositional changes along the SB path
[25,50], it has not been possible to detect such effects in
Vitreloy 105 [35]. Liu and co-workers, on the other hand,
report on compositional variations in a Zr-based metallic
glass and their correlation with local volumetric changes
[51]. In this debate, Fig. 3(c) shows that composition
gradients are important players of the shear-banding
phenomenon, independent of the specific glass former.
This calls for new experiments, e.g., using radioactive
tracers [52], to establish this generic character. (iii) There
is currently also an active discussion on shear-induced

FIG. 2. (a) A typical zigzag type path of the shear band along
the sample. White (black) dashed lines correspond to descending
(ascending) segments. Note that the aspect ratio is not 1∶1 but, to
better highlight the wavy character of the SB path, the image is
vertically enlarged. (b) Spatial variations of the relative density
differences ½ΔρðxÞ=ρM� along the SB path.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIG. 3. Spatial correlations between fluctuations of ΔρðxÞ
(ΔρðxÞ≡ ρSBðxÞ − ρM ¼ density difference between the shear
band and the matrix) and those of other properties such as (a) the
deflection angle, (b) the coordination number, (c) the composi-
tion or percentage (%) of A particles in AxB100−x, (d) the excess
volume [4,47], (e) the D2

min parameter [46], (f) the dynamic
viscosity, and (g) energy dissipation rate. In order to highlight
whether a given quantity is positively or negatively correlated
with density, the obtained correlation function is divided by the
absolute value of the first (leftmost) data point. In the case of
positive (negative) correlations, the data thus start with a value
equal to þ1 (−1). The main question here is then whether or not
the data remain positive (negative) within the entire shear band.
This is the case for all the quantities shown here (see Supple-
mental Material, Figs. S3–S9 [38]).
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heat generation within shear bands (see, e.g., [53–56] and
references therein). Using the fact that MD simulations
allow the access to atomic positions and forces, we show
that the rate of heat generation is positively correlated with
density fluctuations. Since the energy dissipation rate is
the product of shear rate and stress, this observation reveals
that the lower deformation rate in denser regions is over-
compensated by an accompanying rise in stress. Thus,
strong heat generation does not necessarily occur in the
so-called “soft” regions, where larger shear deformation
takes place but is rather localized in denser domains,
capable of building larger stresses. An aspect of great
interest for future studies here is in regard to local softening
and rejuvenation effects due to heat generation. (iv) In
contrast to the above discussed quantities, which vary on

the same (large) length scale as density, the distance
between adjacent shear transformation events is by orders
of magnitude smaller. This rules out attempts to relate
oscillations of density to arrangements of STZs and calls
for new models to adequately account for the connection
between heterogeneities within shear band and the spatial
organization of STZs.
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