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ABSTRACT

We present density functional theory (DFT) calculations results on two representative clusters (Cu;Zrg
and CuyoZrs) and their interconnections (touching and interpenetrating). The choice of these clusters
and their combinations is dictated from previous molecular dynamics (MD) simulations results on the
CugoZrsp model metallic glass (MG) in which they were found to be the most abundant microstructural
units. In addition, aiming in gaining inside on the experimental findings referring to properties improve-
ment upon small Al additions in the CuZr MGs, we performed calculations for the same systems in which
Al substitutional atoms were incorporated into the clusters. In all cases the electronic structures were
analyzed and the corresponding bonding characteristics were deduced. Moreover, in order to reveal
the electronic modifications these systems subsist under mechanical deformation, we performed non-
equilibrium calculations by applying tensile solicitations and we deduced the basic alterations that are
responsible for the systems’ responses. It turns out that Al has elemental bonding preference; its presence
in the clusters and in their interconnections alters significantly their electronic structure by introduc-
ing new low-energy states, while significant charge transfer occurs upon mechanical deformation. The
present results are in line with the available experimental findings and provide inside on the fundamental
issues that are related with the improvement of the glass forming ability and of the mechanical properties

in the systems that contain small Al additions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Cu-Zr bulk metallic glasses (MG) exhibit good mechani-
cal properties but usually macroscopic lack of ductility. This is due
to the localization of shear into very thin bands, approximately
of 10nm large that are formed through the interconnection of
the shear transformation zones (STZ). It is suggested that the STZ
consist of tiny icosahedral-like clusters (ICOs) that respond sponta-
neously in the applied stress and reorganize their positions through
cooperative movements [1-14]. Furthermore, it is experimentally
found that Al additions in the Cu-Zr MGs improve the system’s
macroscopic plasticity, the glass forming ability, while they induce
a hardening-like behavior [15-18]. In addition, very recent density
functional theory calculations on Cu-Zr-Al system revealed that
a small percentage of Al in this ternary MG leads to dramatically
increased population of full icosahedra and their spatial connec-
tivity compared to the Cu-Zr based binary. It was also suggested
that the stabilization effect of Al is not merely topological, but it is
originated from the electronic interactions and the resulting bond
shortenings [19]. The latter could be explained by the covalent-like
bonding of Al central atom with Cu or Zr shell atoms of ICO-like
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clusters found by other density functional calculations [20]. Never-
theless, the role of Al in the structural and electronic properties of
CuZr ICO-like clusters for several cluster’s sites has still not inves-
tigated akin with their role in the properties of interpenetrating
clusters.

In the present work density functional theory calculations (DFT)
were performed aiming in revealing the influence of Al additions in
the structural and electronic properties of ICO-like clusters found in
the CuggZryo system [7] at equilibrium and upon 10% tensile defor-
mation. The study focuses on the bonding characteristics that Al
introduces in the ICO clusters upon substitution of shell atoms or
additions, while the work is also extended to selective interpene-
trating ICO clusters.

2. Computational details

Standard Kohn-Sham self-consistent density functional theory
method in the local density approximation was used by means of
the SIESTA code. Core electrons were replaced by norm-conserving
pseudo-potentials [21] in the fully non-local Kleinman-Bylander
[22] form and the basis set is a general and flexible linear combi-
nation of numerical atomic orbitals (NAOs) constructed from the
eigenstates of the atomic pseudo-potentials [23]. The non-local
partial-core exchange-correlation correction was included for Cu
to improve the description of the core-valence interactions [24,25].


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chlekka@cc.uoi.gr
dx.doi.org/10.1016/j.jallcom.2010.02.067

Ch.E. Lekka / Journal of Alloys and Compounds 504S (2010) S190-S193 S191

The Zr pseudo-potential was calculated for the Zr?* ion case and
found to obtain generally satisfactory results for the metallic Zr
[26]. An auxiliary real space grid equivalent to a plane-wave cutoff
of 100 Ry was used, while for the geometry optimization, the struc-
ture is considered fully relaxed when the magnitude of forces on
the atoms is smaller than 0.04 eV/A.

3. Results and discussion

Let us first consider the cases of a 13-atom Cu-centered icosa-
hedral Cu;Zrg and a 15-atom Zr-centered ICO-like, which is
slightly bigger (rhombic dodecahedron (RD)), the CujgZrs clus-
ter, to subsequently tackle their combinations, i.e. when they are
interpenetrating with another Zr-centered ICO cluster, namely the
CuqoZrs or a Cu-centered RD cluster, the CugZrg, respectively. This
choice was dictated by the findings of previous MD simulations of
the CugpZryo MG [7]. For the Al-rich systems, the cases of Al substi-
tution of the cluster’s centered or shell atom (Cu or Zr) as well as
the case of addition of an Al atom were considered.

Fig. 1a depicts the electronic density of states (EDOS) for the
CuyZrg pure cluster (black line), along with the cases of the same
cluster but with Al addition (purple line), Al substitutions of the
Cu-centered atom (red line), the Cu cell atom (blue line) and the Zr
cell atom (green line). The insets depict schematic representations
of these clusters. It is easily seen a main band from —4eV up to
—2 eV that is principally due to Cu atoms, while the Zr atoms are
mainly responsible for the states that are close to the Fermi level
[20]. The two sharp lowest energy peaks of Cu;Zrg around —6.1eV
and —5.4eV are due to the Cu-central atom, while the Al presence
introduces new lower energy states, the effect being more pro-
nounced in the cases of substitution of the central atom and Zr cell
atom. It is worth to be noted that in the case of Al-centered clusters,
the energy state around —5.4eV is absent, an observation that is
consistent with the fact that these states are originated from the
Cu-central atom. In the pure Cu;gZrs case (black line), Fig. 1b, the
Cu shell atom energy band is wider, while the lowest energy state
(-5.9eV) is now closer to the Fermi level by 0.2 eV, compared to
the Cu;Zrg pure case. In general, the Cu-centered clusters exhibit a

Fig. 1. EDOSs for (a) the Cu;Zrg and (b) the Cu;oZrs single cluster cases at equilib-
rium. Black line stands for the pure case, purple line for the case of Al addition, while
the substitutions of the Cu-centered and shell atom by Al are represented by red and
blue lines, respectively. The contributions of the Zr cell atoms are given by the green
line. (For interpretation of the references to color in the figure caption, the reader is
referred to the web version of the article.)

state around —5 eV, whereas the lowest peak is always due to the
central atom (Cu or Zr). The Al presence modifies the energy states
below —4eV. The Al induces new states in the lowest energies
(—-8.15eV), while new states appear around —5.7 eV, similarly to
the Cu-centered cases, Fig. 1a. In the other Al containing cluster

Fig. 2. PEDOS of the Al-centered Cu;oZrs RD clusters at equilibrium and under tensile deformation, solid and dashed lines, respectively. The colors purple, blue and black
stand for the Al, Cu and Zr. In the insets the cluster’s wavefunctions at selective a (a’), b (b’), c (¢') and d (d’) energy states at equilibrium (upon 10% tensile deformation),
respectively are also given. (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)
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cases (Al addition or shell-atom substitution), the new lowest
energy states stand within the single Cu-Zr clusters and the
Al-centered cluster cases. Summarizing, the presence of Al atoms
introduces new well localized energy states in lower energies than
the Cu or Zr atoms, suggesting stronger interatomic interactions.
Fig. 2 depicts the partial electronic density of states (PEDOS) for
the CuqoZrs with Al central atom at equilibrium (solid lines) and
upon deformation (dashed lines), referring to the Al (purple line),
Cu (blue line) and Zr atom (black line). For selective energy states
we also show the cluster’s wavefunctions (blue and red areas cor-
respond to the corresponding negative and positive sign). It comes
out that in all cases the mechanical deformation induces a small
shift (~0.2 eV) towards the Fermi level, which is more pronounced
in the cases of clusters containing Al, states (a) and (b) in Fig. 2.
Close inspection of the wavefunctions in the (a) state revealed a
covalent-like bonding between the Al s and the shell Cu d elec-

trons, while in the (b) state the Al p electrons are mainly involved.
Very interestingly, both states remain intact after the application
of tensile deformation. In addition, the states from —4eV up to
—2eV are dominated by localized Cu shell atoms energy states
(energy states c), while the states close to the Fermi level (e.g. state
d) are characterized by d-d bonding between the Zr shell atoms.
Upon deformation these energy states are depleted through a small
charge transfer towards the deformed cluster’s edges.

Fig. 3a illustrates the EDOSs for the Cuq,Zrqg supercluster that
consists of two interpenetrating Cu-centered ICO clusters (blue
line) [27], along with the same quantities corresponding to the case
of (a) substitution of the central atom of one of the ICO clusters by
Al (red line), (b) the substitution of a Cu (purple line) or Zr common
neighbor atom (light blue line), as well as (c) the case of Al addition
(greenline). The main features of the EDOS are similar with the pure
Cu-centered ICO cluster, Fig. 1a, while the Al substitution/addition

Fig. 3. (a) EDOSs Cuq,Zrg supercluster at equilibrium: for the pure case (black line), the Al addition (green line) and the Al substitutions of: the Cu-centered atom (red line),
the Cu shell atom (purple line) and the Zr shell atom (blue line). (b) PEDOS of the Al-centered atom at equilibrium (solid lines) and upon 10% tensile deformation (dashed
lines). Al, Cu and Zr PEDOSs are given with magenda, blue and black lines. (For interpretation of the references to color in the figure caption, the reader is referred to the web

version of the article.)



Ch.E. Lekka / Journal of Alloys and Compounds 504S (2010) S190-S193 S193

mainly influences the lowest energy states. Given that now we are
dealing with two clusters and therefore two central atoms, the Cu-
centered atom energy state around —5 eV remains even upon Al
substitution of one of the central atoms, while Al addition in the
Cuq,Zrig does not alter the main EDOS’s features at lowest energy
states, influencing mainly the EDOS between —5eV and —3eV. In
agreement with Figs. 1 and 2, the Cu shell atoms are responsi-
ble for these energy states and the Al atom prefers to bond with
these atoms rather than with the Zr shell atoms. From all cases,
in Fig. 3b the PEDOS of the substitution case referring to the Al
central atom is selected. It can be seen that upon deformation, a
small shift (~0.5 eV) is visible for the lowest energy states (a-state)
(around —7 eV) that are introduced by the presence of Al (magenda
line). Interestingly, all the other energy states are not shifted upon
deformation. From the detailed inspection of the wavefunctions at
state (a) it worth’s to be noted a directional covalent-like bonding
between the Al s and Cu d central atoms. For this interaction it came
out that the electronic distribution and the bonding character is not
altered upon 10% tensile deformation (state a’) In addition, in the by
energy state both central atoms participate forming covalent-like
bonding with the Cu shell atoms, while in the b, energy state d-d
bonding between the Cu-central atom and the Cu shell atoms dom-
inate. Finally, the highest occupied cluster’s orbital is characterized
by the Zr-Zr shell atom or Zr-Cu shell bonding.

4. Conclusions

This communication is devoted in the study of the influence
of the presence of Al atoms in representative Cu-Zr ICO or RD
clusters, including a case of two interpenetrating clusters, i.e. two
Cu-centered ICO-RD clusters. It was found that in all cases the cen-
tral atoms are responsible for the lowest energy states, the states
between —2eV and —4eV are mainly due to Cu-Cu shell atoms,
while the Zr shell atoms are responsible for the energy states close
to the Fermi level. In addition, it came out that the presence of an Al
atom in the Cu-Zr clusters introduces new well localized states at
low energies that are characterized by covalent-like bond, thus sug-
gesting better mechanical properties. Finally, it was found thatin all

cases studied the mechanical solicitation results in selective shifts
of the EDOSs towards lower energy levels, the effect being more
pronounced in the cases of Al substitutions. The present results
can provide inside in the understanding of the fundamental issues
that are related with the experimental findings concerning the GFA
and mechanical properties improvement upon small Al additions
in Cu-Zr metallic glasses and could be used for the design of new
MGs with tailored functionalities.
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