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Atomic structures of Cu100−xZrx (x = 41.18–66.67) metallic glasses were investigated by extended X-ray absorption ﬁne structure (EXAFS) spectroscopy and molecular dynamics (MD) simulations. It is demonstrated that
both the fraction and average volume of the typical atomic clusters, characterized by Voronoi cells, are of
compositional dependence. With the increasing of Zr content, the fraction of Cu and Zr centered Voronoi clusters
with coordination number lower than 11 and 14 respectively increases, while that of clusters with larger coordination numbers reduces. Among the major Voronoi clusters, the Cu-centered icosahedra are distinctive.
Their average volume is far smaller than that of the other Cu-centered Voronoi cells with the same coordination
number. More importantly, they prefer to interlink into pentagon-rich icosahedral super-clusters. However,
compared with their neighbors, the glasses with x = 44 and x = 50 exhibit no other particularity in Cu-centered
icosahedra than a slightly enhanced interlink at x = 50 although glass forming ability (GFA) reaches a local
maximum at these two compositions, indicating that there are other factors dominating the GFA change with
composition. A signiﬁcant reduction in free volume for the loosely packed regions takes place at x = 44 and
x = 50, due to which the corresponding Cu-Zr metallic glasses have the maximum microhardness.

1. Introduction
Metallic glasses (MGs) lack long-range structural periodicity but
inherently possess pronounced short-range order (SRO) and mediumrange order (MRO) [1–6], which endow these materials with exceptional functional and mechanical properties [7–12]. Consequently, their
atomic-level structures have attracted extensive attention during the
past decades, and many structural models such as hard-sphere denserandom packing model [13], stereochemical mode [14], eﬃcient
cluster packing model [1], quasi-equivalent clusters model [2] and
predictive structural model [15] have been proposed. Meanwhile, numerous eﬀorts were made to experimentally detect or theoretically simulate the microstructure of metallic glasses [16–27].
The Cu-Zr alloy system, as one of the few binary systems that can be
solidiﬁed into bulk metallic glasses, is an ideal object in this regard. Its
best glass forming ability (GFA) locates at several separate narrow
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compositional ranges. A deviation of no > 1 at.% from the optimal
glass-forming composition may signiﬁcantly change the GFA [28–31],
as found in some other alloy systems [32,33]. Conventional criteria on
GFA have been attempted to explain the variation in the GFA of Cu-Zr
alloys, yet none of them turned out to be a universal indicator [30].
Attentions were then returned to identify the GFA origin from the
atomic-scale structure of metallic glasses. In this regard, Sha et al. [34]
simulated the Cu100−xZrx (x = 35.5–50.0) metallic glasses, and found
that the alloy corresponding to local maximum GFA shows a weak yet
distinct peak in the fraction of Cu-centered full icosahedra (fico). They
thus concluded that the GFA correlates with the existence of icosahedra,
it is however noticed that similar peaks of fico also appear at some other
compositions (x = 36.6, 34.7) where GFA do not exhibit any abnormity
[34]. Yang et al. [35] examined the atomic-scale structure of Cu-rich
Cu100−xZrx (x = 38.2–34.5) metallic glasses, conﬁrming that Cu64Zr36
metallic glass which has a local maximum in GFA has similar fico as its
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were performed using the IFEFFIT version 1.2.9 [43]. The EXAFS
spectra were extracted using Athena, which were weighted by a
weighting factor kn (n = 3). Then, they were Fourier transformed (FT)
into real space through a Hanning window (3.1–11.1 Å−1 for Cu K-edge
and 3.1–11.0 Å−1 for Zr K-edge). EXAFS ﬁts were performed in k-space
after ﬁltering out the selected region of coordination shells through a
Hanning window (1.6–2.8 Å for Cu K-edge and 1.75–3.25 Å for Zr Kedge) and back Fourier transforming (BFT) into k-space.
MD simulations were carried out for the Cu100−xZrx
(x = 41.18–66.67) alloys with a composition interval of 1–3 atomic
percent by using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [44,45] based on the embedded atom method
(EAM) potential developed by Cheng et al. [17]. The simulated box
contains 10,976 atoms, with periodic boundary conditions applied in
all three directions. During the whole procedure, the pressure was
controlled at ~1 bar by employing a Berendsen barostat [46]. The initial conﬁguration of each alloy was heated up to 1500 K and equilibrated for 2 ns with a time step of 1 fs and then quenched down to 300 K
at a cooling rate of 1011 K/s. The ﬁnal system was further equilibrated
at room temperature for 15 ns. The theoretical EXAFS spectra were
evaluated by averaging over the ab initio results from FEFF9 calculations [47] for ﬁve hundred clusters centered on Cu or Zr atom picked
randomly from the ﬁnal stage of the equilibrium run.
Based on the atomic trajectories from the MD simulations, partial
pair distribution function (PDF) gα-β(r) with α as the central atom and β
as the surrounding atom can be calculated according to the following
equation [3]:

adjacent compositions. They therefore proposed that the relatively high
atomic packing eﬃciency of clusters and regularity of the Voronoi cells,
rather than fico, should be responsible for the high GFA in Cu64Zr36
metallic glass. Li et al. [36] analyzed the MROs in Cu100−xZrx (x = 35,
50) metallic glasses using a cluster correlation method. A strong spatial
correlation of Cu-centered icosahedral clusters was detected in these
two metallic glasses, and such MRO was believed to be responsible for
the glass formation. However, it is known that Cu65Zr35 is not a good
glass former. In short, despite the intensive investigations, the intrinsic
origin pertinent to the high GFA for some Cu-Zr alloys is not well understood yet. The purpose of this paper is to unveil whether the microstructure can serve as a universal indicator for the high sensitive
compositional dependence of GFA in Cu-Zr binary metallic glasses by
systematically investigating the short- and medium-range orders in a
wide range of composition.
Among the various experimental techniques to acquire structural
information of materials [18,37–39], extended X-ray absorption ﬁne
structure (EXAFS) is a powerful tool that enables the analysis of local
structure around selected species [37]. Alternatively, molecular dynamics (MD) simulations based on empirical potentials provides another indispensable approach to examine the atomic structure of metallic glasses. It enables one to construct the three-dimensional
structure and make detailed statistical analysis of the structural information. A combination of EXAFS and MD simulation techniques is an
eﬀective way to resolve the atomic-scale structure of metallic glasses. In
this work, the atomic structures of Cu100−xZrx (x = 41.18, 44, 50,
66.67) metallic glasses were ﬁrstly investigated by both EXAFS experiments and MD simulations. Based on the good agreements between
the MD simulation and experimental data, MD simulations were extended to other Cu100−xZrx alloys (x = 41.18–66.67), within which a
metastable intermetallic compound CuZr, two stable intermetallic
compounds Cu10Zr7 and CuZr2, and two eutectic points can be found on
an equilibrium phase diagram [40]. The composition range investigated
is much wider than previous investigations, and the simulated atomic
conﬁgurations are analyzed statistically by employing a weighted
Voronoi tessellation method [41,42]. From the composition dependent
population of various Voronoi cells (VCs), Voronoi volume, chemical
short range order, and partial pair distribution functions, there does not
exist any evidence to support the theory that the change of GFA with
composition in Cu-Zr alloys is dominated by the short and medium
range orders. Interestingly, we found an apparent reduction of “soft
region” at local high-GFA compositions, in consistence with their relatively high microhardness.

gα − β (r ) =

V

Nα

Nβ

∑ ∑ δ (r − |rij|),

4πr 2Nα Nβ i = 1 j = 1

(1)

where V is the volume of the system, Nαand Nβ are the number of α and
β atoms, respectively. |rij| is the distance between atom i of type α and
atom j of type β. The PDF describes the spatial/radial correlation between a pair of elements α and β. Higher PDF peaks suggest a relatively
stronger correlation. When α and β are limited to central atom of speciﬁc Voronoi cells, gα-β(r) will reﬂect the spatial correlation of the
Voronoi cells they represent.
The weighted Voronoi tessellation analysis [41,48], which take into
account the atomic size diﬀerence of constitute elements in a given
system, was employed to examine the local environments around each
atom in the metallic glasses. The local environment surrounding an
atom is well presented by the Voronoi polyhedron enfolding the atom,
and is generally labeled by a Voronoi index ⟨n3, n4, n5, n6⟩, where ni
denotes the number of i-edged faces of the Voronoi cell and ∑ni gives
the total coordination number (CN). The Voronoi index can be used to
designate and diﬀerentiate the type of the coordination polyhedron
surrounding an atom.

2. Experimental and Computational Methods
The Cu100−xZrx (x = 41.18, 44, 50, 66.67) alloy ingots were prepared by arc melting mixtures of pure Zr (99.9%) and Cu (99.99%) in a
Ti-gettered high-purity argon atmosphere. The alloy ingots were remelted ﬁve times to ensure chemical homogeneity. Amorphous ribbons
of ~40 μm thickness were produced from the alloy ingots using a singleroller spinning apparatus in a high-purity argon atmosphere. The
amorphous nature of the as-quenched ribbons was conﬁrmed by X-ray
diﬀraction (XRD) and diﬀerential scanning calorimetry (DSC), as described in our previous work [31].
The extended X-ray absorption ﬁne structure (EXAFS) measurements were performed at the beamline BL-14W1 of the Shanghai
Synchrotron Radiation Facility (SSRF, Shanghai, China), with an electron beam energy of 3.5 GeV and a beam current of 140–210 mA. The
incident X-rays were monochromatized by a Si (111) double-crystal
monochromator. Zr K-edge and Cu K-edge EXAFS spectra for all samples were collected in transmission mode under ambient temperature.
The energy calibration was performed using standard Zr and Cu foils.
The thicknesses of the samples were optimized to obtain suitable absorption jumps at each K-absorption edge. All EXAFS spectra were recorded at least twice and averaged subsequently. EXAFS data analyses

3. Results and Discussion
3.1. Comparison Between Experimental and Theoretical EXAFS Spectra
In EXAFS measurements, the interference of emitted and reﬂected
photoelectron waves can be used to retrieve information about the local
environment of the selected atom species, including interatomic distance, coordination number, and structural disorder. Fig. 1 compares
the experimentally measured EXAFS to the theoretical ones calculated
based on conﬁgurations from the MD simulations in typical Cu100−xZrx
(x = 41.18, 44.00, 50.00, 66.67) metallic glasses. For each composition, the theoretical EXAFS spectrum at Cu/Zr K-edge is obtained by
averaging the calculated χ(k) functions over 500 Cu/Zr-centered clusters picked randomly from the MD trajectories. As seen in Fig. 1(a) and
(b), reasonable agreements between the calculated and experimentally
measured EXAFS spectra are achieved at both Cu and Zr K-edges in the
Cu-Zr metallic glasses, suggesting the reliability of the MD simulations
42
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Fig. 1. EXAFS k3χ(k) spectra of Cu100−xZrx metallic glasses obtained by experiments and FEFF9 calculations using the 300 K MD conﬁgurations: (a) at Cu K-edge; (b)
at Zr K edge. (Rbkg = 1.41 for Zr K-edge).

fractions are > 5%) as a function of composition. It is seen that as the Zr
content increases, the fractions of Cu-centered ⟨0, 3, 6, 0⟩, ⟨0, 2, 8, 0⟩,
and ⟨0, 3, 6, 1⟩ increase as well, while those of ⟨0, 0, 12, 0⟩ and ⟨0, 2,
8, 2⟩ decrease. Among the Cu-centered VCs, in most cases ⟨0, 2, 8, 1⟩ is
the most abundant Cu-centered VC. Its fraction remains ~18–20% at
most compositions. In contrast, the distribution of Zr-centered VCs are
relatively scattered, and none of the VCs has a fraction that exceeds
13%. These observations suggest that the microstructure of the Cu-Zr
MGs is apparently composition dependent.
Experimentally, it has been determined that Cu50Zr50 and Cu56Zr44
has better glass-forming ability than their respective neighboring
compositions for Cu100−xZrx (x = 41.18–66.67) alloys, and the maximum thickness of pure amorphous region in the wedge-shaped sample
of the former is about 20% larger than that of the latter [31]. Previous
investigations [16,34,49] had ascribed the high GFA of Cu-Zr alloys to
the Cu-entered icosahedral clusters. From Fig. 3(a), ones can see that
the fraction of ⟨0, 0, 12, 0⟩, which represents icosahedral cluster in the
Voronoi tessellation, is very sensitive to composition, decreasing from
~20% at x = 41.18 to < 5% at x = 66.67. A slight positive/upward
deviation of fico from a linear interpolation occurs at Cu50Zr50. However
a downward deviation from linearity appears at Cu56Zr44. It is further
noticed that fico ﬂuctuates but does not change in step with the GFA at
many other compositions, as has been revealed by Sha et al. [34], and it
can be therefore concluded that only the composition-dependent fraction of Cu-centered ⟨0, 0, 12, 0⟩ cannot explain the relatively high GFA

in predicting the atomic conﬁgurations for the Cu-Zr metallic glasses as
well as that of the adopted EAM potential. In view of this, MD simulations were extended to other 13 compositions with x = 41.18–66.67
to examine the atomic structures systematically.

3.2. Local Structure Analysis
3.2.1. Coordination Numbers and Voronoi Cells
The variations of fractions of atoms with diﬀerent coordination
numbers as a function of composition in the Cu100−xZrx metallic glasses
(x = 41.18–66.67) are shown in Fig. 2. One sees that the CNs of 10, 11
and 12 dominate for Cu atoms while 14 and 15 are preferred for Zr
atoms, in line with the results obtained by ﬁtting the experimental
EXAFS curves of the Cu100−xZrx (x = 41.18, 44.00, 50.00, 66.67) metallic glasses (cf. Table 1). One also sees that as the Zr content increases,
the fractions of low CNs (9 and 10 for Cu, 12 and 13 for Zr) increases
while the fractions of high CNs (12 and 13 for the Cu-centered, and 15,
16 and 17 for the Zr-centered) decreases.
The coordination number, evaluated as the sum of the Voronoi
index number ni, however, cannot distinct the local geometry. Atoms
with a same CN can have totally diﬀerent local topology from each
other. Instead, the Voronoi cells characterize well the local geometry. In
accord, the compositional dependences of some dominating Voronoi
cells (VCs) are further analyzed, and Fig. 3 illustrates the variations in
the fractions of dominating Cu- and Zr-centered VCs (i.e., their average

Fig. 2. Compositional dependences of coordination number distribution in Cu100−xZrx (x = 41.18–66.67) metallic glasses obtained by MD simulations: (a) Cucentered; (b) Zr-centered.
43
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Table 1
Average coordination number Nαβ obtained by EXAFS curve ﬁtting (ΔNαβ = ± 0.5) and Voronoi analysis of MD simulation (ΔNαβ = ± 0.003) for the Cu100−xZrx
metallic glasses.
Method

Alloy

NCu-Cu

NCu-Zr

NCu-M

NZr-Cu

NZr-Zr

NZr-M

EXAFS/MD

x = 41.18
x = 44
x = 50
x = 66.67

5.9/5.5
5.6/5.1
4.8/4.2
2.9/2.2

6.0/5.9
6.2/6.1
6.9/6.8
8.2/8.1

11.9/11.4
11.8/11.2
11.7/11.0
11.1/10.3

8.9/8.4
8.1/7.8
6.7/6.8
3.6/4.1

6.1/6.5
6.5/6.9
7.3/7.6
9.7/9.5

15.0/14.9
14.6/14.7
14.0/14.4
13.3/13.6

respective neighboring alloys. A subtle yet distinguishable downward/
negative deviation from linearity is observed for ⟨0, 0, 12, 0⟩ x = 50.
However, similar phenomenon is not identiﬁed at x = 44, suggesting
the packing eﬃciency cannot account for the local maxima in GFA
observed at these two compositions.

of the Cu100−xZrx alloys at x = 44 and 50. That is to say, other factors
apart from fico are necessary to account for the compositional dependence of GFA.

3.2.2. Atomic Volume and Local Atomic Packing Eﬃciency
The packing eﬃciency is one of such factors that have been proposed. For example, a relatively high atomic-packing eﬃciency of
clusters was observed in bulk Cu64Zr36 metallic glass in Ref. [35], and it
was therefore believed to be responsible for the high GFA comparing to
its neighbor compositions. Although we failed to reproduce their observations, the concept is however of value [50]. Fig. 4 illustrates the
average Voronoi volumes (Vvoro) for the dominating Cu and Zr-centered
VCs against composition. It is clear that Vvoro depends on both the local
geometry (Voronoi indices) and composition. Generally, the lower the
CN, the smaller the Vvoro. Take the Cu-centered cluster in Cu58.82Zr41.18
as an example, as the Voronoi index varies from ⟨0, 2, 8, 2⟩ to ⟨0, 3, 6,
0⟩, corresponding to a decrease of CN from 12 to 9, Vvoro decreases
from about 13 Å3 to < 12.4 Å3. Even among the conﬁgurations with the
same CN, Vvoro diﬀer from cluster to cluster. One can see that the
clusters that possess a large number of ﬁvefold bonds, i.e. a large n5,
have relatively small Vvoro. For the Cu-centered VCs, the Vvoro of ⟨0, 0,
12, 0⟩ (CN = 12) is smaller not only than that of ⟨0, 2, 8, 2⟩ (CN = 12),
but also than those of ⟨0, 2, 8, 1⟩, ⟨0, 3, 6, 2⟩ and ⟨0, 4, 4, 3⟩ whose
CNs are 11, suggesting a relative dense atomic packing of the Cu-centered ⟨0, 0, 12, 0⟩ VCs. In this sense, the ⟨0, 0, 12, 0⟩ Voronoi cell is
indeed of peculiarity.
The average Voronoi volumes for all Cu and Zr atoms were also
calculated, respectively, and they are found to vary almost linearly with
the composition. No downward deviation was observed at either x = 44
or x = 50, suggesting that Cu50Zr50 and Cu56Zr44 metallic glasses with
local maximum GFA do not possess denser global packing than their

3.2.3. Partial Pair Distribution Functions
In addition to the fraction and volume of VCs, the spatial distribution and neighboring environment of Voronoi cells are equally important to resolve the atomic structure. One eﬀective way to describe
the spatial correlation of Voronoi cell is their partial pair distribution
function, gα-β(r), as deﬁned in Eq. (1).
Previous investigations [16,49] have suggested that Cu-entered
clusters dominate in inﬂuencing the glass forming ability of CueZr alloys. Here we ﬁrst investigate the distribution of Cu atoms, so as to
identify what kind of Cu clusters tends to correlate with each other.
Fig. 5 shows the partial PDFs in Cu100−xZrx (x = 49, 50, 51) metallic
glasses, where “Cu*” stands for the Cu atoms surrounded by ⟨0, 0, 12,
0⟩ Voronoi polyhedra, and “Cu” represents any Cu atom. One can see
that gCu-Cu(r) does not show any diﬀerence among the three MGs, and
the intensity of the ﬁrst peak is around 4. While for gCu⁎-Cu(r), subtle
diﬀerences can be visualized, with that for Cu50Zr50 has a relative high
ﬁrst peak, and the height of the ﬁrst peak arises to about 6 (Fig. 5(b)). A
higher ﬁrst peak suggests more Cu atoms surrounding the central Cu ⟨0,
0, 12, 0⟩ atom, which is consistent with a smaller Voronoi volume of Cu
⟨0, 0, 12, 0⟩ since CueCu bond length is smaller than that of the CueZr
bond. For gCu⁎-Cu⁎(r), however, distinct diﬀerences are observed: the
peaks for Cu50Zr50 are apparently higher than their counterparts for
Cu49Zr51 or Cu51Zr49. Besides, the intensity of the ﬁrst peaks increases
dramatically up to 17 (Fig. 5(c)), much higher than that for Cu⁎-Cu or
CueCu. Moreover, the second peaks are also enhanced. This high

Fig. 3. Compositional dependence of the fractions of the dominant Cu-centered VCs (a) and Zr-centered VCs (b) in Cu100−xZrx (x = 41.18–67) metallic glasses
obtained by MD simulations.
44
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Fig. 4. Compositional dependence of the Voronoi volumes of Cu (a) and Zr (b) atoms for various dominant local environments in Cu100−xZrx (x = 41.18–67) metallic
glasses.

possesses the highest ﬁrst and second peaks in the partial PDF of Cu⁎Cu⁎, suggesting more structural ordering or correlation of icosahedral
clusters than its neighboring compositions of x = 49 and x = 51.
It is of interest to see if the phenomena observed above also exist for
alloys around Cu56Zr44, and Fig. 6 shows the partial PDFs for
Cu100−xZrx MGs with x = 43, 44, 45. Similarly, peaks up to 14 are seen
for the Cu*-Cu* pairs. Calculations for the other CueZr metallic glasses
revealed that this is a general phenomenon for CueZr metallic glasses.

Fig. 5. Partial PDF of Cu atom in Cu100−xZrx (x = 49, 50, 51) metallic glass.
Cu* denotes the Cu atoms centered on ⟨0, 0, 12, 0⟩ Voronoi cells.

probability of ﬁnding a ⟨0, 0, 12, 0⟩ Cu atom in the ﬁrst and second
nearest-neighbors of a ⟨0, 0, 12, 0⟩ Cu suggests that Cu-centered icosahedral clusters have strong tendency to interlink with each other,
forming icosahedral super-clusters at short and medium-range order. In
terms of compositional eﬀect, Cu100−xZrx (x = 50) metallic glass

Fig. 6. Partial PDF of Cu atom in Cu100−xZrx (x = 43, 44, 45) metallic glass.
Cu* denotes Cu atoms centered on ⟨0, 0, 12, 0⟩ Voronoi cell.
45
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It has been veriﬁed that VCs with various Voronoi indices exhibit different local environments and result in distinct atomic mobility in the
supercooled liquid [52–54]. With a higher atom-packing eﬃciency and
especially the highest ability to interlink into large cluster, Cu ⟨0, 0, 12,
0⟩ atoms are dynamically the slowest Cu atoms in the Cu100−xZrx
(x = 30–50) alloy melts [52]. As a result, the preferred interlink of
these slow icosahedral VCs at the neighbor-neighbor level may lead to
the emergence of super-clusters with large size and slow dynamics,
which promotes the dynamic heterogeneities and therefore improves
the GFA. It should be pointed out that GFA may also be inﬂuenced by
factors other than the atomic-level structure of metallic glasses.
Without signiﬁcant distinction in atomic structure from its neighboring
compositions, Cu56Zr44 alloy has a high GFA. One reason may be that
this alloy is of eutectic composition, and the crystallization kinetics is
relatively sluggish, as Wang et al. argued [29]. In analysis of the crystallization of Cu50Zr50 metallic glass, Wang et al. [55] also found that
the product consists of two crystalline phases other than only CuZr
intermetallic compound, illustrating a metastable eutectic reaction at
temperatures far below the melting point. It is therefore believed that
the speciﬁc eutectic crystallization feature warrants the Cu56Zr44 and
Cu50Zr50 alloys good glass-forming ability. Perhaps, systematic crystal
growth kinetic analysis is helpful for interpreting the GFA change.
3.3. Soft Regions
The microstructure of MGs also correlates with their mechanical
properties. Existing experimental and simulation results suggest that
the structure of metallic glasses is inhomogeneous at the atomic scale
[56–59]. In some regions, the atoms are connected with relatively
strong bonds and packed densely (hard regions), while in some other
regions, the atoms are weakly bonded and relatively loosely packed
(soft regions). As a result, the former have relatively high elastic
moduli, while the latter have relative low elastic moduli. The soft regions will yield ﬁrstly upon deformation. Thus, one can discern the
correlation among the chemical composition, microstructure, and the
mechanical properties, such as microhardness, by comparing the soft
regions of diﬀerent metallic glasses.
The Voronoi volume reﬂects the local packing density surrounding
an atom, and can therefore be employed to identify the “soft regions” in
metallic glasses. Here, we deﬁne the top 5% atoms with the largest
Voronoi volumes as “soft” atoms, and the local region formed by them
as “soft region”. The volumetric ratio of all the soft atoms, must
be > 5%, reﬂects the content of the “soft regions”. A high content of
soft regions indicates an abundance of free volume, and therefore facilitates the nucleation and propagation of shear bands, which in turn
leads to a low hardness and strength.
Fig. 8 shows the volume fraction of the soft regions in the entire
sample as a function of compositions for the Cu100−xZrx metallic
glasses. An apparent reduction is observed at compositions of x = 44
and x = 50, corresponding well with the high microhardnesses at these
compositions [31].

Fig. 7. Partial PDF of Cu atom in Cu100−xZrx (x = 49, 50, 51) metallic glass.
Cu* denotes Cu atoms centered on ⟨0, 2, 8, 1⟩ Voronoi cell.

Cu-centered ⟨0, 0, 12, 0⟩ VCs prefer to interlink with each other.
Nonetheless, the peaks in the partial PDF of Cu*-Cu* at x = 44 are no
higher than those for x = 43 or x = 45, suggesting that this cannot be
employed to account for the high GFA at x = 44 either.
It is noticed that the ⟨0, 0, 12, 0⟩ VCs are not the most abundant
clusters for most CueZr MGs, it is therefore of necessity to examine if
any correlation could be identiﬁed for other clusters. In accord, the
partial PDFs for Cu atoms centered on some other major VCs in the
Cu100−xZrx (x = 41.18–66.67) metallic glass are also evaluated. It
turned out that the heights of the ﬁrst peaks are barely above 6. For
example, Fig. 7 displays the corresponding partial PDFs for ⟨0, 2, 8, 1⟩
Cu atoms, which has the largest share among all VCs for the Cu100−xZrx
(x = 49, 50, 51) metallic glasses. Obviously, the Cu-centered ⟨0, 2, 8,
1⟩ VCs do not prefer to neighbor each other. Systematic comparisons
suggest that ⟨0, 0, 12, 0⟩ Cu is the only Cu-centered VC that possesses
high tendency to neighbor with each other. Incidentally, similar calculations were also performed for the major Zr-centered clusters,
whereas no strong tendency for Zr atoms with the same Voronoi index
to interlink with each other was identiﬁed either.
Nonetheless, it has been established that the glass formation competes directly with crystallization during the solidiﬁcation of alloy
melts. Glass forms if the nucleation and/or growth of crystals are suppressed. As a quenched-in liquid, metallic glass possesses abundant
information on why some alloys are easy to solidify into glasses while
the others are not. As has been pointed out, Cu-centered icosahedral
clusters with ﬁve-fold symmetry are incompatible with the competing
crystal phases in CueZr system, resulting in high crystal-liquid interface
energy and crystal nucleation barrier [51]. Down to the atomic level,
the atomic mobility is basically dependent on the active energy barrier,
which can be characterized by cluster lifetime, the time period during
which the central atoms keep the same Voronoi index unchanged [52].

4. Conclusions
Based on good agreements between the MD simulation and EXAFS
experimental data of Cu100−xZrx (x = 41.18, 44, 50, 66.67) metallic
glasses, MD simulations were extended to the other Cu100−xZrx
(x = 41.18–66.67) alloys. Extensive information on the atomic structures of the CueZr metallic glasses was obtained. Main ﬁndings are as
follows:
(1) The fractions of dominating Voronoi cells vary as a function of
composition. Some of them, such as Cu centered ⟨0, 2, 8, 1⟩ and Zr
centered ⟨0, 2, 8, 4⟩, show weak composition dependence; some of
them, such as Cu centered ⟨0, 2, 8, 0⟩, ⟨0, 3, 6, 1⟩, Zr centered ⟨0,
1, 10, 2⟩ and ⟨0, 3, 6, 4⟩ increase roughly linearly with the
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Data availability
The raw/processed data required to reproduce these ﬁndings cannot
be shared at this time due to technical or time limitations.
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Fig. 8. Variation of volume fraction of soft regions against composition in the
Cu100−xZrx metallic glasses.
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increasing of Zr content; while some others, such as Cu centered ⟨0,
0, 12, 0⟩, ⟨0, 2, 8, 2⟩, Zr centered ⟨0, 1, 10, 4⟩, ⟨0, 2, 8, 5⟩ decrease
with Zr. However, no strong correlation between the fraction of full
icosahedral clusters and GFA is identiﬁed, as even a downward
deviation of fico from linearity appears at Cu56Zr44 that has a local
maximum in GFA.
The average Voronoi volume of both Cu and Zr atoms changes with
the composition almost linearly. Among various dominant VCs, the
clusters that possess a large number of ﬁvefold bonds have relatively small Voronoi volume. In particular, Cu-centered ⟨0, 0, 12,
0⟩ clusters have a much smaller volume than the other Voronoi
cells with a same coordination number such as Cu-centered ⟨0, 2, 8,
2⟩ ones, suggesting a relative dense atomic packing of full icosahedral clusters.
By systematic comparisons between partial PDFs of diﬀerent Cu
atoms in typical Cu100−xZrx (x = 49, 50, 51) metallic glasses, it is
evident that the probability of ﬁnding a ⟨0, 0, 12, 0⟩ Cu atom in the
ﬁrst and second nearest-neighbors around a ⟨0, 0, 12, 0⟩ Cu is the
highest. In other words, Cu-centered icosahedral clusters have
strong tendency to interlink with each other and to form icosahedral super-clusters.
Cu100−xZrx (x = 50) metallic glass possesses the higher ﬁrst and
second peaks in the partial PDF of Cu⁎-Cu⁎ than its neighboring
compositions of x = 49 and x = 51, but this case is not for
Cu100−xZrx (x = 44) metallic glass and its neighbors x = 43 and
x = 45, although GFA has a local maximum at x = 44 and x = 50.
So there are other factors than icosahedral clusters to also play a
role in dominating the GFA
By deﬁning the top 5% atoms with the largest Voronoi volumes as
“soft” atoms, the concept of “soft regions”, which consists of the
local region formed by “soft” atoms, are proposed. The relatively
small fraction of “soft region” at x = 44 and 50 should be responsible for the local rise of microhardness at these two compositions
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