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Five-fold symmetry as indicator of dynamic arrest
in metallic glass-forming liquids
Y.C. Hu1, F.X. Li2, M.Z. Li2, H.Y. Bai1 & W.H. Wang1

With sufficient high cooling rates, a variety of liquids, including metallic melts, will cross a

glass transition temperature and solidify into glass accompanying a marked increase of the

shear viscosity in approximately 17 orders of magnitude. Because of the intricate atomic

structure and dynamic behaviours of liquid, it is yet difficult to capture the underlying

structural mechanism responsible for the marked slowing down during glass transition, which

impedes deep understanding of the formation and nature of glasses. Here, we report that a

universal structural indicator, the average degree of five-fold local symmetry, can well

describe the slowdown dynamics during glass transition. A straightforward relationship

between structural parameter and viscosity (or a-relaxation time) is introduced to connect

the dynamic arrest and the underlying structural evolution. This finding would be helpful in

understanding the long-standing challenges of glass transition mechanism in the structural

perspective.
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A
shape with five-fold rotational symmetry can be mapped
onto itself through rotation about a central point by angle
of 72� (2p/5). About 400 years ago, Kepler had ever found

the symmetry of the five Platonic polyhedra in the structure of the
solar system, which was associated with the orderly arrangements
of plane pentagons1. In fact, the five-fold symmetry is ubiquitous
in nature and exhibits aesthetic sense, for example, the armour of
pineapples, cross-sections of apples, flowers, leaf, starfish and
architectures. Many plants display five-fold symmetry to arrange
petals to get maximum sunlight without shading each other,
showing its significance in natural evolution2. In crystallography,
the five-fold symmetry once confused people because of its
incompatibility with translational periodicity until the discovery
of quasicrystals2,3.

Several decades ago, it was conjectured that liquids may
contain many configurations with five-fold symmetry4. Recently,
by means of advanced instruments, the five-fold symmetry
has been experimentally confirmed to exist in liquids5–10,
colloids11,12, granular particles13, hard-sphere glasses14 and
metallic glasses (MGs)15. Plenty of studies from the perspective
of local potential energy minimum and orientational order
parameters have been devoted to the effect of the five-fold
symmetry on properties, especially in colloidal and granular
systems11,13,16,17. It is found that because of the incompatibility
with translational symmetry, the five-fold symmetry results in
severe frustration and hinders crystallization in colloids12,16.
Moreover, the five-fold symmetry is verified to play a crucial role
in dynamical arrest in colloidal and granular systems12,13 and
closely correlated with some properties such as fragility and
boson peak16,17. This indicates that the five-fold symmetry
may be a good structural parameter for establishing the
structure–property relationship.

Unlike colloidal systems, the five-fold symmetry is difficult to
be directly observed in MG-forming liquids. However, studies
have indicated that the atomic symmetry in MG-forming liquids
plays important roles in mechanical properties and glass-forming
ability18–24,26. On the other hand, plenty of studies via computer
simulations have found that icosahedral clusters with high degree
of five-fold symmetry play an unique role in dynamics and
mechanical properties7,22,26,27. Nevertheless, metallic liquids and
glasses have diverse atomic clusters. Even for the icosahedral
clusters, they are found to be distorted and show diverse
configurations in MGs15. Therefore, metallic liquids and glasses
cannot be modelled by a uniquely prescribed stereochemical
structure26,28,29.

For an atomic cluster, the structural configuration can be
characterized by the Voronoi tessellation26 in terms of Voronoi
polyhedron. Each polyhedron mainly contains four types of
polygons, that is, triangle, tetragon, pentagon and hexagon.
It has been proved that the pentagonal structure has lower
potential energy and higher packing density, denoting more
stable configurational state3,12,13,19–20. Furthermore, pentagons
representing the five-fold symmetry exhibit totally different
temperature-dependent behaviour in glass formation and
mechanical response to the deformation in CuZr system18,20,24.
It is also found that the plastic events prefer to be initiated in
regions with lower degree of five-fold symmetry and propagate
towards regions with higher degree of five-fold symmetry24,
exhibiting the significance of the five-fold symmetry in MGs.
Therefore, it is essential to investigate the effect of the five-fold
symmetry on the dynamics in MG-forming liquids.

The aim of this paper is to define a structural indicator, five-
fold local symmetry, and thereby establish an explicit relationship
between structural evolution and dynamic arrest in MG-forming
liquids. Owing to the difficulty in experimentally detecting the
five-fold symmetry in metallic liquids and glasses, the classical

molecular dynamics (MD) simulations with embedded-atom
method (EAM) potentials were employed to investigate structural
evolution during the dynamic arrest in several typical
MG-forming systems. A structural parameter W is defined to
quantitatively describe the average degree of five-fold symmetry
in MG-forming liquids and employed to establish the relationship
between structure and dynamics during glass formation. We
show that the parameter W can depict the marked arrest in
MG-forming liquids, and a straightforward relationship between
the proposed structural parameter and the drastic dynamic arrest
as well as the underlying structural evolution for the metallic
liquids is deduced. This quantitative relationship can also reflect
the structural heterogeneity basis of the dynamical heterogeneity
and thermodynamic characteristics during glass transition. The
results might be also suitable for other amorphous systems and
helpful in understanding the long-standing challenges of glass
transition mechanism in the structural perspective.

Results
Definition of the average degree of five-fold local symmetry.
Classical MD simulations were performed to generate three-
dimensional atomic structures during glass formation (Methods).
The local atomic structures were further characterized by
employing the Voronoi tessellation24 (Methods). Based on the
Voronoi analysis, we define the average degree of k-fold
local symmetry as

P

i
f ki �Pi
� �

, where Pi is the fraction of
polyhedron type i and f ki represents the fraction of k-edged
polygon in Voronoi polyhedron type i and is defined as
f ki ¼ nki =

P

k¼3;4;5;6 n
k
i (ref. 29). Here nki denotes the number of

k-edged polygon in Voronoi polyhedron type i. It has been
confirmed that while 3-, 4- and 6-fold local symmetries are
decreasing as temperature decreases, 5-fold local symmetry
increases as temperature is approaching Tg (Supplementary
Fig. 1). This is consistent with previous simulation results20. It
indicates that the five-fold local symmetry may play an essential
role in glass formation. Therefore, we define a parameterW as the
average degree of the five-fold local symmetry:

W ¼
X

i

f 5i �Pi
� �

: ð1Þ

To verify the universality of this structural parameter in
amorphous state, eight typical MG-forming liquids, including
NiP, NiZr, NiAl, PdSi, CuZrAl, ZrCuAg and MgCuY, were
investigated (Methods). The total pair correlation functions of the
simulated systems at 300K (Supplementary Fig. 2) are different
from each other manifesting different structures, which indicates
the diversity of the investigated MG samples30. Figure 1 shows
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Figure 1 | The evolution of five-fold local symmetry during quenching.

The temperature dependence of W for the simulated systems showing

similar trend but different values after glass transition.
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the temperature dependence of W in the simulated MG-forming
liquids. It is clearly seen that W in all the simulated systems
exhibits similar temperature-dependent behaviour, increasing
rapidly above Tg and reaching constant values below Tg.
However, the constant values of W below Tg are different in
different metallic liquids, indicating that the degree of the five-
fold symmetry is a material-dependent property and could be
used to distinguish different MGs12. The temperature dependence
of W represents the structural evolution of MG-forming liquids
during glass transition.

Structure–dynamics relation. To clarify the relation between
dynamics and structure, the shear viscosity was calculated for the
model system of Cu50Zr50 metallic liquid with the equilibrium
MD (Green–Kubo theorem) method based on the shear
auto-correlation function31 (as shown in the inset of Fig. 2a),

Z ¼
V

kBT

Z 1

0
sab tð Þ � sab 0ð Þ
� �

dt; ð2Þ

where Z is the shear viscosity, V is the volume, kB is the
Boltzmann constant and T is temperature. sab tð Þ represents the
off-diagonal components of stress tensor at time t, and � � �h i
denotes ensemble average. Figure 2a shows the temperature
dependence of shear viscosity above Tg in Cu50Zr50 metallic
liquid. The temperature dependence of W was also presented
for comparison. As temperature approaches Tg, shear viscosity
drastically increases, indicating dynamical slowdown during glass
formation. As shown in Fig. 2a, it is obvious that Z and W show a

similar trend as temperature is approaching Tg, indicating that
there could exist a link between the underlying elementary
structural evolution and the change in viscosity. Figure 2b shows
the variation of viscosity with W in Cu50Zr50 metallic liquid. As
W increases, Z is increasing. To establish a quantitative link
between Z and W, a power law of 1�Wð Þ � T �T1ð Þa and the
Vogel–Fulcher–Tammann (VFT) equation Z � exp B= T �T0ð Þ½ �
were employed to fit W and Z as a function of temperature,
respectively32. As illustrated in the inset in Fig. 2b, the simulated
data are fitted very well by the power-law function and VFT
equation, respectively, and the statistical correlation parameter
R2 is better than 0.99. As a result, T1 is approximately equal to
the ideal glass transition temperature T0 (T1ET0E0.85Tg
(ref. 33)). By substituting T0 in VFT equation with T1,
temperature can be eliminated and a direct relationship
between W and Z is deduced:

Z ¼ Z0exp
D

1�Wð Þd
; ð3Þ

where Z0 is the viscosity at infinite liquidus temperature, D and d
are fitting parameters. To verify the validity of equation (3), the
viscosity against (1-W) shown in Fig. 2b was fitted with
equation (3). Apparently equation (3) describes the behaviour
of viscosity as a function of W very well. We note that the fitting
parameter dE12.30 for Cu50Zr50 metallic liquid, much larger
than 1, indicating that slight change in structure will lead to
marked change in viscosity. Therefore, d reflects the sensitivity of
the viscosity change to the local structure change. The larger the d
value is, the more drastically the viscosity changes with W. The
evolution of structure is the intrinsic reason of the dynamic slow
down, and the ‘hidden’ structure changes responsible for the
extremely large variation in dynamics of supercooled liquids can
be distinctly described by the structural parameter W.

Since a simple relation between shear viscosity Z and
a-relaxation time (ta) exists, equation (3) should also be applicable
to ta. Instead of shear viscosity, in the following we will focus on
a-relaxation time ta, as it is more easily computed. A common
measurement of ta is the time when the self-intermediate
scattering function Fs(q, t) decays to e� 1 of its initial value:

Fs q; tð Þ ¼ N � 1
XN

i¼1
exp iq � ri tð Þ� ri 0ð Þ½ �f gh i; ð4Þ

where N is the atom number, ri is the atomic position of atom i
and q is the wave vector fixed at qmax¼ |q| corresponding to the
first peak position of structure factor22,34. Supplementary Fig. 3
shows the typical behaviour of Fs(q,t) as a function of t at various
temperatures in Cu46Zr46Al8 metallic liquid, from which the
a-relaxation times at different temperatures can be extracted. The
temperature dependence of ta for various MG-forming liquids
shown in Supplementary Fig. 4 can be well fitted by the VFT
equation: ta ¼ t0exp B= T �T0ð Þ½ �, where T0 is approximately
equal to T1 in the power law of 1�Wð Þ � T �T1ð Þa. Therefore,
equation (3) can be indeed applied to describe the relationship
between ta and W as,

ta ¼ t0exp
D

1�Wð Þd
; ð5Þ

where t0 is the relaxation time at infinite liquidus temperature,
and d and D are fitting parameters. Figure 3 illustrates the
a-relaxation time ta as a function of W and the fittings of
equation (5) for various MG-forming liquids (R2Z0.99 for all
the fittings). Remarkably, equation (5) can well describe the
relationship between structural relaxation time and the five-fold
local symmetry in MG-forming liquids. In addition, d is fitted to
be about 6.78, 11.52, 13.58, 17.65, 17.95, 18.92, 18.94, and 32.74
for Cu46Zr46Al8, Zr45Cu45Ag10, Cu50Zr50, Ni80P20, Pd82Si18,
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Figure 2 | Relationship between viscosity and average five-fold local

symmetry. (a) The variation of W and the shear viscosity with temperature

for Cu50Zr50 metallic liquid. The inset shows the normalized shear

auto-correlation function, which was used to calculate the shear viscosity;

(b) shear viscosity Z versus W. The dotted lines are obtained from

simulations and the solid line is the fitting by equation (3); in the insets

(i) and (ii), the open and solid circles show the temperature dependence of

W and Z, respectively, and the solid lines are fitting of the power-law and

VFT functions, respectively.
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Mg65Cu25Y10, Ni33Zr67 and Ni50Al50 MG-forming liquids,
respectively. Clearly, d is quite different for different systems,
whereas the fitting parameter D is found to be similar (B10� 5)
in different systems. As mentioned above, d reflects the sensitivity
of the viscosity or a-relaxation time to structure change.
Therefore, the effect of the structure change on the relaxation
dynamics is significantly different in different MG-forming
liquids. Our results show that there exists a universal
underlying structural evolution in MG-forming liquids, which is
responsible for the marked dynamic slowdown. The results are
also in agreement with the observation of locally favoured
structure in colloidal gels during gelation12 and granular
systems13, and medium-range crystalline order in granular
liquids during liquid–glass transition35.

Atomic mobility. The atomic mobility can reflect the effect of
local structure on the dynamical behaviour of atoms. The non-
Gaussian parameter a2 tð Þ (ref. 34), a2 tð Þ ¼ 3 r4 tð Þh i=5 r2 tð Þh i

2

� 1, is commonly believed to reflect dynamical heterogeneity in
supercooled liquids. The peak time t* in a2 tð Þ represents the
timescale at which the distribution of atomic motion is the most
heterogeneous22. The atomic mobility of atom i can then be
evaluated in the time interval of t¼ t* according to r2 tð Þh i ¼
ri tð Þ� ri 0ð Þj j2

� �

for various MG-forming liquids. Figure 4a
shows the distribution of atomic mobility in the investigated
systems at T¼ 1.2Tg. It is clear that the distributions of atomic
mobility with very long tails significantly deviate from Gaussian
distribution, indicating the inhomogeneous dynamics in the
supercooled MG-forming liquids, which is in agreement with
previous results22,36–38. Furthermore, the long tails in the
distribution can be well fitted with a stretched exponential
function P � exp½ � x=x0ð Þb�, as shown in Fig. 4a. The parameter
b was fitted to be about 0.77, 0.86, 0.81, 0.84, 0.82, 0.75, 0.83 and
0.83 for Cu46Zr46Al8, Zr45Cu45Ag10, Cu50Zr50, Ni80P20, Pd82Si18,
Mg65Cu25Y10, Ni33Zr67 and Ni50Al50, respectively. These values
are all smaller than 1, further indicating the heterogeneous
dynamics in all the supercooled MG-forming liquids37. In the
following, we will establish a link between atomic mobility and
the five-fold local symmetry.

Figure 4b shows the correlation between five-fold local
symmetry and atomic mobility for these metallic liquids at
T¼ 1.2Tg. It is shown that the atomic mobility decreases with
increasing W. This behaviour also holds well at other tempera-
tures and becomes more remarkable with decreasing temperature
(Supplementary Fig. 5). The more the five-fold symmetry in
atomic packing around atoms, the more immobile the atoms are.

This clearly demonstrates that atomic mobility in MG-forming
liquids directly correlates to the five-fold local symmetry, and the
degree of the five-fold symmetry in local atomic packing does
impact the mobility of the involved atoms.

Spatial structure correlation. To get deep insight into the
correlation between W and dynamics, we analysed the spatial
structures related to the different degree of five-fold local
symmetry. Here a nearest-neighbour correlation index Cij defined
as Cij ¼ Pij=P

0
ij � 1 was adopted39, which reflects the spatial

correlation between central atoms of polyhedra i and j, where Pij
and P0

ij represent the probability of polyhedra types i and j being
the nearest neighbours in real structure model and in the case of
the distributions of indices are spatially random, respectively.
Positive values of Cij indicate strong correlation between
polyhedra i and j and vice versa. Figure 5 shows the correlation
matrix of Cij between atoms with classified W values at 1.2Tg for
Cu46Zr46Al8 and Mg65Cu25Y10 MG-forming liquids, respectively
(see Supplementary Fig. 6 for other systems). It is clearly seen that
the correlation matrix of Cij exhibits similar patterns in various
MG-forming liquids, although the structural motifs in these
systems are different10. The correlation patterns are also similar at
different temperatures (not shown). This indicates that the
structural parameter W is generic in describing the structure
properties and spatial structure correlations in MG-forming
liquids. The values of Cij in the upper-left and bottom-right
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corners in the correlation maps are larger than 0, whereas those
in the upper-right and bottom-left corners are smaller than 0.
This implies that the atoms with f 5Z0.6 or f 5r0.4 tend to form
clusters, whereas the atoms with f 5Z0.6 and f 5r0.4 tend to
avoid each other.

To unravel the spatial structure correlation, cluster analysis
was conducted to investigate the cluster size evolution with
temperature decreasing for different threshold of five-fold local
symmetry40. A cluster can be defined if atoms with the same
threshold are nearest neighbours, and the cluster size is defined as
the number of contained atoms. Thus, the average cluster size was
calculated according to S ¼

P

n2P nð Þ=
P

nP nð Þ, where n is the
individual cluster size and P(n) is its probability40. The thresholds
of f 5Z0.5, 0.6 and 0.7 were chosen for cluster analysis. The
threshold of f 5r0.2 was also tested for a comparison. As shown
in Fig. 6a, the average cluster size is increasing for the threshold of
f 5Z0.5, 0.6 and 0.7, respectively, during quenching, whereas the
average cluster size of f 5r0.2 is decreasing. This indicates that
the population of the Voronoi clusters with higher degree of five-
fold local symmetry is increasing with decreasing temperature
and form larger and larger clusters, whereas the population of the
Voronoi clusters with lower degree of five-fold local symmetry
decreases.

It is clearly shown that the average cluster size of f 5Z0.5 is too
large at high temperature range, containing more than 1,000
atoms, which is unphysical, whereas the average cluster size of
f 5Z0.7 is relatively small below Tg, which is unphysical either,
because it increases too slowly as temperature decreases and still
varies when temperature is below Tg (see Fig. 6a). For f 5Z0.6,
however, the average cluster size exhibits reasonable temperature-
dependent behaviour: relatively small (B10 atoms) at high
temperature, increasing drastically as temperature approaches Tg
and reaching a constant value below Tg. The rationality of the
choice of f 5Z0.6 was also confirmed by the nearest-neighbour
correlation index as illustrated in Fig. 5 and Supplementary Fig. 6.
To further rationalize the choice of f 5Z0.6, we also investigated
the changes of the structural relaxation time with average cluster
size at different temperatures. Supplementary Fig. 7 shows the
a-relaxation time as a function of the cluster size for f 5Z0.5, 0.6
and 0.7 in Cu46Zr46Al8 MG-forming liquids, respectively, which
clearly demonstrates that the choice of 0.6 is more reasonable,
although it is not absolutely precise. Therefore, the threshold of
f 5Z0.6 was chosen in the cluster analysis.

Figure 6b shows the temperature dependence of the average
cluster size with f 5Z0.6 for various metallic glass-forming
liquids, and similar behaviours were observed. In high tempera-
ture range, the average cluster size is quite small and similar in

different systems, but increases drastically as temperature
decreases, and finally reaches a constant value as temperature is
below Tg. We also examined the growth of the largest cluster
during glass formation. Supplementary Fig. 8 shows the snapshots
of the largest cluster formed by atoms with f 5Z0.6 in
Cu46Zr46Al8 MG-forming liquid during quenching. At high
temperature such as 2.5Tg, the largest cluster is very small,
containing only about 20 atoms. As temperature decreases to
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2.0Tg, the size of the largest cluster increases to 100–200 atoms.
As temperature decreases further to 1.5Tg, the largest cluster
forms a network-like structure and almost percolates as shown in
Supplementary Fig. 8. As temperature is below Tg, the largest
cluster almost fills up the whole space as shown in Supplementary
Fig. 8. Similar evolution behaviour of the largest cluster with
decreasing temperature is also observed in other MG-forming
liquids (not shown). Therefore, the percolation of the largest
cluster formed by the atoms with f 5Z0.6 during glass
transition12 stabilizes the whole system and drastically slows
down the dynamics because of their low atomic mobility
(Supplementary Fig. 9).

Thermodynamics. It is commonly believed that vitrification is a
result of extreme difficulty in crystal nucleation and growth,
during which thermodynamics is also crucial. According to
Adam-Gibbs theory41, the dynamics correlates strongly with
configurational entropy, which is controlled by structural
evolution. To unravel the connection among dynamics,
thermodynamics and structure, we investigated the correlation
between five-fold local symmetry and specific heat. Here the
isobaric-specific heat CP was calculated in terms of its definition,
CP ¼ dH=dTð ÞP, where H is the enthalpy42,43. Figure 7a shows
the typical temperature dependence of CP during glass transition.
Here temperature is scaled by Tg. During quenching CP increases
and reaches a maximum, then decreases. An excess specific heat
was observed in Fig. 7a. If one takes a derivative of W, dW/dT, a
similar jump behaviour is also observed in the change rate of the
W parameter, as shown in Fig. 7b, indicating that there exists a
correlation between the thermodynamics and the structure
evolution during the glass transition.

Discussion
When metallic melts are cooled down from high temperatures,
two processes of crystallization and vitrification are competing.
In crystallization, the crystalline structures are formed without
five-fold symmetry, whereas in vitrification crystallization is
suppressed and glassy states are obtained with local structures
containing both icosahedral-like (representative of five-fold
symmetry) and fcc-like structural features15,44. Therefore, the
vitrification process can be regarded as the competition between
five-fold symmetry and crystal symmetry, and the five-fold
symmetry increases in vitrification (Supplementary Fig. 1 and
Fig. 6)44, reflecting the underlying structural evolution for the
dynamical arrest in MG-forming systems16,26. Although the
distinct structures and properties are observed in the various
simulated systems, equations (3) and (5) reveal proper and
universal structure–dynamics relation in MG-forming liquids,
analogous to the structural mechanism for dynamic arrest in
colloidal and granular systems12,13. It confirms that the five-fold
symmetry W can characterize the underlying structural evolution
and the structural mechanism of glass transition, and shows that
vitrification is the result of the evolution of the incompatible
rotational symmetry competing with long-range translational
symmetry for forming crystals44.

It is known that clusters with largeW values such as icosahedra
have large packing density comparable to that of the face-centred
cubic and hexagonal close-packed, and are lack of translational
symmetry, which could result in severe frustration and
difficulty to grow compared with their crystalline counter-
parts16,19,20,22,26,44. In addition, local structure with higher W
has lower potential energy and configurational entropy resulting
in more stable state12,20. Hence, from the potential energy
landscape perspective45,46, local structure with higher W locates
in a deeper local minimum with higher energy barrier indicating
lower atomic mobility12 as shown in Fig. 4b. Because of the
enhanced W during quenching (Fig. 1), dynamics will slow down
drastically. According to Adam-Gibbs theory41, the spatial
structural correlation increases with decreasing temperature,
and results in the heterogeneous dynamics as revealed in
Fig. 4a. Our results show that the average cluster size with the
threshold of f 5Z0.6 increases during quenching and levels off
after glass transition. Percolation may occur approaching Tg
based on the observation of the network-like structure of the
largest cluster formed by atoms with high degree of the five-fold
symmetry, which was confirmed experimentally in other
amorphous systems during glass transition12,13.

The specific heat jump during glass transition is surprisingly
coincident with the jump of the derivative of W (dW/dT),
suggesting that the excess specific heat is intimately related to the
five-fold symmetry evolution, which controls the configurational
freedom. Such a relation is quite reasonable based on the
assumption that the entropy change near glass transition is
mainly due to the configuration change, which is a basic
hypothesis in many glass transition theories such as Adam-Gibbs
model41. If the derivative of entropy to temperature in
CP=T ¼ @S=@Tð ÞP is just the configurational part, @S=@T is
controlled by the change rate of structure reflected by dW/dT,
and it is a natural deduction that the specific heat jump should
agree well with the slope change of W. Based on the Adam-Gibbs
model: Z ¼ Aexp B=TScð Þ41, the increase of W with decreasing
temperature may lead to the reduction of configurational
entropy and ultimately induce marked dynamic slowdown. The
relationship among structure, dynamics and thermodynamics is
then correlated with a quantitative structural parameter of the
five-fold local symmetry.

It is interesting to note that if W in equation (5) goes to zero,
that is, W-0, the crystalline structure is obtained, since the
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five-fold symmetry disappears and the corresponding Voronoi
polyhedra of crystal-like clusters are o0,12,0,04, o0,6,0,84,
o0,6,0,24 and so on42. For W-1, ta-N, which is equivalent
to the situation that T is approaching T0, indicating the formation
of ideal glass33. In the case of W-1, the system would possess
the highest packing density and the most stable state,
corresponding to the deepest potential energy minimum in the
potential energy landscape, which is comparable to that of
crystals12,45,46. However, full icosahedra with ideal five-fold
symmetry (W¼ 1) cannot fill the entire three-dimensional
space and the multicomponent essence of MGs (frustration)
impedes the formation of full icosahedra26. Consequently, this
implies that ideal glass could have quasicrystal-like structure with
a specific fractal nature30.

According to equations (3) and (5), given the same change of
W, the higher d value means the more drastic change of the
viscosity or a-relaxation time, which reflects the sensitivity of
the dynamics variation to the internal structure change in
MG-forming liquids. This is analogous to the dynamic fragility
defined as m ¼ ½d logZð Þ=dðTg=TÞ�jT¼Tg

and describes the
sensitivity of the dynamics change to the temperature as
temperature is approaching Tg (refs 47,48). Therefore, d in
equations (3) and (5) can be regarded as ‘structural fragility’.
Moreover, the dynamic heterogeneity can also be interpreted
by the heterogeneous spatial distribution of microstructure as
shown in Supplementary Fig. 10, establishing the structural
basis of the heterogeneous dynamics. Consequently, structure–
dynamics relationship is helpful for understanding the
structural heterogeneity basis of dynamic heterogeneity.

In our previous work49, a relation, t kð Þ
ta

¼ AexpðR0
k
12Þ, between

the connectivity of icosahedral clusters k and the corresponding
relaxation time of the related local structures t(k) was derived.
Here A and R0 are free parameters, ta is the relaxation time of the
system. Both t(k) and k are local quantities. This relationship
provides evidence of dynamical heterogeneity and its correlation
with the icosahedral medium-range structures in supercooled
CuZr glass-forming liquids. However, equation (3) or
equation (5) establishes a relation between the overall
dynamical properties such as the viscosity or relaxation times
and a structural parameter, five-fold local symmetry. Although
temperature does not explicitly show up in these equations, both
relaxation times or viscosity and W change with temperature.
Therefore, it can describe the relationship between relaxation
time or viscosity and W at different temperatures. Therefore,
equation (3) or equation (5) is totally different from that in ref. 49
On the other hand, the relation derived in ref. 49 can be applied
to quantify the local dynamics of atomic structures formed by
atoms with some specific f 5 values. For instance, atoms with
f 5Z0.6 tend to form clusters as illustrated in Fig. 5, containing
various connectivity degrees, so that the relaxation times of atoms
with f 5Z0.6 and different connectivity can be evaluated based on
the relation in ref. 49, which may provide more information of
the correlation between dynamics and medium-range structures
formed by atoms with f 5Z0.6. Note that although W values are
similar (Fig. 1), the MRO formed by the atoms with larger five-
fold local symmetry may be quite different (Fig. 6b), which
significantly affects the dynamics and relaxation in MG-forming
liquids, according to the relation in ref. 49. In addition, this has
also been incorporated into equation (3) or equation (5) through
the exponent parameter d, which reflects how sensitively the
dynamics varies with structure changes in MG-forming liquids.

We also checked the relation between the fraction of the
icosahedral clusters and the relaxation time during glass
formation, and fitted the data in terms of equation (5) by
substituting W with the fraction of the icosahedral clusters. It is
found that icosahedral clusters do not work for the fitting.

Furthermore, the fitting of icosahedral clusters generates
unphysical values of t0 (B100 fs), which are too small, whereas
W parameter does obtain physical values of t0 (B102 fs),
comparable to the time scale of the vibration in solids. This also
demonstrates that the structure parameter W is generic in
describing the structure–property relationship in MG-forming
liquids.

In summary, a universal structural parameter W, the average
degree of five-fold local symmetry is proposed to characterize
the underlying structural evolution during glass transition in
MG-forming liquids. A simple and straightforward relation
between structure and dynamics,ta ¼ t0exp½D= 1�Wð Þd�, is
established implying the structural heterogeneity basis of
heterogeneous dynamics. The results confirm that there indeed
exists structural characteristic, which is responsible for the
markedly dynamical slowdown during glass transition from
aspects of atomic mobility, spatial structural correlation and
thermodynamics. The results could shed light on the structural
mechanism for dynamic arrest in MG-forming liquids and will be
helpful in understanding of glassy nature.

Methods
MD simulations. In our studies, MD simulations were performed for eight model
systems of MG-forming liquids. The EAM potentials were used to describe the
interatomic interactions43,50–56. All of the simulations were performed using the
code LAMMPS and periodic boundary conditions were applied in three
dimensions. For each model, the initial configuration containing 16,000 atoms was
equilibrated at 2,000 K for 1.5 ns followed by rapid quenching (1012K s� 1) to
300 K in NPT (constant number, constant pressure and constant temperature)
ensemble. During cooling, the cell size was adjusted to give a zero pressure and the
structure configurations at different temperatures were collected. After adequate
relaxation at each temperature of interest, the ensemble was switched to NVT
(constant number, constant volume and constant temperature) ensemble and each
model system was relaxed for 1 ns and 1,000 atomic configurations were collected
for structure and dynamics analysis. In the simulations, the time step used to
integrate the equations of motion is chosen as 1 fs and the temperature was
controlled using the Nose–Hoover thermostat.

Voronoi tessellation. Voronoi tessellation divides space into close-packed
polyhedral around atoms by constructing bisecting planes along the lines joining
the central atom and all its neighbours57. The Voronoi index n3; n4; n5; n6h i is used
to characterize the geometry feature of atomic clusters, where ni (i¼ 3,4,5,6)
denotes the number of i-edged faces of a Voronoi polyhedron. In our analysis, a
cutoff distance of 5Å was chosen so that the Voronoi index distribution was
converged.

References
1. Caspar, D. L. & Fontano, E. Five-fold symmetry in crystalline quasicrystal

lattices. Proc. Natl Acad. Sci. USA 93, 14271–14278 (1996).
2. Hargittai, I. Fivefold Symmetry (World Scientific, 1992).
3. Bagley, B. G. A dense packing of hard spheres with five-fold symmetry. Nature

208, 674–675 (1965).
4. Frank, F. C. Supercooling of liquids. Pro. R. Soc. Lond. A 215, 43–46 (1952).
5. Reichert, H. et al. Observation of five-fold local symmetry in liquid lead. Nature

408, 839–841 (2000).
6. Di Cicco, A., Trapananti, A., Faggioni, S. & Filipponi, A. Is there icosahedral

ordering in liquid and undercooled metals? Phys. Rev. Lett. 91, 135505 (2003).
7. Kelton, K. F. et al. First X-ray scattering studies on electrostatically levitated

metallic liquids: demonstrated influence of local icosahedral order on the
nucleation barrier. Phys. Rev. Lett. 90, 195504 (2003).

8. Filipponi, A., Di Cicco, A. & De Panfilis, S. Structure of undercooled liquid Pd
probed by X-Ray absorption spectroscopy. Phys. Rev. Lett. 83, 560–563 (1999).

9. Schenk, T., Holland-Moritz, D., Simonet, V., Bellissent, R. & Herlach, D. M.
Icosahedral short-range order in deeply undercooled metallic melts. Phys. Rev.
Lett. 89, 075507 (2002).

10. Holland-Moritz, D. et al. Short-range order in undercooled metallic liquids.
Mater. Sci. Eng. A 375–377, 98–103 (2004).

11. Wochner, P. et al. X-ray cross correlation analysis uncovers hidden local
symmetries in disordered matter. Proc. Natl Acad. Sci. USA 106, 11511–11514
(2009).

12. Royall, C. P., Williams, S. R., Ohtsuka, T. & Tanaka, H. Direct observation of a
local structural mechanism for dynamic arrest. Nat. Mater. 7, 556–561 (2008).

13. Li, J. D. et al. Similarity of wet granular packing to gels. Nat. Commun. 5, 5014
(2014).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9310 ARTICLE

NATURE COMMUNICATIONS | 6:8310 |DOI: 10.1038/ncomms9310 | www.nature.com/naturecommunications 7

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


14. Van Blaaderen, A. & Wiltzius, P. Real-space structure of colloidal hard-sphere
glasses. Science 270, 1177–1179 (1995).

15. Hirata, A. et al. Direct observation of local atomic order in a metallic glass. Nat.
Mater. 10, 28–33 (2011).

16. Shintani, H. & Tanaka, H. Frustration on the way to crystallization in glass.
Nat. Phys. 2, 200–206 (2006).

17. Shintani, H. & Tanaka, H. Universal link between the boson peak and
transverse phonons in glass. Nat. Mater. 7, 870–877 (2008).

18. Lee, J. C. et al. Origin of the plasticity in bulk amorphous alloys. J. Mater. Res.
22, 3087–3097 (2007).

19. Park, K. W., Jang, J. I., Wakeda, M., Shibutani, Y. & Lee, J. C. Atomic packing
density and its influence on the properties of Cu–Zr amorphous alloys. Scripta
Mater. 57, 805–808 (2007).

20. Wakeda, M., Shibutani, Y., Ogata, S. & Park, J. Relationship between local
geometrical factors and mechanical properties for Cu–Zr amorphous alloys.
Intermetallics 15, 139–144 (2007).

21. Xi, X. K., Li, L. L., Zhang, B., Wang, W. H. & Wu, Y. Correlation of atomic
cluster symmetry and glass-forming ability of metallic glass. Phys. Rev. Lett. 99,
095501 (2007).

22. Cheng, Y. Q., Sheng, H. W. & Ma, E. Relationship between structure, dynamics,
and mechanical properties in metallic glass-forming alloys. Phys. Rev. B 78,
014207 (2008).

23. Peng, H. L., Li, M. Z., Wang, W. H., Wang, C. Z. & Ho, K. M. Effect of local
structures and atomic packing on glass forming ability in CuxZr100� x metallic
glasses. Appl. Phys. Lett. 96, 021901 (2010).

24. Peng, H. L., Li, M. Z. & Wang, W. H. Structural signature of plastic
deformation in metallic glasses. Phys. Rev. Lett. 106, 135503 (2011).

25. Cheng, Y. Q. & Ma, E. Atomic-level structure and structure–property
relationship in metallic glasses. Prog. Mater. Sci. 56, 379–473 (2011).

26. Hao, S. G., Wang, C. Z., Li, M. Z., Napolitano, R. E. & Ho, K. M. Dynamic
arrest and glass formation by self-aggregation of icosahedral clusters in
Zr1� xCux alloys. Phys. Rev. B 84, 064203 (2011).

27. Hao, S. G., Wang, C. Z., Kramer, M. J. & Ho, K. M. Microscopic origin of slow
dynamics at the good glass forming composition range in Zr1� xCux metallic
liquids. J. Appl. Phys. 107, 053511 (2010).

28. Hwang, J. et al. Nanoscale structure and structural relaxation in Zr50Cu45Al5
bulk metallic glass. Phys. Rev. Lett. 108, 195505 (2012).

29. Li, M. Z. Correlation between local atomic symmetry and mechanical
properties in metallic glasses. J. Mater. Sci. Technol. 30, 551–559 (2014).

30. Ma, D., Stoica, A. D. & Wang, X. L. Power-law scaling and fractal nature of
medium-range order in metallic glasses. Nat. Mater. 8, 30–34 (2008).

31. Allen, M. P. & Tildesley, D. J. Computer Simulation of Liquids (Oxford
Clarendon, 1989).

32. Starr, F. W., Sastry, S., Douglas, J. F. & Glotzer, S. C. What do we learn
from the local geometry of glass-forming liquids? Phys. Rev. Lett. 89, 125501
(2002).

33. Parisi, G. & Sciortino, F. Structural glasses: flying to the bottom. Nat. Mater. 12,
94–95 (2013).

34. Kob, W. & Andersen, H. C. Testing mode-coupling theory for a supercooled
binary Lennard-Jones mixture. II. Intermediate scattering function and
dynamic susceptibility. Phys. Rev. E 52, 4134 (1995).

35. Watanabe, K. & Tanaka, H. Direct observation of medium-range crystalline
order in granular liquids near the glass transition. Phys. Rev. Lett. 100, 158002
(2008).

36. Widmer-Cooper, A., Harrowell, P. & Fynewever, H. How reproducible are
dynamic heterogeneities in a supercooled liquid? Phys. Rev. Lett. 93, 135701
(2004).

37. Weeks, E. R., Crocker, J. C., Levitt, A. C., Schofield, A. & Weitz, D. A.
Three-dimensional direct imaging of structural relaxation near the colloidal
glass transition. Science 287, 627–631 (2000).

38. Kob, W., Donati, C., Plimpton, S. J., Poole, P. H. & Glotzer, S. C. Dynamical
heterogeneities in a supercooled Lennard-Jones liquid. Phys. Rev. Lett. 79,
2827–2830 (1997).

39. Li, M., Wang, C. Z., Hao, S. G., Kramer, M. J. & Ho, K. M. Structural
heterogeneity and medium-range order in ZrxCu100� x. Phys. Rev. B 80, 184201
(2009).

40. Donati, C., Glotzer, S. C., Poole, P. H., Kob, W. & Plimpton, S. J. Spatial
correlations of mobility and immobility in a glass-forming Lennard-Jones
liquid. Phys. Rev. E 60, 3107 (1999).

41. Adam, G. & Gibbs, J. H. On the temperature dependence of cooperative
relaxation properties in glass-forming liquids. J. Chem. Phys. 43, 139–146
(1965).

42. Zhang, Y., Mattern, N. & Eckert, J. Atomic structure and transport properties of
Cu50Zr45Al5 metallic liquids and glasses: molecular dynamics simulations.
J. Appl. Phys. 110, 093506 (2011).

43. Ding, J., Cheng, Y. Q., Sheng, H. W. & Ma, E. Short-range structural signature
of excess specific heat and fragility of metallic-glass-forming supercooled
liquids. Phys. Rev. B 85, 060201 (2012).

44. Tanaka, H. Two-order-parameter model of the liquid–glass transition. I.
Relation between glass transition and crystallization. J. Non-Cryst. Solids 351,
3371–3384 (2005).

45. Debenedetti, P. G. & Stillinger, F. H. Supercooled liquids and the glass
transition. Nature 410, 259–267 (2001).

46. Stillinger, F. H. A topographic view of supercooled liquids and glass formation.
Science 267, 1935–1939 (1995).

47. Angell, C. A. Formation of glasses from liquids and biopolymers. Science 267,
1924–1935 (1995).

48. Mauro, N. A., Blodgett, M., Johnson, M. L., Vogt, A. J. & Kelton, K. F. A
structural signature of liquid fragility. Nat. Commun 5, 4616 (2014).

49. Wu, Z. W., Li, M. Z., Wang, W. H. & Liu, K. X. Correlation between structural
relaxation and connectivity of icosahedral clusters in CuZr metallic glass-
forming liquids. Phys. Rev. B 88, 054202 (2013).

50. Sheng, H. W., Ma, E. & Kramer, M. J. Relating dynamic properties to atomic
structure in metallic glasses. JOM 64, 856–881 (2012).

51. Cheng, Y. Q., Ma, E. & Sheng, H. W. Atomic level structure in multicomponent
bulk metallic glass. Phys. Rev. Lett. 102, 245501 (2009).

52. Mendelev, M. I. et al. Development of suitable interatomic potentials for
simulation of liquid and amorphous Cu–Zr alloys. Philos. Mag. 89, 967–987
(2009).

53. Fujita, T. et al. Coupling between chemical and dynamic heterogeneities in a
multicomponent bulk metallic glass. Phys. Rev. B 81, 140204 (2010).

54. Ding, J., Cheng, Y. Q. & Ma, E. Charge-transfer-enhanced prism-type local
order in amorphous Mg65Cu25Y10: Short-to-medium-range structural evolution
underlying liquid fragility and heat capacity. Acta Mater. 61, 3130–3140 (2013).

55. Mishin, Y., Mehl, M. J. & Papaconstantopoulos, D. A. Embedded-atom
potential for B2-NiAl. Phys. Rev. B 65, 224114 (2002).

56. Mendelev, M. I., Kramer, M. J., Hao, S. G., Ho, K. M. & Wang, C. Z.
Development of interatomic potentials appropriate for simulation of liquid and
glass properties of NiZr2 alloy. Philos. Mag. 92, 4454–4469 (2012).

57. Borodin, V. A. Local atomic arrangements in polytetrahedral materials. Philos.
Mag. A 79, 1887–1907 (1999).

Acknowledgements
We thank H.W. Sheng in George Mason University for providing useful EAM potentials
especially for the MgCuY system. Insightful discussions with M.X. Pan, Y.Z. Li and S.P.
Pan are greatly appreciated. This work was supported by NSF of China (Nos. 51271197
and 51271195) and MOST 973 Program (No. 2015CB856800 and 2012CB932704).

Author contributions
Y.C.H. and F.X.L. carried out the simulations. M.Z.L. and W.H.W. supervised the
simulations and analysis. Y.C.H., M.Z.L. and W.H.W. wrote the paper. All the authors
contributed to analyse the data, comment on the manuscript writing and the result
discussions.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Hu, Y. C. et al. Five-fold symmetry as indicator of dynamic
arrest in metallic glass-forming liquids. Nat. Commun. 6:8310 doi: 10.1038/ncomms9310
(2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9310

8 NATURE COMMUNICATIONS | 6:8310 | DOI: 10.1038/ncomms9310 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Definition of the average degree of five-fold local symmetry

	Figure™1The evolution of five-fold local symmetry during quenching.The temperature dependence of W for the simulated systems showing similar trend but different values after glass transition
	Structure-dynamics relation

	Figure™2Relationship between viscosity and average five-fold local symmetry.(a) The variation of W and the shear viscosity with temperature for Cu50Zr50 metallic liquid. The inset shows the normalized shear auto-correlation function, which was used to cal
	Atomic mobility
	Spatial structure correlation

	Figure™3Relation between structure parameter W and agr-relaxation time tauagr.The dotted and solid curves are simulation data and the fittings with equation™(5), respectively
	Figure™4Correlation between structure parameter W and atomic mobility.(a) Distribution of atomic mobility at T=1.2Tg in different systems. There is a long tail in the distribution for all the simulated systems, which can be fitted by a stretched exponenti
	Figure™5Correlation matrix of atoms with diverse W.Correlation matrices of Cij between atoms classified into diverse W in (a) Cu46Zr46Al8 and (b) Mg65Cu25Y10 at T=1.2Tg (the behaviour of Cij is similar at different temperatures)
	Figure™6The temperature dependence of the average cluster size.(a) The average cluster size formed by atoms with different thresholds of W in Cu46Zr46Al8 metallic glass-forming liquid, showing only the selection of 0.6 is reasonable. The inverse tendency 
	Thermodynamics

	Discussion
	Figure™7Correlation between specific heat CP and W.(a) The temperature dependence of the specific heat CP for various systems. (b) The structural change rate during quenching reflected by dWsoldT shows a jump during glass transition. The coincidence of th
	Methods
	MD simulations
	Voronoi tessellation

	CasparD. L.FontanoE.Five-fold symmetry in crystalline quasicrystal latticesProc. Natl Acad. Sci. USA9314271142781996HargittaiI.Fivefold SymmetryWorld Scientific1992BagleyB. G.A dense packing of hard spheres with five-fold symmetryNature2086746751965FrankF
	We thank H.W. Sheng in George Mason University for providing useful EAM potentials especially for the MgCuY system. Insightful discussions with M.X. Pan, Y.Z. Li and S.P. Pan are greatly appreciated. This work was supported by NSF of China (Nos. 51271197 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


