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Nearly golden-ratio order in Ta metallic glass∗
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The formation of mono-atomic tantalum (Ta) metallic glass (MG) through ultrafast liquid cooling is investigated by
ab-initio molecular dynamics (MD) simulations. It is found that there exists nearly golden ratio order (NGRO) between
the nearest and second nearest atoms in Ta MG, which has been indirectly confirmed by Khmich et al. and Liang et al..
The NGRO is another universal structural feature in metallic glass besides the local five-fold symmetry (LFFS). Further
analyzing of electronic structure shows that the obvious orientation of covalent bond could be attributed to the NGRO in
amorphous Ta at 300 K.
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1. Introduction
Since the first discovery of metallic glass (MG) in the

1960s,[1] understanding the local atomic structures of vari-
ous types of MGs has never stopped and still remains a cru-
cial issue in materials science.[2–4] Many researchers have
recognized that icosahedral clusters play a key role in the
glass formation of transition metals–transition metals (TM–
TM) amorphous alloys.[4–6] In the literature, one can easily
find several studies that are carried out using molecular dy-
namics (MD) simulations which show that these icosahedral
clusters not only impact on the thermo-dynamical properties
of metal and alloy melts,[7–15] but also exhibit excellent struc-
tural stability[13,14] and configuration heredity during the rapid
solidification.[4,16] Merely, difference of atomic size and vari-
ous chemical ordering arrangements of amorphous alloys are
not ignored due to their multi-component chemical nature.[7]

Therefore, it is highly desirable to carry out a specialized in-
vestigation on the local atomic structures of the pure mono-
atomic metallic glass to shed more light on the atomic size and
arrangements of various chemical orderings.[7,17] Recently, by
combining in-situ transmission electron microscopy observa-
tion and atoms-to-continuum modeling, several pure refrac-
tory body-centered cubic (BCC) metals, such as liquid Ta, V,
W, and Mo, were successfully vitrified to form metallic glasses
by achieving an unprecedentedly high liquid-quenching rate
of 1014 K/s.[18] The ingenious experiment filled part of the
gaps between experiment and simulation,[17] and paved the
way for investigating the essential structural characteristic of
metallic glasses by computer simulation. Namely, not only

the cooling rate used in the experiment is rapid enough to
be within the computing capability, but also the mono-atomic
amorphous metals are an ideal model to understand the atomic
structure of metallic glass.[17,18] Following the experiment,[18]

series of quenching melts of pure refractory BCC metals were
simulated by ab-initio MD[19] and classical MD[17,20] meth-
ods. For example, Zhang et al.,[19] Khmich et al.,[20] and
Jiang et al.[13] investigated the local atomic structure,[11] glass
formation,[20] and cluster evolution[21,22] in the rapidly solid-
ified mono-atomic metallic liquid Ta, respectively. And they
spontaneously pointed out that the dominant Voronoi polyhe-
dral in Ta mono-atomic MG is the distorted icosahedra rather
than the perfect icosahedra.[20] Khmich et al.[20] obtained the
ratio Ri/R1 of radial distribution function (RDF) and showed
the presence of a hidden crystalline order in Ta mono-atomic
MG. Wu et al.[17] found that the local topologically close-
packed (TCP) structures are commonly seen for the liquid and
amorphous Ta.[17] Yang et al. further reported a fractal charac-
teristic in the quenched Ta.[22] Gangopadhyay et al. predicted
Tg for many elemental metals from thermo-physical properties
of liquids[23] and so on. Obviously, although the unique inter-
nal structure of MG underlies their interesting properties, but
fundamental knowledge on the atomic structure aspect of MG
remains as opinions vary, no unanimous conclusions can be
drawn.

Based on the above reason, the formation of mono-atomic
Ta MG through ultrafast liquid cooling is investigated by ab-
initio MD simulation. It is found that not only icosahedral
short-range orders (ISROs) and icosahedral medium-range or-
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ders (IMROs) coexist in the Ta metallic glass, but also more
importantly there exists a nearly golden ratio order (NGRO) in
the mono-atomic Ta MG. And we deduce that the NGRO is an-
other universal structural feature in metallic glass besides the
local five-fold symmetry (LFFS). To the best our knowledge,
the NGRO in mono-atomic Ta MG is the first time reported up
to now.

2. Computational method
The simulation in the present work was conducted by em-

ploying the Vienna ab-initio simulation package (VASP)[24,25]

with the generalized gradient approximation[26] for the ex-
change correlation functional and the projector augmented
wave[27] method for the electron–ion interaction. The New-
ton’s equation of motion was solved via the Verlet’s algo-
rithm with a time step of 5 fs and the simulation was per-
formed at a normal precision. The wave functions were sam-
pled on 1×1×1 k-point mesh in terms of the Monkhorst–Pack
scheme.[28] The plane wave cutoff energy is 280 eV, and the
energy convergence criterion of electronic self-consistency is
chosen as 1.0×10−4 meV/atom for all the calculations. Then,
ab-initio MD simulations of the rapidly solidified process of
liquid metal Ta were carried out, in which 108 atoms in a cu-
bic box (11.5 Å×11.5 Å×11.5 Å ) subjected to the periodic
boundary condition were considered. The metal Ta was ini-
tially melted and equilibrated for 10 ps at 4000 K well above
the experimental melting temperature Tm = 3290 K,[20] next
the 108 Ta atoms were rapidly cooled down from 4000 K to
300 K with a cooling rate of 5× 1013 K/s. Three reference
configurations (108 atoms in each configuration) of Ta were
used in the potential fitting process and the valence electron
configuration of Ta in the density functional theory calculation
is 5d36s2. At each temperature, the ions were systematically
varied through the relaxation in VASP and a parallel imple-
mentation of the RMM–DIIS (residual minimization method
and the direct inversion in the iterative subspace) method with
respect to each band in this paper.

In addition, we have further calculated the density of
the 108-Ta system by Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS)[29] for comparing the
behaviors of the rapid solidified processes, which is plotted
in Fig. 1(b). Their motion equations were solved by Ver-
let’s algorithm in the velocity form with a time step of 1 fs.
Constant pressure p and temperature T were imposed by a
modified Nose–Hoover method[30] for both p and T variables
and an embedded-atom model (EAM) potential[31] was uti-
lized. The silver was initially melted and equilibrated for
10 ns at 4000 K well above the experiment melting tempera-
ture Tm = 3290 K,[20] and subsequently the liquid was cooled
down to 300 K at the same cooling rate of 5× 1013 K/s. The

cooling run was performed in the NPT ensemble with zero
pressure.

3. Simulation results
3.1. Systemic total energy and density

Before analyzing the microstructures of the system in de-
tail, the evolution of the systemic total energy per atom (E) of
the 108-Ta system as a function of temperature during cool-
ing is firstly analyzed for three kinds of initial configurations,
as illustrated in Fig. 1(a) together with a snapshot of the sys-
tem at 300 K. From Fig. 1(a), one can see that the curves of
energy fluctuate very obviously at high temperatures, then the
different energy curves converge to be consistent at tempera-
tures below about 1750 K. Upon further cooling from 1750 K
to 300 K, E changes smoothly, the oscillatory extent becomes
weaker, and gradually E exhibits a linear dependence of tem-
perature. Hence the apparent glass transition (GT) temperature
(Tg1) is determined to be about 1750 K by extrapolating the
line of the E curves from 300 K to 1750 K. The Tg1 = 1750 K
is not so far from the experimental value of 1650 K measured
by Zhong et al.[18] in 2014.
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Fig. 1. The temperature T dependence of (a) systemic total energy per
atom and (b) density in the rapid solidification.

The atomic packing density is another key feature of the
metallic liquid besides the energy. From Fig. 1(b), one can see
that the density gradually increases by about 10% from 4000 K
to 300 K, indicating that the local atomic arrangements of the
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Ta metallic glass must be well correlated and exhibit certain
degree of short-range order (SRO) and medium-range order
(MRO).[4] In other words, the nearest-neighbor atoms cannot
be truly randomly arranged, instead, they must be ordered in
some way and to some extent,[4] which are indeed further con-
firmed by subsequent microstructure analysis in Figs. 2 and 3.

3.2. Radical distribution function and microstructure
analysis

The radial distribution function, g(r), also called the pair
distribution function or pair correlation function, represents
the probability of finding atoms as a function of distance r
from an average center atom (Fig. 2(a)).[32] The distribution
of interatomic distances, the shell-like structure in the ra-
dial direction, and its fading out with increasing distance can
be clearly seen in the g(r) of a liquid/glass.[4] In a mono-

atomic system, we have g(r) = 1
4πr2ρN

N
∑

i=1

N
∑

j=1, j 6=i
δ (r−

∣∣ri j
∣∣),

where ρ is the number density of atoms in the system of
N atoms, and ri j is the interatomic distance between atom
i and atom j. The g(r) has been widely used to describe
the structural characteristics of liquid and solid alloys.[4,33]

The variation of the g(r) curves of Ta in the temperature
range from 4000 K to 300 K is shown in Fig. 2(b). From

Fig. 2(b), one can see that all g(r) exhibits the typical fea-
tures of either liquid or glass, where a periodically transla-
tional long range order is absent. And the first peak of g(r)
becomes sharper with the decrease of temperature, indicat-
ing that some SRO structures emerge in the system.[2–5,8,34]
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Fig. 2. (a) Schematic diagram of correlation between radial distribution
function g(r) and radial distance r.[32] (b) The g(r) of liquid Ta during
the rapid solidification at selected temperatures. For guides to the eyes,
the splitting position of the second peak of g(r) is marked by red arrow.
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Fig. 3. Schematic diagram of a typical growth of icosahedra clusters in the rapid solidification of Ta metal. The red and green balls denote
central and shell atoms of icosahedral clusters. The blue balls denote residual atoms in other local atomic configurations without the tracked
icosahedra. The transparent grey roundels denote icosahedral clusters.
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More importantly, the split of the second peak of the g(r) curve
is usually regarded as a common feature to distinguish glasses
from liquids.[33] The splitting positions of the second peak of
g(r) are marked by red arrows in Fig. 2(b). From Fig. 2(b),
one can see that the split of the second peak of g(r) starts at
about 1750 K and becomes more and more pronounced upon
subsequent cooling, in which an increasing shoulder further
indicates the increase of IMROs with the temperature decreas-
ing. To understand the formation of icosahedra and IMROs
during the rapid solidification of the Ta system, the schematic
diagram of a typical growth of icosahedra clusters is illustrated
in Fig. 3. From Fig. 3, one can see that icosahedra appear at
about T = 2000 K for the first time, and then quickly expand
into IMROs by intercross-sharing (IS), face-sharing (FS), and
vertex-sharing (VS) linkages with the decrease of temperature.
When the temperature keeps on decreasing to 300 K, figure 3
reveals that the Ta system exhibits an icosahedral saturation
state compared to the number of icosahedra at T = 1800 K.
And the formation temperature (1800 K) of IMROs by IS and
FS linkages is approximately consistent with the starting split
temperature (Tg1 = 1750 K) of the second peak of g(r) in
Fig. 2. It is believed that such splitting arises from the for-
mation of icosahedral clusters in the super-cooled liquids and
the rapidly solidified solid is of amorphous characteristics.[34]
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Fig. 4. The ratio of the first minimum to the first maximum of g(r) as a
function of temperature T .

In fact, the g(r) curves are used not only to describe
the structural characteristics of liquid and amorphous alloys,
but also to determinate the GT region from the empirical
criterion.[35] As early as in 1978, Wendt and Abraham pro-
posed an empirical criterion using g(r) for specifying the
super-cooled liquid/amorphous phase boundary.[35] They de-
fined an empirical parameter R = gmin/gmax, where gmin and
gmax are the magnitudes of the first minimum and the first
maximum of g(r), respectively. The empirical parameter R
is plotted versus the sequence of temperature in Fig. 4. From
Fig. 4, an apparent GT temperature Tg2 is determined to be
1650 K by extrapolating and intersecting the two linear parts
of the R vs. T curve from 300 K to 4000 K. It is noticed
that the present Tg2 = 1650 K is lower than Tg1 = 1750 K

in Fig. 1, but consistent well with the estimated experimen-
tal value of 1650 K in Ref. [18]. Undoubtedly, this empirical
parameter R is highly effective for specifying the super-cooled
liquid/amorphous phase boundary.

3.3. NGRO in Ta metallic glass

Although LFFS in the form of metallic glasses is consid-
ered as the populous structural unit,[4] more universal struc-
tural features about NGRO are proposed for the Ta metallic
glass in this paper. If a line is divided into two parts, and the
ratio of smaller part and longer part is equal to the ratio of
longer part and whole length, then the ratio is the idea golden
ratio. That is to say, the divided point of the line should be
located at 0.618033988749894848 · · · from the mathematics
points of view, the digits after decimal in the golden ratio
just keep on going and never end. When the ratio is used in
cubic geometry, it is called the golden ratio. The standard
golden triangle ABC, golden rectangle ABED, and golden
regular pentagon HGFED are plotted in Fig. 5, which are ex-
tracted from perfect icosahedra with Ih point group symmetry.
In Fig. 5, the distances of the nearest neighbor atoms (i.e.,
LHG = LGF = LFE = LED = LDH = LAB) have to be equal be-
cause we have set the distances of the second nearest neighbor

A B

C

a

D

F
G

H

A C
B

E

G

H D

E
F

A

B

C

A B

D E

a a

D

F
G

H

E

a


G

H

D E

F
a

a

a

√5−1 a


√5−1

a


√5−1
a



√5−1

a

a

(c) golden pentagons

(b) golden rectangle

(a) golden triangle

a


√5−1

a


√5−1

a


√5−1
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atoms of the icosahedra to be a, i.e., LDG = LDF = LHE =

LHF = LGE = LAD = LBE = LAC = LBC = a. The mathe-
matic correlative can be attributed to the natural property of
icosahedra with Ih point group symmetry. Although such per-
fect icosahedra do not really exist in liquid and Ta metallic
glass owing to the thermal fluctuations,[4] as an idea geometric
model, it is very beneficial to explain the originate of NGRO
in Ta metallic glass.

In view of the above reasons, the schematic diagram of
nearly golden rectangle IJKL, golden triangle RST, and golden
regular pentagon MNOPQ in Ta metallic glass at T = 300 K
are plotted from different angles of view in Fig. 6.
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Fig. 6. Diagram of golden rectangle (IJKL), triangle (RST), and regular
pentagon (MNOPQ) in Ta metallic glass at T = 300 K. The red balls
and green balls denote central and shell atoms of icosahedral clusters,
respectively. The blue balls denote residual atoms in other local atomic
configurations: (a) front view and (b) side view.

From Fig. 6, one can see clearly that the LIL and LJK of
rectangle IJKL are 2.934 Å and 2.981 Å, respectively. The
LIJ and LLK of rectangle IJKL are 4.596 Å and 4.438 Å, re-
spectively. So the ratios of LIL/LIJ and LJK/LLK are equal to
0.638 and 0.672, respectively. For triangle RST, the ratio of
LRS/LT S is 0.658. Meanwhile, the ratio of LNO/LNP for pen-
tagon MNOPQ is 0.619. Although the triangle RST, rectangle
IJKL, and pentagon MNOPQ are selected randomly from the

Ta metallic glass, it is still found that these ratios of distances
between the nearest and second-nearest atoms are very close
to golden ratio 0.618, especially the ratio of LNO/LNP = 0.619
for pentagon MNOPQ. So the real secret and hidden infor-
mation about atomic arrangement in Ta metallic glass will be
further analyzed by means of the probability density function
(PDF) of atomic distance in the next section.

The PDF is a statistical expression that defines a prob-
ability distribution for a continuous random variable as op-
posed to a discrete random variable. When the PDF is graph-
ically portrayed, the area under the curve will indicate the in-
terval in which the variable will fall. The total area in this
interval of the graph equals the probability of a continuous
random variable occurring. As an illustrated example, the
distributions of probability density (P) as a function of the
nearest and second-nearest atomic distances of the Ta sys-
tem at 3500 K are plotted in Fig. 7. In Fig. 7(a), the green
solid and red dash dot lines denote the original P and auto-
matic smoothed P (SP, bin size = 0.01 Å, number of bins
= 311), respectively. Compared to the green curve with in-
tensive background noise, the automatic smoothed red dash
dot line seems more intuited and more beneficial to analyze
the results. Thus figure 7(b) only shows the area surrounded
by the smoothed SP line with x axis, which is divided into
two major regions by P approaching to 0. From Fig. 7(b),
one can see that the values of green region P1 and pink region
P2 are 0.3715 and 0.6280, respectively, which denote the in-
tegrate of probability density of all the nearest (like LIL and
LJK in Fig. 6) and second-nearest (like LIJ and LLK in Fig. 6)
atomic distances in the Ta system at T = 3500 K, respec-
tively. Herein P1 is the integrate originated from all the nearest
neighbor atomic distances like LHG,LGF ,LFE ,LED,LDH , and
LAB in Fig. 5, and similarly LMN , LNO, LLI , . . . , in Fig. 6.
Likewise, P2 should correspond to the integrate of probability
density of the second nearest neighbor atomic distances like
LDG,LDF ,LHE ,LHF ,LGE ,LAD,LBE ,LAC, and LBC in Fig. 5, and
similarly LNP, LRT , LST , LIJ , and LLK in Fig. 6. Moreover,
the ratio of P1/P2 is equal to 0.591 from Fig. 7. Based on
this, by adopting the exactly identical analysis and character-
ize method, we have further calculated P1, P2 and the ratio of
P1/P2 from 4000 K to 300 K by interval 50 K for the ultrafast
liquid quenching Ta system as shown in Fig. 8. From Fig. 8,
one can see that all of P1, P2, and P1/P2 exhibit random bounc-
ing up and down in the liquid region from 4000 K to 3290 K.
Then the P1 and P1/P2 slightly descend and P2 slightly ascends
with decreasing T in the super-cooled liquid region (Tm ∼ Tg).
But an opposing variation tendency is presented when the tem-
perature is below Tg = 1750 K. Namely, the lower the tem-
perature is, the integrate value P1 is closer to 0.382, and both
P2 and P1/P2 are closer to 0.618, especially at T = 300 K. It
is well known that 0.618 be used as the golden ratio in the
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mathematic field. So all the values of P1, P2, and P1/P2 have
indicated that the atomic arrangement should be subordinated
to nearly golden ratio in the Ta metallic glass. Thus, we de-
fine this nearly golden ratio between the nearest and second-
nearest atomic distances in the Ta metallic glass as the nearly
golden ratio order (NGRO) in this paper.
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While review Fig. 5 again, we have already recognized
the golden ratio undoubtedly hidden in the gold rectangle, tri-
angle, pentagon, and so on. And the LFFS has been found
to be ubiquitous in liquids and MG.[4,36] That is to say, once
we admit that the LFFS is ubiquitous in super-cooled liquids
and MG, we have to accept the widespread existence of the
NGRO in MG. Besides golden pentagon, golden rectangle and
triangle are more easily to form in MG because they involve
fewer atoms, which also can enhance the probability of NGRO
appearing in MG to some degree. In fact, we not only pro-
pose the NGRO in our current work, but also have found some
very important clues to confirm our conclusion from other
literature.[20,34] For example, Khmich et al. calculated the ra-
tio R2/R1 of g(r) to be 1.64 in tantalum mono-atomic metallic
glass,[20] and Liang et al. reported the ratio R2/R1 of g(r) to be
1.69 for the Mg70Zn30 metallic glass.[34] Unfortunately, both
of them did not calculate the value of R1/R2 in their papers.

Obviously, R1/R2 is the reciprocal of R2/R1. When we use
their raw data to calculate the value of R1/R2, we have surpris-
edly found that R1/R2 of g(r) is equal to 0.6097 and 0.5917,
respectively. The ratios of R1/R2 are consistent well with the
ratio of P1/P2 (0.618) in our work. The existence of NGRO in
metallic glass is confirmed indirectly and sufficiently in terms
of the R2/R1 of g(r) from different metallic glasses. Hence we
further deduce that the NGRO is more universal compared to
the LFFS in MG.

3.4. Electronic structure of Ta metallic glass

As early as in 1975, a nearly-free-electron model for ex-
plaining the relative stability of metallic glass was proposed
by Nagel and Tauc.[37] Within the framework of the nearly-
free-electron model, they have predicted that the maximum
stability corresponds to the Fermi level (EF) at a minimum
of the density of states (DOS) in MG. Hence based on the
above ab-initio simulations, in order to further understand the
correlation between DOS and stability of metallic glass, we
present a comparison of measured and calculated total density
of states (TDOS) and partial density of states (PDOS) at four
different temperatures (3800 K, 2500 K, 1800 K, and 300 K)
in Fig. 9. From Fig. 9(a), one can see that the magnitude of
300 K is the minimum, and then 3800 K and 2500 K, fol-
lowed by 1800 K at EF. The result is consistent well with the
nearly-free-electron model for explaining the relative stabil-
ity of metallic glass,[37,38] and provides an obviously evidence
for a minimum DOS at the Fermi level. From the insert of
Fig. 9(a), it is found that TDOS mainly locates at −10 eV to
1 eV and obviously the DOS peak mainly locates at −7 eV to
EF. Meanwhile, the PDOS of the Ta system is also shown in
Fig. 9(b). From Fig. 9(b), one can see that the DOS of d states
is pushed to higher energies at the energetic range from−4 eV
to 1 eV, and the kinetic energy is therefore greatly reduced,
whereas the DOS mainly consists of s states when the energy
is below −6.0 eV. The energetic range of coexistence of s, p,
and d states is mainly located in −6.0 eV to −4.0 eV. In addi-
tion, compared to the liquid (3800 K) and super-cooled liquid
(1800 K and 2500 K), figure 9(b) also shows that the deep en-
ergy state peak of DOS shifts clearly towards lower energies at
300 K, indicating that stronger s–s electronic interaction will
induce shorter Ta–Ta bond. In fact, in 5d transition metals, the
interactions between s electrons are known to contribute little
to the reduction of the total electron energy.[39,40]

Next, to further understand the electronic interaction be-
tween different Ta atoms in the rapid solidification, the con-
tour plots of difference electron densities on the sections cross
the [110] and [011] planes ([110] and [011] refer specifically
to the planes of the simulation box) in the liquid (3800 K)
and amorphous solid (300 K) are illustrated in Fig. 10, respec-
tively. At T = 3800 K, both of the contour plots of the [110]
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and [011] planes show that the electric charge (denoted by blue
color) originated from the parent atoms is enriched in different
interatomic region, and the distribution is disorder. However,
the phenomena have changed significantly in amorphous Ta
at T = 300 K. From Fig. 10, one can see that the obviously
orientation of covalent bond is presented in the [110] plane
with layered and linear arrangement (denoted by the blank

dashed line) of Ta atoms at T = 300 K. For the [011] plane

at 300 K, the nonlinear covalent bond denoted by the path of

dashed curve can be observed too. Thus a distinct anisotropic

build-up of the directional covalent bonding charge in [110]

plane at 300 K could be attributed to the NGRO with respect

to the atomic arrangement in Ta metallic glass in Fig. 8.
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Fig. 9. (a) Total density of states (TDOS) and (b) partial density of states (PDOS) of the Ta system at deferent temperatures. The insert is the
full view of TDOS. The Fermi levels EF are indicated by the black dashed lines.
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Fig. 10. Contour plots of difference electron densities on the sections
cross the [110] and [011] planes of the simulated box in the liquid
(3800 K) and amorphous solid (300 K) of Ta system. The red and green
balls denote central and shell atoms of icosahedral clusters. The blue
balls denote residual atoms in other local atomic configurations without
the tracked icosahedra. The black dash lines are for guides to the eyes.

4. Discussion
Several commonly methods including of energy, atomic

density, g(r), microstructure analysis, bond lengths, density of
states, and difference electron densities are used to illustrate
the characteristics of structure for amorphous solid and super-
cooled liquid in this paper. Generally speaking, the variation

of energy dependence of T is usually a key critical reference
for determining the Tg during the rapid solidification. In this
work, although only three different initial structure models are
rapidly cooled perfectly as the computation time of DFT is
very huge and consumed, and all of energy curves converge to
be consistent at temperature below about 1750 K. But when
T > Tg, the higher the temperature, the larger the difference
in energy per atom, the more obvious the energetic fluctua-
tion. This indicates that the super-cooled liquid has intrinsic
variations and fluctuations and some important depth of infor-
mation beyond our knowledge. Meanwhile, Tg = 1750 K is
further confirmed by the temperature of splitting the second
peak of the g(r) curve. Although the origin of the split sec-
ond peak for MGs has been the subject of some debate in re-
cently years,[15] our microstructure analysis subsequently has
revealed clearly that indeed original from ISRO and IMRO.
Before further statistical analyzing the information of atomic
distance and bond lengths between the nearest and second
nearest neighbors in the system, we have used three standard-
ized geometric diagrams (refer to Fig. 5) to explain strictly
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why the golden ratio order is always hidden in these geomet-
ric structures from the perspective of mathematical logic. That
is to say, if we admitted the existence of LFFS and icosahedral
cluster in MGs system, it means that we have to admit the
existence of golden section order. Excitedly, the existence of
NGRO in the Ta metallic glass has been distinct confirmed by
the probability density function of atomic distance in Figs. 7
and 8.

5. Conclusion
We have systematically investigated the formation of

mono-atomic Ta metallic glass by using ab-initio MD calcu-
lations. A nearly golden ratio order is found from the dis-
tribution of probability density (P) as a function of the near-
est and second-nearest atomic distances of ultrafast liquid Ta
quenching processes. Although only limited examples have
been studied, we believe that the NGRO is another universal
structural feature in metallic glass besides LFFS. Analyzing of
electronic structure shows that our results are consistent well
with the nearly-free-electron model for explaining the relative
stability of metallic glass. And the obviously orientation of
covalent bond is presented in the [110] plane of the simulated
box with linear arrangement of Ta atoms at T = 300 K, which
could be attributed to the NGRO in Ta metallic glass.
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