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The behavior of metallic glass under strain is not fully understood yet due
to its essentially emergent nature, and the gap between macroscopic mechanical properties and the
microscopic responses remains open. In this study, we employ a unique technique of atomic stress
calculations in the first principles framework to build a comprehensive picture of metallic glass
response to the shear strain using the CuZr amorphous system as an example. The Cu and Zr subsystems

of the glass were found to be different in developing the response by examination of the local
parameters, among which are von Mises stress, charge transfer, and change of electronic partial
density of states at the Fermi level. We show the significance of atomic von Mises stress by showing

its stronger correlation with D2min (deviation from the linear strain on each atom). Overall the
behavior of CuZr metallic glass under shear strain is thoroughly described in this study from
mechanical and electronic points of view.
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Amorphous materials have been the subject of extensive research over the past few decades
due to their unique properties. As such, metallic glasses (MGs) demonstrate high mechanical
strength, hardness, and corrosion resistance. Unlike crystals, where the dynamics of well-
defined dislocations govern plastic deformation, MGs respond to the external strain with the
activation of collective atomic motion usually referred to as the shear transformation zone
(STZ). All attempts to find pre-existing sources that would trigger STZ have not been
successful so far, and the deformation in MGs is believed to be of an essentially emergent
nature. Many experiments and simulations show discrepancies regarding the size of STZs,
which could be mainly attributed to the stability of samples with different thermal
treatments, limitations dictated by experimental equipment, such as the size of the
nanoindentation chip, and the choice of local structural parameters explored in simulations.
Moreover, STZs structure changes with the development of the deformation, which
complicates its studies. Thus, revealing the atomistic origin of the mechanical properties of
MGs has been a long-standing problem in physics and material science, and the gap between
macroscopic mechanical properties and the microscopic responses remains open.

Computer modeling can provide theoretical insights into the properties of STZ. The
commonly employed approach both in Japan and overseas is classical molecular dynamics
(MD), with an empirical potential to mimic realistic deformation behaviors. However, with
the recent achievements of modern computational techniques, the deformation behavior can
be studied using one of the most accurate methods - first-principles modeling based on the
density functional theory (DFT). In this study, we apply DFT calculations to the CuZr
metallic glass systems and draw a connection between its local mechanical response and the
electronic state under shear strain. Because of the use of the unique technique of calculating
atomic stress in DFT, we combine previously achieved classical MD results and the new data
from the electronic sub-system, which cannot be obtained in classical simulations.
Subsequently, we aim to build a comprehensive set of local parameters of MG along with
correlations between them to unveil the atomic level mechanisms of the stress response (e.g.,
well-known shear softening of MG). An understanding of the mechanical behavior of CuZr
may help prevention of unexpected failure in applications.

It is known from the classical MD simulations that atomic stress is a vital parameter
indicating the mechanical state of the system. Atomic stress calculations have been used
extensively to describe the disordered structures of liquids and glasses or to characterize
mechanical behaviors of the atomic environment, such as the occurrence of localized events
and the growth of elastic fields. In contrast to classical atomic stresses, its calculations in
first principles are not common because of difficulties in implementation and uncertainties
in the definition. In this study, we employ the linear combination of atomic orbitals (LCAQO)
scheme, which allows one to separate the contributions of particular atoms to the total energy
in DFT. That leads to a straightforward definition of atomic stress as a derivative of atomic
energy with strain. Atomic stress calculations allow us to compare results with a large
number of other studies previously carried out with classical MD while adding unique data
from the electronic sub-system. The structures of amorphous CuZr are obtained with the fast-
quenching scheme mimicking in DFT the real process of MG specimen preparation. We
perform athermal quasi-static shear (AQS) simulation for its well-known ability to show the
mechanical response of the system in simulations. This study is focused on the system change
from the affine to the relaxed state under shear strain. We use the change of atomic von Mises
stress (Aokwm, where k stands for an atom number) as one of the main indicators of such
change. The uniqueness of results is assured by the fact that Aokm has never been previously
calculated for MG structures in DFT, while its importance is shown in our results. To build a
comprehensive picture of CuZr MG response to the shear strain, we also calculate the



following parameters: D2min showing the atoms with displacements that deviate substantially
from the linear ones; change in the Bader charges associated with each atom; change in
partial electron density of states (PDOS); individual coordinate change (Ar); coordination
number (Nc) based on chemical bonds. These parameters are collected for each atom for
further analysis of correlations between them.

(1) Correlations between local parameters in CuZr MG initial state

To characterize the stress state on the atomic level, we start by examining the components of
atomic stress matrices. The atomic pressure indicates differences between the Cu and the Zr
sub-systems of the glass. Cu atoms are in a tensile state (negative pressure), while Zr atoms
are under compression (positive pressure). It is not a surprise that in an alloy, the pressure
on atoms of different species bifurcates from zero into opposite directions due to the volume
mismatch. Our calculations of the Bader charge (Qgader) for each atom show that the transfer
of charge (difference of the charge on a particular atom in the glass and its total number of
valence electrons as defined by the pseudo-potential) correlates with atomic pressure in the
initial state of CuZr structures (see Fig. 1(a)).
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Fig. 1 Relation between the charge transfer (AQgader) in the initial state of CuZr MG and (a) atomic

pressure, (b) atomic shear xy stress.

Another parameter that can reveal information about the system’s initial state is the
coordination number (Nc). We derive it from the Bader analysis, which can give the chemical
bonds between atoms as the critical points of the charge density scalar field (the points where
the field’s gradient vanishes). Obtained Nc differs from the topological coordination number
used in classical MD, as the latter depends on the cut-off radius predefined for each atom
specie. Therefore, we refer to Nc as a chemical coordination number. The relation of Nc and
atomic pressure (px) is shown in Fig. 2. The results for the coordination number using only
different type neighbors (Ncethen), shown in Fig. 2(b), reveal the tendency for Zr atoms with
a higher number of bonds with Cu atoms to have more considerable pressure so that such Zr
atoms are in a more compressed state. That can be explained by the smaller volume
associated with a Zr atom if it forms many bonds with Cu atoms.
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Fig. 2 Relation between the chemical coordination number (N¢) in theinitia state of CuzZr MG: (@)
same-type bonded neighbors, (b) other-type bonded neighbors, (c) N based on al bonded

neighbors.

(2) Correlations between local parameters in CuZr MG under shear strain

The xy stress component of atoms in
CuZr glass under shear strain
behaves differently for Cu and Zr sub-
systems: Zr atoms demonstrate a
positive stress response in the affine
state under strain, but Cu atoms
exhibit the negative one. Such a
negative shear modulus of Cu in MG
is not seen in classical simulations,
making comparing results impossible.
On the other hand, the atomic von
Mises stress (Aokum) calculated in the
current study from first principles
demonstrates a more natural behavior
because of the fact that Ackm is
invariant under rotations, and it
captures the change of all components
of the atomic stress matrix. Presented
in Fig. 3 are the Pearson correlation
coefficients (PCC) calculated for all
atomic parameters indicating the
change between affine and relaxed
states of CuZr MG under shear strain.
Our DFT results show a correlation
between atomic displacement and
atomic von Mises stress change. We
also found the correlation between
Acokm  and  the well-known D2pmin
parameter induced by the system’s
relaxation under shear strain. That
shows the importance of the Ackum
parameter for analysis of the
mechanical response on an atomic
level in MG. The analysis of the
electronic sub-system reveals that its
change has a weak correlation with
the mechanical response: atoms with
larger von Mises stress tend to have
larger change in electronic partial
density of state near the Fermi level.
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Fig. 3 Correlation coefficients between the
parameters indicating the system transformation

between affine and relaxed states under shear strain.
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