
Structural heterogeneity and medium-range order in ZrxCu100−x metallic glasses

Maozhi Li,1,2 C. Z. Wang,2,* S. G. Hao,2 M. J. Kramer,2 and K. M. Ho2

1Department of Physics, Renmin University of China, Beijing 100872, China
2Ames Laboratory, U.S. DOE, Iowa State University, Ames, Iowa 50011, USA

�Received 1 December 2008; revised manuscript received 12 August 2009; published 2 November 2009�

Realistic three-dimensional atomistic structures of ZrxCu100−x �x=35,50� bulk metallic glasses are con-
structed using a combination of x-ray diffraction experiment and computational modeling. A cluster correlation
method is developed to analyze the medium-range order in amorphous systems. We show that the glass
systems consist of a stringlike backbone network formed by icosahedral clusters and a liquidlike structure
filling in the remaining space. These findings are consistent with those obtained from our independent classical
molecular-dynamics studies with embedded-atom method potential for ZrCu system. Such a heterogeneous
structure provides a fundamental structural perspective of dynamical heterogeneity and glass formation.
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I. INTRODUCTION

Describing the structure of amorphous materials such as
metallic glasses has been a long-standing challenge in mate-
rials science. Despite considerable efforts in the past several
decades, accurate and verifiable descriptions of the three-
dimensional �3D� atomic arrangement of metallic glasses re-
main elusive.1–8 The lack of detailed information on the
structure of amorphous materials has limited our further un-
derstanding of dynamical properties and glass formation. For
example, the concept of dynamical heterogeneity i.e., the
existence of active and inactive phases in space and time in
glass-forming systems has been widely accepted.9–11 How-
ever, the question “what aspect of the structure gives rise to
the dynamical heterogeneity” still remains.9–14

Another outstanding issue is to characterize the medium-
range order �MRO� in metallic glasses. While icosahedral
short-range order �SRO� was suggested as local structural
unit in metallic liquids and glasses several decades ago and
has been studied intensively,15–19 recent studies have demon-
strated that accurate description of amorphous structures has
to consider the atomic arrangement in MRO.4,7,8 Two struc-
tural models consisting of dense packing of atomic clusters
and MRO of solute-centered clusters have been recently pro-
posed for metallic glasses.7,8 However, these cluster packing
schemes addressed mainly the low solute concentration re-
gime. Moreover, the issue of dynamical heterogeneity was
not discussed in these models.

In this paper we address these important issues by devel-
oping a cluster correlation method to analyze the medium-
range atomic arrangement in ZrxCu100−x �x=35,50� metallic
glasses. We show that the glass structure in these systems is
a heterogeneous mixture of interpenetrating icosahedral clus-
ters forming a stringlike backbone network within a more
liquidlike matrix. This finding has important ramifications on
the development of glassy dynamics in the ZrCu glass-
forming system.

In Sec. II, the generation of the structure models of
Zr50Cu50 and Zr35Cu65 metallic glasses is described. In Sec.
III, the local structure and spatial correlation of the atomic
clusters are analyzed. Then we analyze the MRO and struc-
tural heterogeneity in ZrCu metallic glasses in Sec. IV. Fi-
nally, a conclusion is presented in Sec. V.

II. STRUCTURE MODELS

Binary Zr-Cu metallic systems have attracted consider-
able interest because of the relatively high glass-forming
ability in such simple metallic systems,20–23 which offers a
good opportunity for analyzing the structural features to un-
derstand dynamical and mechanical properties in glass-
forming systems.24–29 In order to gain insights into the struc-
tural properties, we generated reliable 3D atomic structures
for Zr50Cu50 and Zr35Cu65 glass alloys using a constrained
reverse Monte Carlo �RMC� method30 with the constraints
being the scattering structure factor S�q� from x-ray diffrac-
tion �XRD� experiment and partial pair-correlation functions
�PCFs� from ab initio molecular-dynamics �MD�
simulations.31–33

In our experiments, the samples of Zr50Cu50 and
Zr35.5Cu64.5 metallic alloys were prepared by arc melting but-
tons of high-purity Zr and Cu, then rapidly cooling using a
rapidly rotating Cu quench wheel. The high-energy transmis-
sion synchrotron XRD at Argonne National Laboratory was
used to determine the total scattering function at room tem-
perature.

The ab initio MD simulations were performed using the
projector augmented-wave method within the density-
functional theory as implemented in the Vienna ab initio
simulation �VASP� package.33 Plane-wave basis is used with
an energy cutoff of 274 eV for both alloys. The simulation
cell consists of 100 atoms in a cubic box with periodic
boundary conditions. After being well equilibrated in the liq-
uid states at
T=1500 K, the systems were cooled down to 300 K at a
constant cooling rate of 0.2 K/step �3 fs/step�. The atomic
densities of the glassy states obtained from the cooling pro-
cedure were further optimized to give zero pressure. The
optimized densities are 56.66 and 62.76 atoms /nm3 for
these two glasses, respectively, which are very close to the
experimental values, 57.10 and 63.70 atoms /nm3. The struc-
tural properties of the amorphous states are then calculated
by performing the statistical averages over 1000 MD steps at
300 K. For the liquid states at T=1500 K, atomic coordi-
nates of 4000 MD steps were collected.

Although ab initio MD simulations can provide a great
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deal of insight into the short-range structural and chemical
order information, 3D atomic models with several thousand
atoms or more will be more useful for studying higher-order
and longer-range correlations in disordered systems. In the
present study, the RMC simulations were performed to gen-
erate 3D structures with 25 000 atoms and periodic boundary
conditions. Note that due to the lack of the extended x-ray-
absorption fine structure �EXAFS� data from our experi-
ments, our practical strategy in RMC modeling is to take the
partial PCFs obtained from ab initio MD as extra constraints
together with experimentally measured S�q� in order to ob-
tain a realistic glass structure.

Figure 1 shows the comparison of the structures informa-
tion such as structure factor and partial PCFs obtained from
the RMC simulations with those from XRD experiments and
ab initio MD simulations for the two metallic glasses, re-
spectively. The good agreement between the RMC and ex-
perimental S�q� and between RMC and ab initio MD partial
PCFs as shown in Fig. 1 indicate that the RMC-generated
atomic configurations are reliable. Note that only the partial
PCFs with r between 0 and half box size are used in the
RMC fitting. Furthermore, we also compare the higher-order
correlations such as partial bond-angle distribution functions
from RMC models with those from ab initio MD simula-
tions. Figure 2 shows a good agreement of partial bond-angle
distributions between RMC modeling and ab initio MD
simulations of Zr50Cu50 metallic glass. Note that the partial
bond-angle distributions are not used as constraints in our
RMC simulation.

III. LOCAL STRUCTURE AND SPATIAL CORRELATION

To examine the local structure in the RMC-generated
glass models, the atomic coordinates in the models are ana-
lyzed using the Voronoi tessellation method3,34 which divides
space into close-packed polyhedra around atoms by con-
struction of bisecting planes along the lines joining the cen-

tral atom and all its neighbors. We use the Voronoi index
�n3 ,n4 ,n5 ,n6�, where ni denotes the number of i-edged faces
of the Voronoi polyhedron, to designate the character of the
atomic cluster surrounding an atom. Figures 3�a� and 3�b�
show the population of the 14 most abundant polyhedra in
the Zr50Cu50 and Zr35Cu65 metallic glasses, respectively. The
polyhedra indices are arranged in the order of increasing co-
ordination number �CN� of the central atoms. Most clusters
with CN less than 14 are Cu centered, while those with CN
larger than 14 are Zr centered due to the larger atomic size of
Zr. One may note from Fig. 3 that the population of the
icosahedral polyhedron �0,0 ,12,0� is relatively high in both
glasses. Its fraction increases from about 3.5% to 7.4% as Cu
content increases from 50% to 65%, and it is the most abun-
dant index in Zr35Cu65. Moreover, the polyhedra of
�0,0 ,12,0� are almost all Cu centered. These findings are
consistent with the experimental measurements and MD
simulations.24,26

In order to see the spatial arrangement of the �0,0 ,12,0�
clusters in the glass structures, we investigated the spatial
correlations between different types of Voronoi polyhedra by
calculating a nearest-neighbor correlation index Cij between
the central atoms of polyhedra types i and j defined as fol-
lows. First let us denote mij as the number of the nearest
neighbors of types i and j and Ptotal as the total number of the
nearest-neighbor pairs in our structural model. Then the
probability of polyhedra types i and j being the nearest
neighbors can be expressed as pij =mij / Ptotal. On the other
hand, if the distributions of indices are spatially uncorrelated,
the probability of i and j being neighbors can be calculated
by

pij
0 = �

2ninj

N�N − 1�
�i � j�

ni�ni − 1�
N�N − 1�

�i = j� ,�
where ni �nj� is the number of atoms of index i �j� and N is
the total number of atoms in the structural model. Finally, we
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FIG. 1. �Color online� Comparison in S�q� obtained from ex-
perimental XRD, ab initio MD, and RMC simulations for �a�
Zr50Cu50 and �b� Zr35Cu65 metallic glasses. The XRD data in �b� is
from a sample of Zr35.5Cu64.5 metallic glass. Comparison of ab
initio MD and RMC derived partial PCFs for �c� Zr50Cu50 and �d�
Zr35Cu65.
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FIG. 2. �Color online� Comparison of partial bond-angle distri-
bution functions obtained from ab initio MD and RMC simulations
for Zr50Cu50 metallic glass.
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can define the nearest-neighbor correlation index Cij between
polyhedra type i and type j as

Cij =
pij

pij
0 − 1. �1�

By this definition, Cij is zero if the polyhedra types i and j
are distributed randomly. More positive values of Cij indicate
stronger correlation between polyhedra types i and j �i.e., the
central atoms of two polyhedra tend to be nearest neighbors�,
while negative values of Cij indicate anticorrelation �i.e., the
central atoms in two types of polyhedra avoid being nearest
neighbors�.

Figures 3�c� and 3�d� show the correlation matrices of Cij
for the 14 types of polyhedra in Zr50Cu50 and Zr35Cu65
glasses, respectively, from our RMC simulations. The corre-
lation maps from the two glass structures exhibit a number of
similar features: �i� the Cu-centered polyhedra show a pref-
erence of avoiding other Cu atoms except for the case of
�0,0 ,12,0� and �1,0 ,9 ,3� which have strong tendency of
clustering with themselves. �ii� Generally Zr-centered clus-
ters have no preference of clustering with either Zr-centered
or Cu-centered clusters, except in the neighborhood of
�0,0 ,12,0� clusters. �iii� The fact that the clustering occurs
at the nearest-neighbor level indicates that the �0,0 ,12,0�
clusters have a strong tendency to aggregate and build inter-
penetrating networks with other �0,0 ,12,0� clusters. �iv�
Polyhedra of �0,0 ,12,0� also prefer being the nearest neigh-
bors with other polyhedra that have abundant pentagonal
faces, such as �1,0 ,9 ,3�, �0,1 ,10,2�, �0,1 ,10,4�, and
�0,1 ,10,5�, particularly when the population of �0,0 ,12,0�
increases as in the case with higher Cu concentrations. �v� In

contrast, some abundant Voronoi polyhedra, such as
�0,2 ,8 ,4� and �0,3 ,6 ,4�, show very little preference in their
nearest-neighbor indices. Such clusters can play the role of a
glue to fill the 3D space in a nonpreferential fashion.

We note that strong correlation between �1,0 ,9 ,3� is due
to the fact that �1,0 ,9 ,3� is transformed from �0,0 ,12,0�
when another atom is approaching to a center of threefold
axis of a �0,0 ,12,0� �e.g., due to fluctuation�, which intro-
duces a small triangular face. The fraction of the �1,0 ,9 ,3�
is usually very small. If such small triangular faces are re-
moved in Voronoi analysis, most �1,0 ,9 ,3� will be changed
back to �0,0 ,12,0�. Therefore, �1,0 ,9 ,3� can be classified
as icosahedral cluster in our analysis. This is why �1,0 ,9 ,3�
exhibits strong correlation similar to that of �0,0 ,12,0�. On
the other hand, a �0,1 ,10,2� cluster can also be treated as an
icosahedral-like cluster because it can be formed from
�0,0 ,12,0�, too. However, they are very stable and cannot
be easily changed back to �0,0 ,12,0� by fluctuation.

IV. MEDIUM-RANGE ORDER AND STRUCTURAL
HETEROGENEITY

Although the fraction of the icosahedral �0,0 ,12,0� poly-
hedra is less than 8% in the glass structures, the portion of
atoms belonging to this type of polyhedron is much higher,
about 31% and 53% of the total number of atoms in the
Zr50Cu50 and Zr35Cu65 glass alloys, respectively. The strong
spatial correlation among this type of clusters as shown in
Figs. 3�c� and 3�d� suggests that they would form a backbone
network in the glasses.35

To examine the MRO of the icosahedral cluster backbone
in these metallic glasses, we analyzed the connectivity of the

FIG. 3. �Color online� ��a� and �b�� Population and ��c� and �d�� the matrix of spatial correlation index Cij of the 14 most populated
Voronoi polyhedra in Zr50Cu50 and Zr35Cu65 metallic glasses. The filled and unfilled parts of each bar in �a� and �b� indicate the percentage
of Cu- and Zr-centered polyhedra of each Voronoi index, respectively. The colors in �c� and �d� represent the correlation strength �see text
for details�.
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network formed by the central atoms of the �0,0 ,12,0�
clusters.29 The distributions of the connectivity are shown in
Figs. 4�a� and 4�b� for metallic glasses of Zr50Cu50 and
Zr35Cu65, respectively. Note that when a �0,0 ,12,0� cluster
has only one �0,0 ,12,0� nearest neighbor, it can be part of a
dimer or at the end of an aggregated �0,0 ,12,0� chain or
branch. These two situations are separated in our statistical
analysis and represented using two different colors �purple
for the dimers and green for the end atoms� in the column of
connectivity 1 in Figs. 4�a� and 4�b�. The column with con-
nectivity of 2 is also shown in green. It can be seen that a
large fraction of �0,0 ,12,0� central atoms in the glasses pre-
fers a connectivity of 2 or at the end of a chain or branch.
This indicates a stringlike packing of the �0,0 ,12,0� poly-
hedra, which can be seen in Figs. 4�c� and 4�d� where all
�0,0 ,12,0� central atoms, excluding monomers and dimers,
are plotted. Medium-sized �0,0 ,12,0� polyhedra chains
�	4–5 connected clusters� can be seen to form a network
throughout the glass structure. When the population of the
�0,0 ,12,0� polyhedra increases, more compact two-
dimensional �2D� or 3D clustering of the �0,0 ,12,0� poly-
hedra starts to emerge especially near chain junctions.

To further quantify the stringlike network formed by
�0,0 ,12,0� clusters, we estimate its dimensionality. For a
given network, its dimension d can be obtained from the
relation Nd	Ld,36 where Nd is the total number of nodes in
the network and L is a characteristic length of the network
and defined as the maximum among the topologically short-
est paths between all node pairs. A linear dependence of
log�Nd� on log�L� is obtained as shown in Fig. 5, indicating
that d
0.99�0.03 and 1.01�0.09 for Zr50Cu50 and
Zr35Cu65, respectively, demonstrating the stringlike fashion
of the icosahedra network. Recent studies found that icosa-
hedral clusters slow down the dynamics in the systems.26

The aggregation of icosahedral clusters into a stringlike

backbone network may be the key factor leading to glass
formation in this system by freezing out relaxation processes
to prevent crystallization.

It would also be interesting to characterize the remaining
structures that are not involved in the icosahedral cluster net-
works. As we compared the Voronoi index distribution of the
glass alloys with that of the corresponding liquid alloys at
1500 K obtained from ab initio MD simulations, we found
that they are quite different, not only on the magnitude of the
distributions, but also on the types of abundant polyhedra.
For example, �0,3 ,6 ,4� is the most abundant polyhedron in

FIG. 4. �Color online� The distribution of the
number of nearest-neighbor connections among
the central atoms of the �0,0 ,12,0� clusters �a�
Zr50Cu50 and �b� Zr35Cu65. The purple and green
in the second bar of �a� and �b� denote the portion
of atoms belonging to dimmers or at the end of
chains and branches, respectively. Spatial distri-
bution of the central atoms of the �0,0 ,12,0�
clusters in �c� Zr50Cu50 and �d� Zr35Cu65. The iso-
lated and dimerized atoms are not presented. The
color schemes are the same as in �a� and �b�.

FIG. 5. �Color online� log�Nd� versus log�L� of icosahedral net-
work in �a� Zr50Cu50 and �b� Zr35Cu65, respectively. Straight lines
are the linear fit to the data.
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the Zr35Cu65 liquid, while the population of �0,0 ,12,0� is
the highest in the glass. In liquids the population of
�0,0 ,12,0� is very low, 0.425% and 1.073%, in Zr50Cu50 and
Zr35Cu65, respectively. However, if we exclude all the atoms
belonging to the �0,0 ,12,0� clusters, we found that the
Voronoi distributions of the glass systems show a close re-
semblance to that of the corresponding liquid systems �see
Figs. 6�a� and 6�b��. This suggests that the glass structure is
a heterogeneous mixture of an interpenetrating icosahedral
cluster network and a liquidlike matrix.

Note that in our Voronoi analysis, the cutoff is chosen
large enough �i.e., 5 Å� so that the Voronoi indices distribu-
tions are converged. We also performed the analyses using a
cutoff of 4 Å �i.e., the first minimum of g�r�� and found that
the main results and conclusions presented above do not
change. Furthermore, we also performed classical MD simu-
lation studies using the embedded-atom method �EAM� po-
tential for ZrCu system developed in Ref. 37 and analyzed
the spatial correlation of atomic clusters and the stringlike
medium-range arrangement, demonstrating that the results
and conclusion presented above are robust. See more details
in the Appendix.

V. CONCLUSION

In summary, we have analyzed the MRO in ZrxCu100−x
�x=35,50� metallic glasses. We show that Cu-centered
icosahedral clusters exhibit strong spatial correlations and
tend to connect with each other, forming an interpenetrating
solidlike backbone with a stringlike topology. The structures
filling in between the solidlike backbone are liquid like. Such
a heterogeneous structure provides a fundamental structural
perspective of dynamical heterogeneity in metallic glasses.
The aggregation of icosahedral clusters into a stringlike
backbone network may be the key process in slowing down
the dynamics in these systems and leading to glass formation
by freezing out relaxation processes to prevent crystalliza-
tion. While the glass structures generated by our RMC mod-
eling may be more disordered than those formed in experi-
ments, the strong stringlike correlations between the
icosahedral �0,0 ,12,0� clusters and a clear picture of the
structural heterogeneity have already been seen. Such MRO
characters are also observed in our classical MD studies and
become stronger as cooling rate decreases. We believe that
the spatial correlation and structural heterogeneity will be-
come even more evident in real metallic glasses.

Note added: Recently, we noticed that the essential struc-
tural features of the glass, i.e., “a stringlike backbone net-
work formed by interpenetrating Cu-centered icosahedral
clusters and a liquidlike structure filling in the remaining
space” presented in our paper have also been mentioned in
two recent published papers by Cheng et al.28,29 However,
our studies provide more clear evidences for these structure
features.
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APPENDIX: CLASSICAL MD SIMULATIONS

Cooling rate used in ab initio MD simulations to generate
glass structures from high-temperature liquids is typically
about 1.0�1013	1014 K /s, much higher than that in ex-
periments. It would be interesting to know to what extent the
fast cooling rate influences the structures and properties of
the generated metallic glasses. Specifically, since the partial
PCFs obtained from our ab initio MD are used as constraints
together with experimentally measured S�q� in RMC model-
ing to generate larger 3D atomic structures for metallic
glasses as mentioned in Sec. II, it would be desirable to
know how the PCFs obtained from MD simulations are sen-
sitive to cooling rate. Another question is whether the SRO
and MRO structure features, i.e., stringlike icosahedral net-
work and structural heterogeneity obtained from our analysis
based on the RMC modeling as discussed in the text are
robust or not. To investigate these two issues, we have per-

FIG. 6. �Color online� The distributions of the top 30 Voronoi
polyhedra in the liquids �T=1500 K, in blue� and glasses �T
=300 K, in red� of �a� Zr50Cu50 and �b� Zr35Cu65, respectively, in
which the atoms belonging to the �0,0 ,12,0� clusters in the liquids
and glasses are excluded. The distributions are normalized by the
number of atoms in the remaining parts. The atomic configurations
of �c� Zr50Cu50 and �d� Zr35Cu65 metallic glasses, respectively. The
green and red balls represent the atoms belonging to the �0,0 ,12,0�
clusters and in the remaining part of the systems, respectively. The
populations of �0,0 ,12,0� in liquids and glasses are also plotted for
comparison.
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formed independent classical MD simulation studies with
different cooling rates and analyzed the structural features of
the MD-generated structure models.

In our classical MD simulations, the embedded-atom
method �EAM� potential for ZrCu system developed in Ref.
37 was employed. The simulations were performed for
Zr35.5Cu64.5 metallic glass. The structure model consists of
5000 atoms in the simulation cell with periodic boundary
conditions. The structure was first equilibrated at T
=2000 K, then cooled down to 300 K with cooling rate of

1.0�1014 and 1.0�1012 K /s, respectively. The cell size
was adjusted to give zero pressure in NVT ensemble at vari-
ous temperatures. The details of the generation of the struc-
ture models can be found in Ref. 38. It has been demon-
strated that the structure information such as S�q� in the
EAM structure models shows a good agreement with experi-
mental data.37,38

First we test the effect of cooling rate on the partial PCFs.
Figure 7 shows the comparison of the partial PCFs of
Zr35.5Cu64.5 at T=300 K obtained with two cooling rates in
classical MD simulations. It is clear that the resulting partial
PCFs are not sensitive to the cooling rate. Therefore, it
should be appropriate and reliable to use partial PCFs ob-
tained from ab initio MD simulations together with experi-
mental S�q� as constraints in the RMC modeling. We also
found that the statistical distribution of the polyhedron types
in the EAM structure models does not change much with
cooling rate as shown in Figs. 8�a� and 8�b�. Furthermore,
the distributions are similar to that of our RMC structure
model as shown in Fig. 3�b�. This indicates that the structure
models obtained from RMC modeling is reliable because
two independent approaches generate the similar average and
local structural features.

To examine the atomic cluster packing and MRO in the
MD structure models, we also analyzed the spatial correla-
tion between various clusters according to Eq. �1� for the two
structures as shown in Figs. 8�c� and 8�d�, respectively. It is
found that the patterns of the spatial correlations between
Voronoi polyhedra in the MD structure models with different
cooling rates are very similar and consistent with that in
RMC-generated structure models as shown in Fig. 3. This

FIG. 7. �Color online� The comparison of the partial PCFs of
Zr35.5Cu64.5 at T=300 K obtained with two cooling rates in classi-
cal MD simulations.

FIG. 8. �Color online� The comparison of the population and the matrix of spatial correlation index Cij of the 14 Voronoi polyhedra in
Zr35.5Cu64.5 metallic glasses with different cooling rates in classical MD simulations.
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indicates that the spatial correlations between clusters pre-
sented in the main text above are robust.

We also investigate the distribution of the number of
nearest-neighbor connections among the central atoms of
�0,0 ,12,0� clusters in these two MD structure models with

different cooling rates as shown in Fig. 9. It is clear that the
number of �0,0 ,12,0� clusters with connectivity of 2 or at
the end of a chain or branch increases with decreasing the
cooling rate. This indicates that the stringlike MRO will be-
come stronger as the metallic glass structures approach to the
situation of real glasses, forming a stringlike icosahedral net-
work.

Therefore, by comparing the classical MD simulation
studies, one can see that the atomic structures generated from
our RMC modeling are indeed reliable, and the structural
picture of stringlike icosahedral network and structural het-
erogeneity is robust in ZrCu metallic glasses. It is worth
pointing out that although the fast cooling rate used in our
AIMD and the “random” moves in RMC simulations may
not capture all the details of SRO and MRO in “real-world
glasses,” we have already seen the strong and stringlike cor-
relations between the icosahedral �0,0 ,12,0� clusters and a
clear picture for the structural heterogeneity in the metallic
glasses. One can believe that the structure correlation and
structural heterogeneity will become even more evident with
a lower cooling rate39 as demonstrated in our classical MD
analysis.
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spectively, in classical MD simulations.
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