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Abstract

The “cluster-plus-glue-atom” model can easily describe the structure of complex metallic alloy phases. However, the biggest obstacle
limiting the application of this model is that it is difficult to determine the characteristic principal cluster. In the case when interatomic
force constants (IFCs) inside the cluster lead to stronger interaction than the interaction between the clusters, a new rule for determining
the characteristic principal cluster in the “cluster-plus-glue-atom” model has been proposed on the basis of IFCs. To verify this new rule,
the alloy phases in Cu–Zr and Al–Ni–Zr systems have been tested, and our results indicate that the present new rule for determining
characteristic principal clusters is effective and reliable.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cluster-based models [1–6] have been proposed to
describe the structure of quasi-crystalline and amorphous
alloys, since for a long time the coordinate polyhedral clus-
ters were advocated as the basic primary units to reflect the
structure characteristics of materials [7–11]. As for the
complex metallic alloy phases, the structures of which are
difficult to determine, the cluster information and local
atomic structure characteristics can be obtained approxi-
mately from the related crystalline phases [12–14]. Mean-
while, clusters act as the basic building unit of materials
and their hard-sphere packing has been addressed by a ser-
ies of experiments and simulations [15–17], with a view to
determining the structural models and understanding the
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structural information of complex alloy phases. Recently,
Dong et al. [18–20] and Han et al. [21] have proposed a
“cluster-plus-glue-atom” model to describe the structure
of complex metallic alloy phases. Compared with the tradi-
tional classical crystallography [22–25], the “cluster-plus-
glue-atom” model can simultaneously describe both the
structural and componential information of the researched
materials. It also has a wide range of applications. One of
the most important applications is that it provides a feasi-
ble approach for the compositional design of complex
metallic alloy phases in a quantitative manner, since both
the structural and componential information can be conve-
niently obtained from the model configuration [6]. Mean-
while, this application has been verified systematically on
the basis of theoretical and experimental analyses [26–35].
Concisely, the “cluster-plus-glue-atom” model can be
expressed as a uniform cluster formula, [cluster](glue
atoms)x, where cluster refers to the basic near-neighbor
eserved.
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coordinate polyhedron derived from the corresponding
crystalline phases, glue atoms are regarded as the intersti-
tial filling between clusters and x is the number of glue
atoms matching one cluster [1,19,20]. As a consequence,
the structures of materials can be divided into the cluster
part and the glue atoms part. Subsequently, all the atoms
in a given structure can be classified into three categories,
i.e. the glue atoms, the central atom and the shell atoms
of clusters, as shown in Supplementary Fig. S1.

According to this cluster-based model, designing com-
plex metallic alloy phases with optimal composition is con-
sidered to be feasible under the assumption that the
configurations of the stable characteristic principal clusters
in the complex metallic alloys and their crystalline deriva-
tives remain similar to each other [36–49]. Hence, it is no
wonder that the structural analysis of crystalline phases
becomes the foundation of this cluster-based model, and
determination of the characteristic principal clusters
together with the linkage rules become the start-points to
apply the model. Accordingly, the first step is to obtain
the basic primitive clusters from the related crystalline
phase, while the second step is to determine the character-
istic principal cluster reflecting the structural feature of the
phase [50–52]. Since a dense-packed cluster with its own
coordination number (CN) can be defined around any
non-equivalent atomic position in the unit cell of a phase,
the most representative principal cluster needs to be
selected and be used to further describe the relevant metal-
lic complex alloy phases.

Over the years, much effort has been made to develop of
the characteristic principal cluster’s selection criteria [53–
55]. However, these are not as distinctive as anticipated.
Therefore, the rules for establishing the appropriate char-
acteristic principal cluster still need further investigation.
Since the interaction between atoms inside the cluster is
stronger than that between clusters corresponding to the
glue atoms [2,20,28,30,56], the interatomic force constants
(IFCs), which can be used to reflect the interaction between
atoms, is proposed as a way to describe the “cluster-plus-
glue-atom” model. In this study, IFCs have been obtained
by performing first-principles calculations within the
framework of density functional perturbation theory, with
particular emphasis on the determination of appropriate
characteristic principal clusters for the “cluster-plus-glue-
atom” model, combined with the existing criteria [53–55].
The alloy phases in Cu–Zr and Al–Ni–Zr [52,53,57–59] sys-
tems have been checked for this application. The results
indicate that, through calculation and analysis of IFCs,
the central atom as well as the shell atoms of the cluster
and the glue atoms can be distinguished; a suitable charac-
teristic principal cluster can thus be effectively established
by combining the existing rules.

The remainder of the paper is organized as follows. In
Section 2, we briefly review previous selection rules for
the characteristic principal cluster. In Section 3, the
proposal of a new rule for establishing characteristic
principal clusters in the “cluster-plus-glue-atom” model is
deciphered. In Section 4, the alloy phases in Cu–Zr and
Al–Ni–Zr systems are checked to verify this new rule.
Finally, the conclusion and outlook are given in Section 5.

2. Review of previous selecting rules for the characteristic

principal cluster

2.1. Close-packing principle

The structural characteristics of materials can be
reflected well by the most close-packed cluster, given that
the close-packing of atoms is a fundamental requirement
for structural stability [52,55,60,61]. Accordingly, in the
“cluster-plus-glue-atom” model, clusters should be the
most close-packed part, thus the cluster characteristic can
be reflected well [55]. Therewith, the cluster packing frac-
tion and packing efficiency have been proposed as two
measurable criteria to reflect the close-packing properties
of materials [62]. Generally, the atomic packing properties
can be reflected well by these two criteria. However, the
packing fractions are not sensitive to cluster type or atom
type, so it is not a suitable parameter for cluster close-pack-
ing reflects. Besides, the packing efficiency of atoms can be
considered as an effective criterion describing the packing
properties of real clusters [55]. Also, Miracle and colleagues
obtained the critical radius ratios R� to evaluate the pack-
ing efficiency of an ideal cluster shelled by one type of
atoms, assuming perfect spherical contact between atoms
[2,4,5]. Nevertheless, in some cases where different shells
are possible, the distinctions reflected by the packing effi-
ciency criterion to elucidate the confusion in cluster selec-
tion are not significant, and this criterion still holds true
as a simple approximation. Therefore, other close-packing
criteria still need to be developed to determine the charac-
teristic principal clusters.

Research has indicated that radial atomic density can be
considered as a feasible criterion to assess the close-packing
property of atoms [54]. Hence, the near-neighbor coordina-
tion polyhedron composed of atoms is selected before the
shells with the maximum radial atomic density as the first
close-packing cluster; this implies that the cluster is the
local atomic structure with the highest structural density
[55]. Furthermore, the structural integrity, referring to the
concept that a close-packing cluster is normally enclosed
with surface triangular facets, should also be taken into
consideration. The radial atomic density is defined to be
the number of atoms per unit volume and reflected by
qa ¼ N=V cluster; where N is the number of atoms enclosed
by a sphere with volume V cluster: Therewith, the cut-off clus-
ter shell should locate near the maximum qa [54]. Taking
the CuZr2 alloy phase as an example, there are one Cu
and one Zr non-equivalent atomic site in the CuZr2 unit
cell. Hence, the basic primitive clusters centered by the
Cu atom and Zr atom can be defined. Correspondingly,
the radial atomic density distributions of clusters centered
by the Cu atom and Zr atom are plotted in Fig. 1a and b,
respectively. The cut-off cluster shell centered by Cu is



Fig. 1. The distribution of radial atomic distances and radial atomic
densities for the (a) Cu and (b) Zr sites in the CuZr2 alloy phase. The red
solid vertical line points the cutoff cluster shells.
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located near the maximum qa so that CN12 Cu5Zr8 is the
appropriate cluster. Similarly, the CN12 Zr9Cu4 is
regarded as the suitable cluster for a Zr-centered near-
neighbor coordinate polyhedron. The typical structures
for a CuZr2 unit cell, and Cu-centered as well as Zr-
centered near-neighbor coordinate polyhedral clusters,
are shown in Supplementary Fig. S2. In this study, the first
element in the cluster is the central atom of the cluster.

In addition, given that the near-neighbor shell of clus-
ters is usually spread over a few layers, the distribution
of the first shell reflected by k ¼ ðrmax � rminÞ=rmax is consid-
ered to be another criterion to evaluate the degree of struc-
tural perfection of the clusters, with rmax and rmin denoting
the maximum and minimum radial distances of the first
shells, respectively [32]. Evidently, a relatively narrow dis-
tribution of the cluster shell atoms often implies a better
enclosed and hence a more close-packed cluster. Thus, a
smaller rather than a larger k is preferred and all atoms
within the cutoff radius are considered as the first near-
neighbor shell of the central atom.
2.2. Enthalpies of mixing and atomic size differences

The strong interaction between atoms is necessary for
different elements forming a near-neighbor coordinate
polyhedral cluster [33]. Therewith, the enthalpy of mixing
(4H) can be used to reflect the interactions between ele-
ments, and a negative value indicates an attractive interac-
tion, while a positive value implies a repulsive interaction
between elements [63–67]. Accordingly, the elements with
negative enthalpy of mixing tend to form the short-range
order atomic clusters. In the “cluster-plus-glue-atom”

model, the cluster is the strongly interacted part centered
by the element having negative enthalpy of mixing with
the shell atoms, whereas the glue atoms are relative weakly
interacting with the cluster shell atoms, and are preferen-
tially composed of elements having positive enthalpy of
mixing with the central atom of the cluster. Therefore, in
alloy phases consisting of negative enthalpies of mixing
and obvious atomic size differences, dissimilar atoms tend
to form the first near-neighbor coordination polyhedral
clusters, and these clusters constitute the local atomic fea-
tures of the formed phases [15,20,30,35,52]. The cluster’s
definition can also be understood in terms of the atomic
size differences. Nevertheless, the consideration of atomic
radius is usually empirical given that the real atomic radius
may change due to the strong chemical interactions
between atoms. Thus, factors other than enthalpies of mix-
ing and atomic size differences should be incorporated in
the process of establishing the characteristic principal clus-
ter. In doing this, researchers may reveal interesting prop-
erties common to the “cluster-plus-glue-atom” model.

As mentioned above, the appropriate characteristic
principal cluster can be distinguished from various basic
primitive clusters on the basis of atomic close-packing,
enthalpy of mixing and atomic size differences. However,
the distinctions of principal cluster based on these criteria
are not as obvious as expected, especially for the complex
crystalline alloy phases. Therefore, certain rules for deter-
mining the characteristic principal clusters still need further
investigations. In the following part, we will introduce a
new method to establish the appropriate characteristic
principal cluster for the “cluster-plus-glue-atom” model
from the viewpoint of the interaction between atoms
reflected by the parameter IFCs.

3. A new rule to determine the characteristic principal
clusters in the cluster-plus-glue-atom model

Researchers have found that in the “cluster-plus-glue-
atom” model, the interaction between atoms inside the
cluster is stronger than that between clusters corresponding
to the glue atoms [2,20,28,30,56]. To better understand this
fact, we have investigated the variation trend of near-
neighbor interatomic spacing as a function of hydrostatic
pressure for the Al2NiZr6 alloy phase. In terms of Al2NiZr6,
the characteristic principal cluster is regarded as Ni-centered
CN11 Ni3Zr9 and the glue atom is Al. The near-neighbor
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interatomic spacing, as a function of the pressure between
atoms inside the cluster Ni–Zr and that between the clus-
ters Zr–Al, is depicted in Supplementary Fig. S3. As is
shown, the near-neighbor interatomic spacing decreases
as the hydrostatic pressure increases. Furthermore, the cor-
responding variation trend for atoms inside the cluster Ni–
Zr is slower than that between the clusters corresponding
to Zr–Al. This result indicated that the interaction between
atoms inside the cluster is stronger indeed than that
between the clusters corresponding to the glue atoms.
Accordingly, the parameter IFCs, which can be used to
reflect the interactions between atoms, is proposed to
describe the “cluster-plus-glue-atom” model in this study.

IFCs are the coefficients describing the force created on
one atom by the displacement of another atom from its
equilibrium position in a linear order; i.e. when one atom
is displaced from its equilibrium position, it exerts a force
on other atoms and, through induction, a restoring force
acts upon the atom itself. The scale factor of the displace-
ment and the force between atoms are viewed as the IFCs
[68]. As for the nature of this parameter, IFCs are defined
as the second order derivatives of the ground-state energy
for the researched system with respect to atomic displace-
ment [69]. For example, with regard to a system containing
two atoms, which are labeled as r and s, when

displacement dr2
!¼ ðdx2; dy2; dz2Þ is caused by atom s,

the corresponding force dF
!

1 ¼ ðdF x1
; dF y1

; dF z1
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Accordingly, the IFCs can be deduced and presented as:

½k12� ¼
d F 1
�!
dr2
! ð3Þ

Similarly, as for a system containing N atoms, the force

dF
!

induced by the displacement d r! can be expressed as:

dF
!¼ ½k�d r! ð4Þ

where the 3N � 3N dimensional matrix ½k� is defined as the
IFCs matrix and given as:
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The linear response methods based on density functional
theory are thought to be a powerful tool for seeking the lat-
tice dynamic of materials and for exploring the nature of
force constants that cannot be obtained experimentally
[70]. In addition, IFCs have an exponential relation with
interatomic spacing [71], and in the real space, only the
“on-site” IFCs are affected [72]. Research has indicated
that the decay of IFCs will be inversely proportional to
the cube of interatomic spacing [73]. Accordingly, we make
a simplification, considering the interactions induced by the
atom itself and the corresponding IFCs as the main block,
while the interactions induced by other atoms and the
related IFCs are the minor concern in our study. Conse-
quently, the IFCs can be expressed as follows:

IFCs ¼
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In Eq. (6), @
2E
@x2

i
, @
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i
and @2E

@z2
i

are the corresponding~x,~y and

~z directional IFCs for the i atom of the researched system,
respectively.

Accordingly, the characteristic principal clusters are
selected based on the different interactions between atoms
reflected by IFCs. And for a given alloy phase, it is noticed
that atoms whose IFCs are the largest serve as the central
atoms of the cluster, those atoms whose IFCs are the small-
est act as the glue atoms of the model, while those atoms
whose IFCs are located between the maximum and mini-
mum values serve either as the shell atoms of the cluster
or as the glue atoms of the model.

4. Verification of the new rule

To verify the effectiveness of the new rule, the character-
istic principal clusters for alloy phases in Cu–Zr and Al–
Ni–Zr systems have been studied by using this new rule.
In this work, the geometry optimization and IFCs’ calcula-
tion have been performed by the first-principles investiga-
tions, as implemented in the Vienne Ab initio Simulation
Package (VASP) [74], and concrete computational details
are provided in the Supplementary materials.

Here, we take the Cu8Zr3 phase as an example to explain
its characteristic principal cluster’s determination method.
According to the crystallographic information of Cu8Zr3

phase, there are eight kinds of atomic positions in its unit
cell, labeled as Cu1, Cu2, Zr3, Cu4, Cu5, Cu6, Cu7 and
Zr8, respectively [75]. Thus, eight types of basic primitive
clusters can be defined correspondingly on the basis
of the cluster’s selecting rules mentioned in Section 2.
They are the Cu1-centered CN12 Cu8Zr5 cluster, the
Cu2-centered CN13 Cu10Zr4 cluster, the Zr3-centered
CN14 Zr3Cu12 cluster, the Cu4-centered CN12 Cu8Zr5

cluster, the Cu5-centered CN13 Cu11Zr3 cluster, the
Cu6-centered CN12 Cu8Zr5 cluster, the Cu7-centered
CN11 Cu6Zr6 cluster and the Zr8-centered CN17 Zr5Cu13

cluster, respectively. To select the characteristic principal
cluster from these eight basic primitive clusters, the IFCs



Table 1
Cluster information, including IFCs, primitive cluster, cluster CN, radial atomic density (qa), relative atomic density compared with the unit cell (qra), ratio
of the central atom and shell atom’s radii (R0/R1), cutoff radius of the cluster shell (k) and cluster formula for the crystalline phases in Cu–Zr alloy system.

Phase Center
atom

IFCs
(eV Å�2)

Primitive
cluster

R0–R1–R2–R3 CN qa

(nm�3)
qra R0/

R1

k Effective
cluster

Cluster formula

Cu2Zr Cu1 8.38 Cu10Zr5 Cu1Cu1
3Cu2

6Zr3
3Zr4

2 14 98.483 1.545 0.918 0.204 Cu2Zr1 [Cu10Zr5]
Cu2 8.38 Cu10Zr5 Cu2Cu2

3Cu1
6Zr4

3Zr3
2 14 98.483 1.544 0.918 0.204 Cu2Zr1 [Cu10Zr5]

Zr3 16.21 Zr5Cu10 Zr3Cu1
6Cu2

4Zr4
4 14 98.528 1.545 1.167 0.155 Zr2Cu4 [Zr5Cu10]

Zr4 16.21 Zr5Cu10 Zr4Cu2
6Cu1

4Zr3
4 14 98.528 1.545 1.167 0.155 Zr2Cu4 [Zr5Cu10]

CuZr Cu1 3.76 Cu7Zr8 Cu1Zr1
8Cu1

6 14 101.522 1.791 0.875 0.134 Cu1Zr1 [Cu7Zr8](Cu)
Zr1 12.59 Zr7Cu8 Zr1Cu1

8Zr1
6 14 101.522 1.791 1.129 0.134 Zr1Cu1 [Zr7Cu8](Zr)

Cu5Zr Cu1 4.64 Cu17Zr4 Cu1Cu2
12Zr1

4 16 151.204 2.084 0.941 0.043 Cu5Zr1 [Cu17Zr4](Cu3)
Cu2 13.72 Cu10Zr3 Cu2Cu2

6Cu1
3Zr1

3 12 131.749 1.816 0.941 0.147 Cu5/4Zr1/4 [Cu10Zr3](Cu5)
Zr1 10.95 ZrCu16 Zr1Cu2

12Cu1
4 16 151.204 2.084 1.25 0.043 Zr1Cu5 [ZrCu16](Zr11/5)

Cu8Zr3 Cu1 10.75 Cu8Zr5 Cu1Cu4
1Cu6

1Cu7
1Cu5

1Cu2
3Zr8

2Zr3
3 12 110.099 1.631 0.906 0.171 Cu4Zr3/2 [Cu8Zr5](Cu16/3)

Cu2 9.76 Cu10Zr4 Cu2Cu5
2Cu4

1Cu1
3Zr3

2Zr8
2Cu6

1Cu2
1Cu7

1 13 123.516 1.830 0.929 0.147 Cu4Zr3/2 [Cu10Zr4](Cu2/3)
Zr3 12.72 Zr3Cu12 Zr3Cu2

2Cu7
2Cu5

1Cu6
2Cu4

2Cu1
3Zr3

2 14 107.354 1.591 1.207 0.163 Zr3/2Cu4 [Zr3Cu12](Zr3/2)
Cu4 13.26 Cu8Zr5 Cu4Cu7

1Cu6
1Cu5

1Cu1
2Cu2

2Zr3
4Zr8

1 12 121.717 1.804 0.906 0.165 Cu8Zr3 [Cu8Zr5](Cu16/3)
Cu5 12.70 Cu11Zr3 Cu5Cu6

2Cu4
1Cu1

2Cu2
4Cu6

1Zr3
2Zr8

1 13 125.955 1.866 0.945 0.165 Cu8Zr3 [Cu11Zr3](Zr9/8)
Cu6 11.92 Cu8Zr5 Cu6Cu5

2Cu4
1Cu1

2Cu2
2Zr3

4Zr8
1 12 107.158 1.588 0.906 0.209 Cu8Zr3 [Cu8Zr5](Cu16/3)

Cu7 10.91 Cu6Zr6 Cu7Cu4
1Cu1

2Zr8
2Zr3

4Cu2
2 11 92.062 1.364 0.88 0.219 Cu8Zr3 [Cu6Zr6](Cu10)

Zr8 11.72 Zr5Cu13 Zr8Cu7
2Cu1

4Cu2
4Cu5

1Cu4
1Cu6

1Zr3
4 17 88.270 1.308 1.181 0.272 Zr3Cu8 [Zr5Cu13](Cu1/3)

CuZr2 Cu1 4.82 Cu5Zr8 Cu1Zr1
8Cu1

4 12 91.633 1.792 0.857 0.102 Cu1Zr2 [Cu5Zr8](Zr2)
Zr1 14.04 Zr9Cu4 Zr1Cu1

4Zr1
8 12 91.633 1.792 1.071 0.102 Zr1Cu1/2 [Zr9Cu4](Cu1/2)

Cu5Zr8 Cu1 5.11 Cu3Zr10 Cu1Zr5
4Zr6

4Cu1
2Zr4

2 12 80.828 1.527 0.828 0.182 Cu5Zr8 [Cu3Zr10](Cu13/4)
Cu2 9.18 Cu4Zr8 Cu2Zr5

2Zr7
4Cu3

1Zr4
2Cu2

2 11 86.672 1.637 0.846 0.158 Cu5/2Zr4 [Cu4Zr8](Cu)
Cu3 6.55 Cu4Zr9 Cu3Cu2

1Zr6
4Zr5

2Zr7
2Cu3

2Zr4
1 12 89.032 1.682 0.842 0.150 Cu5/2Zr4 [Cu4Zr9](Cu13/8)

Zr4 9.65 Zr11Cu4 Zr4Cu2
2Zr5

2Zr6
2Zr7

4Zr4
2Cu3

1Cu1
1 14 92.439 1.746 1.061 0.149 Zr4Cu5/2 [Zr11Cu4](Cu23/8)

Zr5 13.02 Zr6Cu6 Zr5Cu2
2Cu1

2Cu3
2Zr4

2Zr6
1Zr5

2 11 86.672 1.637 1.122 0.158 Zr4Cu5/2 [Zr6Cu6](Zr18/5)
Zr6 10.25 Zr9Cu6 Zr6Cu3

4Cu1
2Zr4

2Zr5
2Zr6

3Zr7
1 14 68.175 1.288 1.094 0.252 Zr4Cu5/2 [Zr9Cu6](Cu3/5)

Zr7 10.20 Zr7Cu6 Zr7Cu2
4Cu3

2Zr4
4Zr7

2 12 80.113 1.513 1.111 0.183 Zr4Cu5/2 [Zr7Cu6](Zr13/5)
Cu10Zr7 Cu1 9.40 Cu5Zr6 Cu1Cu2

1Zr4
2Zr2

1Zr3
1Cu4

2Cu5
1Zr1

1Zr5
1 10 79.762 1.318 0.870 0.310 Cu5Zr7/2 [Cu5Zr6](Cu5Zr)

Cu2 9.42 Cu5Zr6 Cu2Cu1
1Zr1

1Cu5
1Zr4

2Cu3
2Zr5

1Zr2
1Zr3

1 10 113.990 1.883 0.870 0.223 Cu5Zr7/2 [Cu5Zr6](Cu5Zr)
Cu3 9.37 Cu5Zr6 Cu3Zr4

2Zr1
1Cu5

1Cu2
2Zr5

1Zr2
1Zr3

1Cu4
1 10 117.397 1.939 0.870 0.055 Cu5Zr7/2 [Cu5Zr6](Cu5Zr)

Cu4 9.34 Cu5Zr6 Cu4Zr1
1Zr4

2Cu5
1Cu1

2Cu3
1Zr5

1Zr2
1Zr3

1 10 109.851 1.815 0.870 0.078 Cu5Zr7/2 [Cu5Zr6](Cu5Zr)
Cu5 8.33 Cu6Zr5 Cu5Cu4

1Zr5
3Cu2

1Cu3
1Zr3

1Zr2
1Cu5

1Cu1
1 10 83.052 1.372 0.889 0.151 Cu5Zr7/2 [Cu6Zr5](Cu4Zr2)

Zr4 14.63 Zr7Cu10 Zr4Cu1
2Cu3

2Cu4
2Cu2

2Zr5
2Zr3

2Zr2
2Cu5

2 16 78.131 1.291 1.143 0.347 Zr7/2Cu5 [Zr7Cu10]
Zr5 11.10 Zr7Cu10 Zr5Cu5

3Cu3
2Cu2

2Cu4
2Cu1

1Zr4
2Zr1

2Zr2
1Zr3

1 16 76.838 1.269 1.143 0.233 Zr7/2Cu5 [Zr7Cu10]
Zr1 16.84 Zr5Cu8 Zr1Cu4

2Cu2
2Cu3

2Cu1
2Zr5

4 12 76.57 1.265 1.154 0.227 Zr7Cu10 [Zr5Cu8](Cu2Zr2)
Zr2 12.68 ZrCu10 Zr2Cu1

2Cu3
2Cu2

2Cu4
2Cu5

2 10 113.534 1.875 1.25 0.137 Zr7Cu10 [ZrCu10](Zr6)
Zr3 12.69 ZrCu10 Zr3Cu1

2Cu3
2Cu5

2Cu2
2Cu4

2 10 110.794 1.830 1.25 0.051 Zr7Cu10 [ZrCu10](Zr6)

Fig. 2. The energy of the basic primitive clusters in the Cu8Zr3 alloy
phase.
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of the Cu8Zr3 phase have been calculated and are listed in
Table 1. As can be seen, the Cu4 atom has the largest IFCs
of 13.26 eV Å�2, suggesting that it possesses the strongest
interaction with near-neighbor atoms, and further it can
be considered as the central atom of the cluster on the basis
of our new rule. The Cu2 atom has the smallest IFCs of
9.76 eV Å�2, reflecting that the interactions between these
atoms are weaker, and they serve as the glue atoms of
the model. As for the other atoms (namely Cu1, Zr3, Cu5,
Cu6, Cu7 and Zr8), because their corresponding IFCs lie
between the maximum and minimum IFCs values, they
may act either as the shell atoms of the cluster or as the
glue atoms in the “cluster-plus-glue-atom” model. There-
fore, the characteristic principal cluster of the Cu8Zr3 phase
is determined as the Cu4-centered CN12 Cu8Zr5 cluster.
Interestingly, many theoretical and experimental studies
[19,21,40,42,63,76,77] have reported that there indeed
exists certain short-range ordered structures derived from
the Cu8Zr5 icosahedral cluster in CuZr-based amorphous
alloys (as shown in Fig. 4). These results indicated that
the proposed new rule is reasonable for determining the
characteristic principal cluster in the “cluster-plus-glue-atom”
model. Besides, the calculated total energy of the Cu4-
centered CN12 Cu8Zr5 cluster is the lowest among the eight
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basic primitive clusters in the Cu8Zr3 phase (as shown in
Fig. 2 and Supplementary Table S2) [78], which suggested
that the Cu4-centered CN12 Cu8Zr5 icosahedral cluster is
the most energetically favorable cluster, with an efficiently
close-packed geometry. This result also verifies the reliabil-
ity of our new rule for determining the characteristic prin-
cipal clusters. Moreover, the atomic radius ratio R0/R1 of
the central atom vs. the first-shell atoms for this Cu8Zr5

cluster is calculated to be 0.906. This is a deviation of only
0.4% from the ideal value of 0.902 (i.e. the ideal close-
packed icosahedral cluster) [2], which further demonstrates
Fig. 3. The characteristic principal clusters of alloy phases
that the Cu8Zr5 icosahedral cluster is quite close to the
ideal close-packing.

The characteristic principal clusters for the other seven
intermetallic compounds in the Cu–Zr alloy system (i.e.
Cu5Zr, CuZr2, CuZr, Cu2Zr, Cu5Zr8 Cu51Zr14, Cu10Zr7)
and the nine intermetallic compounds in the Al–Ni–Zr
alloy system (i.e. Al2NiZr6, AlNiZr, Al5Ni2Zr, AlNi2Zr,
Al3Ni5, Al3Zr5, AlNi3, AlZr3, AlNi) have been studied
using similar methods [75,79]. The optimized lattice param-
eters and available experimental values for these alloy
phases are listed in Table S1. The characteristic principal
in Cu–Zr binary systems, determined by the new rule.
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clusters obtained for Cu–Zr intermetallic compounds are
presented Table 1, and are also depicted in Fig. 3. It can
be seen that the characteristic principal cluster for the Cu2-

Zr, Cu5Zr, CuZr2, CuZr, Cu10Zr7, Cu5Zr8 and Cu51Zr14

phases are CN14 Zr5Cu10, CN12 Cu10Zr3, CN12 Zr9Cu4,
CN14 Zr7Cu8, CN12 Zr5Cu8, CN11 Zr6Cu6 and CN12
Cu9Zr4, respectively; their corresponding cluster formulas
are [Zr5Cu10], [Cu10Zr3](Cu5), [Zr9Cu4](Cu1/2), [Zr7Cu8]
(Zr), [Zr5Cu8](Cu2Zr2), [Zr6Cu6](Zr18/5) and [Cu9Zr4]
(Cu39/7). Likewise, the corresponding characteristic
principal clusters of the nine intermetallic compounds in
Al–Ni–Zr alloy system have also been determined (see
Table S3 and Fig. S4). The results indicate that the charac-
teristic principal clusters for the Al2NiZr6, AlNiZr, Al5Ni2
Zr, AlNi2Zr, Al3Ni5, Al3Zr5, AlNi3, AlZr3 and AlNi phases
are CN11 Ni3Zr9, CN11 Ni3Al3Zr6, CN14 ZrAl12Ni2,
CN14 ZrNi8Al6, CN12 Al5Ni8, CN10 Al3Zr8, CN12
Ni9Al4, CN12 Zr9Al4 and CN14 Al7Ni8, respectively; hence
their corresponding cluster formulas are [Ni3Zr9](Al6Zr9),
[Ni3Al3Zr6](Ni3Al3), [ZrAl12Ni2](Ni14/5Zr7/5), [ZrNi8Al6]
(Ni4Zr5), [Al5Ni8](Ni1/3), [Al3Zr8](Al9/5), [Ni9Al4](Ni3),
[Zr9Al4](Zr3) and [Al7Ni8](Al). Most of the predicted
characteristic principal clusters (i.e. Zr5Cu10, Zr7Cu8,
Cu8Zr5, Cu6Zr6, Zr9Cu4 and Cu9Zr4 clusters) in the Cu–Zr
binary system accord with Tian et al.’s theoretical works
[34,76]. Our predicted characteristic principal clusters for
the Al–Ni–Zr alloy system are also in good agreement with
the available theoretical results of Dong and colleagues
[19,20,33,52–54]; detailed results and discussion are provided
in the Supplementary materials. The conformity between
our research and the available existing results proves the
feasibility of using the new rule to determine characteristic
principal clusters in the “cluster-plus-glue-atom” model.
Fig. 4. The characteristic principal clusters in the binary Cu–Zr alloy system,
CuZr-based bulk metallic glasses reflected in the Cu–Zr–Al ternary phase diag
5. Conclusion and outlook

We have developed a new method to determine the char-
acteristic principal clusters for the “cluster-plus-glue-atom”

model. Since the interaction between atoms inside the clus-
ter is stronger than that between the clusters corresponding
to the glue atoms, the parameter IFCs, which can be
applied to reflect the interactions between atoms, is pro-
posed to describe the cluster-based model. Through the cal-
culation and analysis of the IFCs of an alloy phase, the
central atom as well as the shell atoms of the cluster and
the glue atoms can be clearly distinguished. The character-
istic principal cluster that best represents the structural fea-
ture of the phase can then finally be determined by
combining the existing rules. The alloy phases in Cu–Zr
and Al–Ni–Zr systems were checked to validate this new
rule in applications. The results indicated that the charac-
teristic principal cluster of an alloy phase can be effectively
established via this approach. Our investigations will help
people to better understand the rules of selecting the right
characteristic principal clusters for the “cluster-plus-glue-
atom” model, and hence will make it more convenient to
apply this cluster-based model.

Although the “cluster-plus-glue-atom” model can eas-
ily describe the structure of complex metallic alloy phases,
the biggest obstacle limiting its application is that it is
difficult to determine the characteristic principal cluster.
The new rule proposed in this work can be used to
effectively determine the characteristic principal cluster;
sequentially, it paves the way for the applications of the
“cluster-plus-glue-atom” model. By combining our new
rule with the “cluster-plus-glue-atom” model, the following
three issues are expected to be resolved.
along with the correlations between CN12 Cu8Zr5 icosahedral cluster and
ram.
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(1) Composition design of bulk metallic glasses (BMGs):
considering the correlations between the glass form-
ing ability of BMGs and their internal atomic struc-
tures reflected by the principal clusters [80–84], the
composition of BMGs can be designed on the basis
of the characteristic principal clusters. For example,
since the good glass-forming alloys in the Cu–Zr sys-
tem are closely related to the icosahedral clusters, via
the Cu8Zr5 icosahedral cluster plus a third element as
glue atoms, a series of Cu8Zr5-based ternary BMGs
has been successfully designed and synthesized
[27,40]; the optimal glass forming compositions Cu50-

Zr50, Cu64Zr36 and Cu56Zr44 can also be designed by
the Cu8Zr5 cluster plus the glue atom Cu or Zr
[34,76], as reflected in Fig. 4.

(2) Description of the short-range ordered structure in
complex metallic alloys: because the short-range
orders in the structure of complex metallic alloys
are viewed as the efficient packing of relevant char-
acteristic principal clusters [85–88], the short-range
ordered structure in complex metallic alloys can
be described by their corresponding characteristic
principal clusters. As shown in Fig. 4, the experi-
mentally synthesized amorphous alloy Cu57.1Zr35.7-

Al7.1 can be described as the Cu8Zr5 characteristic
principal cluster plus the glue atom Al [21,63],
implying that certain short-range orders deriving
from the Cu8Zr5 icosahedral cluster exist in Cu57.1-

Zr35.7Al7.1 structure.
(3) Relationship between the cluster structures of com-

plex metallic alloys and their mechanical properties:
the characteristic principal clusters are regarded as
the basic building units of complex metallic alloys;
meanwhile, the different characteristic principal clus-
ters have different IFCs, and the IFCs are directly
related to mechanical properties [89–94]. Therefore,
it is anticipated to find the relationship between the
cluster structures of complex metallic alloys and their
mechanical properties, and this also is our further
research direction.
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