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Icosahedral clusters are commonly believed to be the key building blocks in many metallic glasses. Here we
propose a structural model for Zr2Ni metallic glass which has a small fraction of icosahedral clusters. By
analyzing the correlation between the local structure and dynamics in the undercooled liquid and glass, we
show that the formation of metallic glass in this system can be attributed to the slow dynamics of �0,2 ,8 ,1�
and �0,2 ,8 ,2� Ni-centered Voronoi polyhedra. There is a high proportion of less mobile �0,2 ,8 ,4�, �0,2 ,8 ,5�,
�0,1 ,10,4�, and �0,1 ,10,3� Zr-centered clusters on the first shell of the two types of Ni-centered clusters.
These special Ni- and Zr-centered clusters arrange together to form a stringlike backbone network in the
metallic glass.
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I. INTRODUCTION

Describing the structure of metallic glasses has been a
long-standing challenge in materials science.1–6 Recently,
there has been increased recognition that structures of metal-
lic glasses are better described by packing of clusters that
have different local order characters.7–10 In particular, the
13-atom icosahedral cluster has been suggested as local
structural unit responsible for the formation of metallic
glasses.11–15 However, for some amorphous alloys, e.g.,
Zr2Ni, it has been shown that the degree of icosahedral order
is very small and unlikely to play a significant role in the
glass formation in this system.16–22 Although this alloy has
been a recent subject of numerous experimental16–20 and
computational investigations,21,22 the short-range order
�SRO� responsible for the glass formability and the nature of
medium-range order �MRO� in this system is still a subject
of debate. Saida et al.23 and Liu et al.24 suggested that the
bond-length similarities in the amorphous Zr2Ni and the
stable C16 phase argue for existence of distorted C16-like
structures in the amorphous alloy. In a companion paper,22

the latter group suggested that the glass is stabilized by
densely packed tetrahedrons surrounded by more loosely
packed polytetrahedrons without specific details of these
structures. Wang et al.25 suggested that the glass looks more
like the large fcc Ti2Ni type. In this paper, we set out to
determine more specifically which kind of polytetrahedral
structures give rise to form the short-range order of this weak
glass-forming alloy and how these structures connect to form
MRO in this system.

Our approach is to analyze the correlation of the local
structure order and dynamics between the undercooled liquid
and glass. We use the combination of state-of-the-art experi-
mental techniques, ab initio molecular dynamics �MD� and
reverse Monte Carlo �RMC� to determine the three-
dimensional �3D� atomic structure for the undercooled liquid
and glass of Zr2Ni. We will show that the formation of me-
tallic glass in this system is correlated with the slow dynam-
ics of two specific types of Ni-centered Voronoi polyhedra
�VPs� with indices of �0,2 ,8 ,1� and �0,2 ,8 ,2�. These poly-

hedra have strong spatial correlation with a few less-mobile
Zr-centered VPs, to form the backbone network of the
metallic glass.

II. EXPERIMENTAL AND SIMULATION DETAILS

Experimental samples of Zr2Ni metallic glass were pre-
pared by arc-melting buttons of high-purity Zr and Ni, then
rapidly cooling using a rapidly rotating Cu quench wheel.
The high-energy transmission synchrotron x-ray diffraction
�HEXRD� at the 6-ID-D MUCAT beamline of the Advanced
Photon Source at Argonne National Laboratory was used to
determine the total scattering structure factor of the glass
sample at room temperature using standard methods. For the
liquid measurements, electrostatic levitation techniques were
combined with high-energy x-ray synchrotron methods as
previously described.26

The ab initio MD simulations were performed within
density-functional theory using plane-wave basis, with the
projector-augmented-wave method for core-valence-electron
interactions27,28 and the Perdew-Wang exchange and correla-
tion potential29 as implemented in VASP code.30 The cutoff
energy of plane-wave basis is 270 eV. The simulations were
carried out in the canonical ensemble �NVT� with Nóse ther-
mostats. The time step was set to be 3 fs. A cubic cell con-
taining 99 atoms �66 Zr+33 Ni� was used with periodic
boundary conditions. Only the � point was used to sample
the supercell Brillouin zone. The average pressure of the
system at each temperature was tuned to a value close to zero
by changing the size of the cubic supercell. After the liquid
was thermally equilibrated at 1173 K by cooling from the
high-temperature liquid at 2500 K �well above the melting
temperature 1293 K�,26 an additional 14 000 MD steps were
performed to collect the atomic trajectories to study the
structure and dynamics of the liquid. The glass state at 300 K
was obtained by further cooling from the undercooled liquid
with a cooling rate of 0.025 K/step. The structural properties
of the amorphous states are then calculated by performing
statistical averages over 5000 MD steps at 300 K.

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 in metallic liquids and glasses, 3D atomic
models with several thousand atoms or more will be more
useful for studying higher-order and longer-range correla-
tions in these systems. In the present study, the RMC
method31–33 was employed to generate the 3D atomic con-
figurations with 25 002 atoms and periodic boundary condi-
tions for the undercooled liquid and glass alloys. In contrast
to previous RMC simulations,18,20 which only adopt either
S�q� or G�r� as a constraint and thus produce rather disor-
dered structures, we simultaneously fit the experimentally
measured S�q�, the partial pair-correlation functions �PCFs�
and the distribution of Honeycutt-Anderson �HA� indices34

obtained from the ab initio MD simulations in our RMC
simulations to determine the more unique 3D atomic struc-
ture models for the liquid and glass alloys.

The reliability of the atomistic structures generated from
our constrained RMC simulations can be seen from the com-
parison of structural information such as structure factor and
partial PCFs obtained from the RMC simulations with those
from our XRD experiments and ab initio MD simulations, as
shown for the Zr2Ni undercooled liquid and glass in Figs. 1
and 2, respectively. The distributions of the HA indices �not
shown here� in the RMC models also exhibit similar consis-
tency with those from ab initio MD simulations. Further-
more, the bond-angle distributions from the RMC models are
also consistent with those from ab initio MD simulations,
although bond-angle distributions are not used as constraints
in the RMC simulation.

To check the uniqueness of the atomistic models produced
by RMC method, we have performed the RMC simulations
for the glass structure of Zr2Ni using three different initial
configurations with randomly generated atomic coordinates,
atomic positions taken from Zr2Ni liquid at 1173 K, and a
structure with a high fraction of icosahedral short range order
�ISRO� based on the Zr35Cu65 glass.35 The Zr and Ni sites are
randomly assigned to each atomic coordinates to achieve the

proper stoichiometry, and the atomic number density of the
initial samples are adjusted to fit the density of the Zr2Ni
glass �0.053 atoms /Å3� by slightly rescaling the box size.
After the RMC simulation, the resulting models obtained
from different initial configurations all achieve the same
goodness-of-fit as that shown in Figs. 1 and 2. We use
Voronoi tessellation2,36 to check the similarities of the three
final structures obtained by starting from random, liquid, and
ISRO-rich initial configurations. Each Voronoi polyhedron is
defined by a set of indices �n3 ,n4 ,n5 , . . .�, where ni denotes
the number of i-edged bounded faces of the polyhedron
around a center atom. The fractions of various VPs in the
initial liquid and ISRO-rich configurations and that in the
final glass samples are plotted against that in and from the
random initial model, respectively, in Figs. 3�a� and 3�b�.
Note that if the VP distributions are exactly identical in the
three samples, all the points should lie exactly on the diago-
nal line. As one can see from Fig. 3�b�, all the points are very
close to the diagonal line, indicating that the resulting atomic
structures from the three very different initial configurations
display very similar VP distributions after remarkable agree-
ment has been achieved with the experimental and ab initio
MD data through our constrained RMC fitting. In the follow-
ing, the final configurations resulting from the randomly ini-
tialized atomic coordinations are used for the structural
analysis of the 3D atomic packing.

III. SHORT-RANGE ORDER

Using the partial PCFs gij�r� from the ab initio MD or
RMC simulations, the partial coordination numbers �Nij� can
be readily calculated. The results obtained for Zr2Ni glass at
300 K are given in Table I. For comparison, previously re-
ported values from experiments are also included. Good
agreement between the simulation and experiment can be
found for NZr-Ni, NNi-Zr, and NNi-Ni when comparing the ex-
perimental results of Ref. 20. For the case of NZr-Zr, the value
from the simulation is somewhat less than the experimental
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FIG. 1. �Color online� The structure model of Zr2Ni under-
cooled liquid at 1173 K from the constrained RMC simulation re-
produce well the structure factor S�q� from experimental XRD �a�
and partial PCFs from ab initio MD ��b�, �c�, and �d��.
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FIG. 2. �Color online� Same as in Fig. 1 for Zr2Ni metallic glass
at 300 K.
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results by Lima et al.20 and Mizoguchi et al.,37 but very close
to the value reported by Liu et al.24 Considering some am-
biguities in determining the positions of first minima of gij�r�
in the calculation of coordination numbers and the possible
experimental errors, this discrepancy is acceptable.

SRO in the metallic glass can also be characterized by the
populations of various VPs in the samples. Figure 4�b� shows

the population of the 20 most abundant polyhedra in the
Zr2Ni metallic glass from our RMC simulations. For com-
parison, the counterpart of the undercooled liquid is also
shown in Fig. 4�a�. The polyhedra indices are arranged in the
order of increasing coordination number �CN�. Most VPs
with CN less than 13 are Ni-centered while those with CN
larger than 13 are Zr centered due to the larger atomic size of
Zr. It is interesting to note from Fig. 4�b� that the population
of the icosahedral polyhedron �Voronoi index �0,0 ,12,0��38

is not within the top 20 most abundant VPs in this glass. In
fact, the population of the �0,0 ,12,0� VP is only 0.52% in
this glass system. The most abundant VPs in this system are
�0,2 ,8 ,4� and �0,2 ,8 ,5� which are mainly Zr centered, and
�0,3 ,6 ,4� which is a mixture of Ni- and Zr-centered VPs.
For Ni-centered VPs, �0,2 ,8 ,1�, �0,2 ,8 ,2�, and �0,3 ,6 ,3�
are the most common ones.

0 2 4 6 8 10
P (%) in random initial conf.

0 0

2 2

4 4

6 6

8 8

10 10
P

(%
)

in
liq

u
id

in
it

ia
lc

o
n

f.

P
(%

)
in

IS
R

O
-rich

in
itialco

n
f.

Before RMC fitting

0 1 2 3 4
P (%) from random initial

0 0

1 1

2 2

3 3

4 4

P
(%

)
fr

o
m

liq
u

id
in

it
ia

l

P
(%

)
fro

m
IS

R
O

-rich
in

itialAfter RMC fitting

(b)

(a)

FIG. 3. �Color online� �a� Scatter plot of the total fractions of
various VP types in different initial configurations vs that in the
random initial configurations. �b� Scatter plot of the total fractions
of various VP types from different initial configurations vs that
from the random initial configuration. The empty diamond and solid
circle correspond to the fraction distribution resulting from the liq-
uid Zr2Ni and an ISRO-rich model, respectively. Identical distribu-
tion should lie on the dashed line.

TABLE I. The nearest-neighbor coordination numbers, N�A-B�
�number of B atoms around A atoms�, for Zr2Ni metallic glasses.

N�Zr-Zr� N�Zr-Ni� N�Ni-Zr� N�Ni-Ni�

This work 9.97 4.08 8.16 1.70

Ref. 24 �EXAFS� 9.9 2.5 4.4 1.0

Ref. 20 �XRS� 11.6 4.2 8.4 1.3

Ref. 37 �ND� 11.0 4.8 8.6 3.3

<0
,2

,8
,1

,0
>

<0
,2

,8
,2

,0
>

<0
,3

,6
,3

,0
>

<1
,3

,4
,3

,1
>

<0
,3

,6
,4

,0
>

<0
,1

,1
0,

2,
0>

<0
,2

,8
,4

,0
>

<0
,3

,6
,5

,0
>

<0
,4

,4
,6

,0
>

<0
,1

,1
0,

3,
0>

<1
,3

,4
,5

,1
>

<0
,2

,8
,5

,0
>

<0
,3

,6
,6

,0
>

<0
,3

,7
,4

,1
>

<0
,1

,1
0,

4,
0>

<1
,2

,6
,5

,1
>

<1
,3

,5
,4

,2
>

<1
,2

,7
,3

,2
>

<0
,2

,8
,6

,0
>

<0
,3

,7
,5

,1
>

0

1

2

3

4

5

6

P
o

p
u

la
ti

o
n

(%
)

Ni-center
Zr center

11 12 12 12 13 13 14 14 14 14 14 15 15 15 15 15 15 15 16 16

Voronoi index

Coordination number

<0
,2

,8
,1

,0
>

<1
,2

,5
,3

,0
>

<0
,2

,8
,2

,0
>

<0
,3

,6
,3

,0
>

<1
,2

,5
,4

,0
>

<0
,3

,6
,4

,0
>

<0
,1

,1
0,

2,
0>

<0
,2

,8
,4

,0
>

<0
,1

,1
0,

3,
0>

<0
,3

,6
,5

,0
>

<0
,4

,4
,6

,0
>

<0
,2

,8
,5

,0
>

<0
,1

,1
0,

4,
0>

<0
,3

,6
,6

,0
>

<0
,3

,7
,4

,1
>

<1
,2

,6
,5

,1
>

<0
,2

,8
,6

,0
>

<0
,1

,1
0,

5,
0>

<0
,3

,7
,5

,1
>

<0
,3

,6
,7

,0
>

0

1

2

3

4

5

6

P
o

p
u

la
ti

o
n

(%
)

Ni-center
Zr center

11 11 12 12 12 13 13 14 14 14 14 15 15 15 15 15 16 16 16 16

Voronoi index

Coordination number

(b)

(a)

FIG. 4. �Color online� Fractions of the 20 most frequent VPs in
�a� Zr2Ni undercooled liquid at 1173 K and �b� glasses at 300 K,
develop upon undercooling from the liquid due to their thermody-
namic stability, develop upon undercooling from the liquid due to
their thermodynamic stability, normalized by total Zr and Ni atoms
for Zr- and Ni-centered VPs, respectively.
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IV. KEY STRUCTURE UNITS FOR GLASS FORMATION
AND THE NATURE OF MRO

Experimental studies and atomistic simulations of the
liquid-to-glass transition consistently indicate the develop-
ment of structural order on the scale of 5–20 Å upon cool-
ing from high-temperature liquids, coinciding with a signifi-
cant slowing down of the undercooled liquid’s dynamics
until structural arrest is reached.39 Therefore, we propose two
criteria to identify which VP types are instrumental in glass
formation: �1� the candidate VP must show a significant in-
crease in their population upon cooling from the liquid; �2�
and those atoms and their associated VP types which have
the lowest mean-square-displacement �MSD� are most likely
responsible for development of slow dynamics in the under-
cooled liquid. Identification of the VP types that meet the
first criterion is a straightforward comparison of the popula-
tions in the undercooled and glass samples. To identify the
VPs that give rise to the slow dynamics in the system, we
have analyzed those atoms that have the lowest mobility at
the time interval corresponding to the maximum of non-
Gaussian parameter,40 which corresponds to the late stage of
� relaxations or a time right before the starting of �
relaxations.41,42 At this time interval, the distribution of
atomic motion in the undercooled liquid is most heteroge-
neous. This time interval is about 3 ps for the undercooled
liquid Zr2Ni at 1173 K and will be increased rapidly if the
liquid is further undercooled. It would be interesting to study
the dynamics in glass-forming liquids at the deep under-
cooled condition where the � relaxation time approaches the
nanosecond time scale but this is beyond the capabilities of
the computational resources used in this study. Nevertheless,
even at the less deep undercooled liquid at 1173 K, the struc-
ture precursors and slow dynamics relevant to the glass for-
mation in this system have already emerged. We calculate the
MSD of each atoms in the undercooled liquid during this
time interval from ab initio MD simulations and determine
the 10% of slowest atoms according their MSD values. The
VP types for these 10% slowest atoms is then compared to
their population in the whole undercooled liquid sample �i.e.,
enhanced population in the 10% slowest atoms�, thus identi-
fying the slowest diffusing VPs.

In Fig. 5�a�, the population changes from undercooled liq-
uid to glass vs the enhanced population in the top 10% of the
slowest atoms relative to that in the whole liquid sample are
presented for the 50 most prevalent VPs. The VPs toward the
upper-right quarter of this plot are more likely to contribute
to glass formation since they have a larger population in-
crease from the undercooled liquid to glass and at the same
time exhibit slower dynamics. Among the Ni-centered VPs,
those with the �0,2 ,8 ,1� and �0,2 ,8 ,2� indices have slower
dynamics and a large population increase upon cooling. Sev-
eral types of Zr-centered VPs, i.e., �0,2 ,8 ,4�, �0,2 ,8 ,5�,
�0,1 ,10,4�, and �0,1 ,10,3�, also appear on the right-hand
side. These four types of Zr-centered VPs also have a strong
tendency to be the nearest neighbors of the �0,2 ,8 ,1� and
�0,2 ,8 ,2� VPs �i.e., on the first shell of �0,2 ,8 ,1� and
�0,2 ,8 ,2� clusters�, as one can see from Fig. 5�b� where the
percentage change in population for various VPs on the first
shell of �0,2 ,8 ,1� and �0,2 ,8 ,2� clusters relative to that in

the whole sample is plotted. It is therefore very plausible to
designate all the Ni-centered �0,2 ,8 ,1� and �0,2 ,8 ,2� clus-
ters and the four types of Zr-centered clusters that are on the
first shell of the �0,2 ,8 ,1� and the �0,2 ,8 ,2� VP as the
backbone of the glass. As the liquid is cooled down, the
population of these clusters increased. The relatively slow
dynamics of these clusters will promote the glass formation
in this system.

In order to gain some insights into the MRO in this amor-
phous system, we have analyzed the network formed by the
center atoms of �0,2 ,8 ,1�, �0,2 ,8 ,2�, and the four related
Zr-centered VPs. There are 791 Ni-centered �0,2 ,8 ,1� and
�0,2 ,8 ,2� clusters consisting of 7281 atoms in our RMC
generated glass structure of 25 002 atoms. The fraction of the
atoms involved in �0,2 ,8 ,1� and �0,2 ,8 ,2� clusters is there-
fore about 29%. The connectivity analysis of the �0,2 ,8 ,1�
and �0,2 ,8 ,2� Ni-centered VPs is shown in Fig. 6�a� �grided
bars�. The majority of the �0,2 ,8 ,1� and �0,2 ,8 ,2� clusters
in this glass system have a connectivity of 0 �i.e., isolated�.
Therefore, �0,2 ,8 ,1� and �0,2 ,8 ,2� VPs alone in the Zr2Ni
system cannot form a good network although they do satisfy
the two glass-forming criteria proposed above. However, as
we already noticed in Fig. 5, there are several types of Zr-
centered VPs �i.e., �0,2 ,8 ,4�, �0,2 ,8 ,5�, �0,1 ,10,3�, and
�0,1 ,10,4�� exhibit stronger correlation with the Ni-centered
�0,2 ,8 ,1� and �0,2 ,8 ,2� VPs, in both spatially and dynami-
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FIG. 5. �Color online� �a� The population changes from under-
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cally. Therefore, it is plausible to expect that �0,2 ,8 ,1� and
�0,2 ,8 ,2� VPs can form a strong solidlike backbone net-
work for the glass with the help of these Zr-centered VPs. By
adding the four types of related Zr-centered VPs that are
nearest neighbors of �0,2 ,8 ,1� and �0,2 ,8 ,2� VPs, the num-
ber of VPs and the number of atoms involved in solidlike
backbone network are 2041 and 13 691, respectively. The
number of atoms involved in the solidlike backbone amount
to �54.8% of atoms in the system which would be large
enough to enforce the glass formation under a suitable cool-
ing rate. As shown in Figs. 6�a� and 6�b�, when these asso-
ciated Zr-centered VPs are included, the connectivity of the
solidlike backbone network improved dramatically. How-
ever, it is not clear what the minimum percentage of the
atoms in the backbone is needed in order to form a system
spanning cluster, and how the glass formability of the system
is quantitatively related to this percentage. These will be the
issues for further investigations.

We further estimate the dimensionality d of this network
from the relation Nd�Ld,43 where Nd is the total number of
nodes in the connected network and L is a characteristic

length of the network and defined as the maximum among
the topologically shortest path between all node pairs. A lin-
ear dependence of log10�Nd� on log10�L� with a slope of d
�1.14 is obtained as shown in Fig. 7, indicating that the
network is stringlike. Such stringlike backbone network
might be the key factor leading to the glass formation in this
system by freezing out relaxation processes to prevent crys-
tallization.

V. SUMMARY

We have developed a systematic scheme to identify the
essential local structure characteristics that are responsible
for the glass formation in metallic glass systems. We pro-
posed two criteria to identify the cluster types that are re-
sponsible for the glass formation: �1� the candidate VP must
show a significant increase in their population upon cooling
from the liquid; �2� and those atoms and their associate VP
types exhibit slow dynamics in the undercooled liquid. We
showed that the formation of metallic glass in Zr2Ni system
can be attributed to the slow dynamics of two special types
of Ni-centered VPs with the Voronoi index of �0,2 ,8 ,1� and
�0,2 ,8 ,2� as well as some associated Zr-centered VPs.
These nonicosahedral clusters form a stringlike backbone
network for the metallic glass and results in a heterogeneous
glass structure consisting of the solidlike backbone network
immersed in a liquidlike matrix.
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FIG. 6. �Color online� Spatial connectivity of the slow VPs. �a�
shows the distribution of the number of nearest-neighbor connec-
tions among the Ni central atoms of �0,2 ,8 ,1� and �0,2 ,8 ,2� VPs
�grided bars� and that plus their neighboring Zr atoms belonging to
the center atoms of �0,2 ,8 ,4�, �0,2 ,8 ,5�, �0,1 ,10,3�, and
�0,1 ,10,4� VPs �solid bars�. The purple and green colors denote
the portion of atoms belonging to dimers or at the end of chains and
branches, respectively. �b� Spatial distribution of the Ni central at-
oms of �0,2 ,8 ,1� and �0,2 ,8 ,2� VPs �red balls� with their neigh-
boring Zr atoms belonging to the center atoms of �0,2 ,8 ,4�,
�0,2 ,8 ,5�, �0,1 ,10,3�, and �0,1 ,10,4� VPs �green balls�.
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FIG. 7. �Color online� log10�Nd� versus log10�L� of the network
consisting of Ni central atoms of �0,2 ,8 ,1� and �0,2 ,8 ,2� VPs and
their neighboring Zr atoms belonging to the center atoms of
�0,2 ,8 ,4�, �0,2 ,8 ,5�, �0,1 ,10,3�, and �0,1 ,10,4� VPs. Topologi-
cal dimensionality analysis is carried out for each group of con-
nected center atoms. Nd is the total number of nodes in each con-
nected network and L is the characteristic length of the network and
defined as the maximum among the topologically shortest path be-
tween all node pairs in the network.
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