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Five-fold symmetry in Au–Si metallic glass†
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The first metallic glass of Au–Si alloy for over half a century has been discovered, but its atomic structure

is still puzzling. Herein, Au8Si dodecahedrons with local five-fold symmetry are revealed as building blocks

in Au–Si metallic glass, and the interconnection modes of Au8Si dodecahedrons determine the medium-

range order. With dimensionality reduction, the surface ordering is attributed to the motif transformation

of Au8Si dodecahedrons into planar Au5Si pyramids with five-fold symmetry, and thus the self-assembly

of Au5Si pyramids leads to the formation of the ordered Au2Si monolayer with the lowest energy.

Furthermore, structural similarity analysis is performed to unveil the physical origin of the structural

characteristics in different dimensions. The amorphism of Au–Si is due to the smooth energy landscape

around the global minimum, while the ordered surface structure occurs due to the steep energy

landscape.

Gold–silicon alloys were the first reported metallic glass, dis-
covered in 1960 by rapid cooling.1 Subsequently, bulk metallic
glasses (BMGs) have attracted increasing attention due to their
fundamental scientific interests and practical applications.2–4

Up to now, many computational methods and experimental
techniques have been involved to investigate structures of
BMGs.5–7 However, due to the absence of long-range order it
remains challenging to determine atomic structures of BMGs.8

For example, a combination of experimental measurements
and reverse Monte Carlo modeling have failed to reproduce
the precise packing structures of BMGs at the atomic level
without sufficient structural information.9 Numerous struc-
tural models have been proposed to improve the understand-
ing of short-range order (SRO) in BMGs over the years,10,11 but
these models are still difficult to apply to figuring out the
medium-range order (MRO) of BMGs.12 To overcome this chal-
lenge, efficient cluster packing on a face-centered cubic lattice
has been proposed.13 In 2009, the MRO in BMGs was
described by the packing mode of local motifs on a network
with fractal dimension (Df = 2.32),14 which is smaller than that
of crystals (Df = 3.0) or dodecahedron-quasicrystals (Df = 2.72),
indicating that filling the real space in these amorphous solids

by building blocks is impossible. Therefore, unveiling the
nature of atomic packing at the MRO scale in BMGs 15 is a
long-standing problem.

The Au–Si eutectic alloy has an extremely low eutectic temp-
erature (359 °C), well below the melting points of Au (1063 °C)
and Si (1412 °C).16 At the lowest eutectic temperature, it has
the composition Au82Si18,

16 which is key to the catalytic growth
of silicon nanowires17 because Si atoms maintain relatively
high mobility at low temperatures.18 In recent years, although
some theoretical studies have reported possible alloy struc-
tures of Au–Si,19–21 the local ordering of Au–Si BMGs is still
lacking. Interestingly, two-dimensional (2D) crystallization was
observed at the surface of Au–Si metallic glass,22,23 which has
been experimentally confirmed to be an ordered rectangular
structure22 with the proposed Si–Si bond on the surface.
Shpyrko and co-workers22 claimed that the Au–Si surface order-
ing was induced by surface-induced freezing,24 but the ordered
prefreezing surface will only appear near the transition tempera-
ture rather than a wide range of temperatures, inconsistent with
the case of Au–Si. Moreover, density functional theory (DFT) cal-
culations proved that the Si–Si bond is energetically unfavorable
in the Au–Si alloy,18,20 showing the inconsistency in the litera-
ture. This ordered surface plays a key role in crystal growth and
solidification,25,26 but the atomic arrangement is still unclear.
Therefore, uncovering the atomic structures of surface crystalli-
zation and Au–Si alloy will be beneficial for understanding the
exotic properties of Au–Si metallic glass.

In this article, ab initio molecular dynamics (AIMD) simu-
lations were performed to investigate the bonding features of
Au–Si in the undercooled state. The partial distribution func-
tion and coordination number analysis were employed to
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explore the SRO of liquid Au–Si alloy, and a set of Au8Si dode-
cahedrons with local five-fold symmetry are the most energeti-
cally favorable motifs. The connection modes of different
Au8Si motifs with similar energies are substantial to recon-
struct the Au–Si eutectic alloy, subtly affecting the structural
stability of Au–Si. With dimensionality reduction, the basic
building motifs, i.e., Au8Si dodecahedrons, are reduced to be
Au5Si pyramids, which are Si-centered pentagons with five-fold
symmetry. This phenomenon is confirmed by a systematic
investigation of surface structures on the Au–Si alloy. Moreover,
a 2D ordered Au2Si monolayer composed of Au5Si pyramids is
found, which is more energetically favorable compared with all
the earlier proposed surface structures. Notably, the simulated
scanning tunneling microscopy (STM) images are in much
better agreement with the experimental results. Furthermore,
the remarkable difference of structural similarity between the
Au–Si bulk and surface structures is uncovered, providing
insights into understanding why the bulk structure is a metallic
glass while the surface alloy exhibits long-range order.

1. Results and discussion

To extract the inherent local SRO of Au82Si18, the initial con-
figurations were constructed based on the Au bulk in thermal
equilibrium, where a certain number of Au atoms were ran-
domly replaced with Si atoms. To avoid the systematic error,
100 configurations were used to produce structural infor-
mation, for instance, the average coordination numbers and
the partial pair-correlation functions (see the details in the
section of computational methods in the ESI†). As shown in
Fig. 1(a), the partial pair-correlation functions gij(r) of Au82Si18

were obtained after the under-cooling process, where the simu-
lation temperatures were quickly reduced to 300 K from
2000 K with a large cooling rate of 1 × 1011 K s−1. The first
peak of Au–Si is located at around 2.45 Å, suggesting intensive
mixing between Au and Si atoms. The first broad peak of Si–Si
appears around 4 Å, showing that Si atoms are prohibited
from being bonded together and are surrounded by Au atoms.
This phenomenon implies the existence of close packing that
holds Si atoms like “solute” atoms in the center of polyhe-
drons. The coordination number (CN) analysis reveals that
Au8Si polyhedrons are the most frequent motifs in the Au–Si
BMG, where the ratio reaches up to 79%, as shown in Fig. 1(b).
It is worth noting that the frequent Au8Si motifs have local
five-fold symmetry in Fig. 1(c), which is responsible for the
SRO. The ratio for these four motifs is 28.6%, 21.2%, 15.5%,
13.7%. As a result, we can infer that the atomic structure of
the Au–Si alloy is the self-assembly of Au8Si dodecahedrons by
connecting each other in a close-packed manner.

The Au–Si and Au–Au pair-correlation functions induce
shoulder peak splitting of the total pair-correlation function,
indicating that the medium-range order is significant to
characterize the ordering of Au–Si metallic glass.27 To deter-
mine the MRO in Au–Si, we need to reveal the origin of its
structural stability, where the building blocks and connection
rules are crucial to identify the local atomic ordering.
According to the bonding features we obtained in Fig. 1(a) and
(b), we constructed a series of Au–Si configurations, which
contain AunSi (n = 6–10) polyhedrons in a corner-sharing or
edge-sharing mode, to explore stable structures of Au–Si alloy.
As shown in Fig. 2(a), the Au4Si structure has the lowest for-
mation energy, which is in excellent agreement with the eutec-
tic point of the Au–Si phase diagram.16 Particularly, two stable
structures with almost the same energy have been found,
which are both comprised of Au8Si motifs in body-centered
cubic (see Fig. 2(b)) and hexagonal close-packed (see Fig. 2(c))
structures. Moreover, we find that these two Au8Si motifs can
be combined together to form relatively stable structures with
a larger number of atoms (see Fig. 2(d)), indicating that the
connection modes are not dominant for the structural stability
of Au–Si compared to the local atomic ordering. Therefore, the
MRO at the atomic level is ascribed to the interconnection
modes of Au8Si motifs. It is worth noting that the formation
energy distribution at a Au concentration of 0.8 is very close,
implying a flat energy landscape and the origin of formation
mechanism in Au–Si.28

The Au8Si dodecahedrons with local five-fold symmetry are
found to be the SRO in Au–Si, but with dimensionality
reduction the SRO of surface structures is still unknown. The
surface crystallization of Au–Si BMG was observed in the last
decade, however, the origin and atomic structure of the
surface ordering are still in debate.22,24,26 We carried out AIMD
simulations at 650 K to study the Si content in a roughly 25 Å-
thick Au82Si18 slab with six layers, and five different slab
models were considered to reduce systematic errors. During
AIMD simulations Si atoms migrate to the surface from the
central region, resulting in the higher concentration of Si

Fig. 1 (a) The pair-correlation functions of Au82Si18 BMG at room
temperature. For clarification, the Si–Si and Au–Si partials are shifted by
5 and 10, respectively. (b) The coordination number distribution of
Au82Si18 BMG at room temperature. (c) The most frequent Au8Si motifs
in Au82Si18 BMG.
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atoms in the surface region. As shown in Fig. 3(a), the red line
means there are only 5% Si atoms in the central layer, indi-
cating the central layer is similar to Au(111) substrate.
However, in the surface layer there are 23% Si atoms, implying
the surface structure is roughly composed of Au77Si23.
Therefore, our results agree with the fact that Si atoms prefer
the surface segregation in experiments,22 and the surface
structure of Au–Si alloys represents the mixture of Au and Si
atoms.

Interestingly, this ordered rectangular surface structure
with the same lattice parameters has also been experimentally
observed by depositing Si atoms on the Au(111) substrate.29,30

Therefore, it is possible to search for the stable Au–Si surface
structure on the Au(111) substrate. At the initial stage of the
nucleation process, only one Si atom was introduced to react
with the Au(111) substrate. The AunSi (n = 3–7) clusters with
various coordination numbers for Si on Au(111) are shown in
Fig. 3(b). It is apparent that the Au5Si cluster with five-fold
symmetry has the lowest formation energy, indicating that the
Au5Si pyramid is an energetically favorable motif in the Au–Si
system.

To efficiently search for the possible structure of 2D Au–Si
alloy, surface structure generation methods were employed to
fertilize the structure database of Au–Si monolayers. We gener-
ated non-duplicated 2D Au–Si surface structures with various
atomic ratios and distributions using the package Structures
of Alloy Generation And Recognition (SAGAR)31,32 and the

crystal prediction algorithm RG2 based on space group theory
and graph theory.33 To consider the lattice mismatch between
monolayers and Au(111), we constructed various supercells.
High-throughput first-principles calculations were performed
to determine the possible surface structure on Au(111). As
shown in Fig. S1 of the ESI,† our results point out that Au–Si
monolayers with Au5Si pyramids are rather stable compared
with those monolayers without Au5Si pyramids, indicating that
the Au5Si motif with five-fold symmetry is the key SRO in
surface structures of Au–Si.

The most stable Au–Si monolayer on Au(111) is Au2Si com-
prised of pentagons and rhombuses, and the relaxed Au2Si
monolayer on Au(111) is shown in Fig. 3(c). Intriguingly, the
lattice parameters of the most stable Au2Si monolayer are a =
9.451 Å and b = 7.515 Å, which are in excellent agreement with
previous experimental results.22,29,30 Si atoms are at a lower
height than Au atoms in the Au–Si monolayer, implying that
each rhombus contains four Au atoms in the topmost layer
and Si atoms are separated by these Au4 rhombuses. In the
experimental and simulated STM images shown in Fig. 3(d),
the bright protrusions correspond to the Au4 rhombuses.
There are two types of protrusions in the Au2Si monolayer that
are rotated with respect to each other, as highlighted by the
ellipses,29 corresponding to the two types of Au atoms at
different heights in Fig. 3(c). The Au5Si pyramids reflect dark
pores in the STM image because the Si atoms are at a relatively

Fig. 2 (a) The formation energy of Au–Si alloy with various Au concen-
trations. (b and c) The most stable Au4Si crystal structures, which are
constructed by the fundamental Au8Si motifs with different corner
sharing modes. (d) The structure constructed from the two fundamental
Au8Si motifs with other corner sharing modes. Si and Au atoms are rep-
resented by blue and golden spheres, respectively.

Fig. 3 (a) The concentration of Si atoms in the surface layer and central
region for five different slab models. (b) Formation energy of one Si
atom on the Au(111) substrate. The insets show the corresponding struc-
ture. (c) The top view and side view of the stable slab model. Surface Si
atoms are represented by blue spheres, and the black dashed lines mark
the lattice of the slab. (d) The simulated (upper) and experimental
(bottom) STM images. The experimental STM image is reprinted with
permission from Wiley VCH, 2019.30
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low height. Therefore, we conclude that the Au2Si monolayer
forms by depositing Si atoms on the Au(111) substrate.

To further confirm the existence of the ordered Au2Si
monolayer at the surface of Au82Si18 BMG, various Au–Si over-
layers were deposited on the five slab models mentioned above
in Fig. 3(a). The calculated formation energies on these five
substrates are shown in Fig. S2 of the ESI,† where the Au2Si
overlayer exhibits robust stability on different substrates, while
other overlayers are less stable. This is strong evidence that the
Au2Si monolayer is the pretty stable ordered surface structure
of Au–Si BMG.

The Au–Si BMG displays diverse structural characteristics in
different dimensions, which is attributed to unusual Au–Si
bonding properties and dimensionality reduction.22 To unveil
the deep physical nature of the phenomenon, the energy land-
scape of the Au–Si system is comprehensively investigated to
uncover the origin of the distinction between bulk and
surface. If the global minimum is surrounded by numerous
local minima, namely, lots of low energy saddle points are
around the ground state structure, this system is a glassy
system, otherwise, it belongs to a structure seeker system.28

For instance, the carbon and boron nitride systems can be
clearly identified as structure seekers while the large boron
cluster systems are glassy.34

To define the distance between any two structures, we
employed the Smooth Overlap of Atomic Positions (SOAP)
descriptor35 to encode regions of atomic geometries using
local expansion of Gaussian atomic density. The bulk Au–Si
alloy and surface structures were generated by SAGAR and RG2
algorithms as mentioned above. We chose several low-energy
Au–Si structures to perform the distance–energy analysis36 in
2D and three-dimensional (3D) systems as shown in Fig. 4(a).

For 2D surface structures, the formation energy increases
quickly with configuration coordinate, and the saddle points
are relatively far away from each other according to the con-
figuration coordinate, compared with the case of 3D bulk
structures. In the bulk case, the blue color in Fig. 4(b) shows
that the distances among the low energy structures are rather
small, indicating that there is a low energy barrier between two
local minima. This feature leads to the fact that it is difficult to
form any ordered bulk Au–Si alloy during the rapid cooling
process, which has been confirmed by molecular dynamics
simulations in Au–Si BMGs.37 However, the image of the Au–Si
surface structure (see Fig. 4(c)) is almost filled with the red
color, implying that distances are much larger between the low
and high energy structures. Therefore, long-range ordering can
easily appear in surface structures.

2. Conclusions

In summary, we have uncovered the local ordering of Au–Si,
where the Au8Si motifs with local five-fold symmetry are the
basic building blocks and the different connection modes
reveal the MRO. With dimensionality reduction, the SRO of
the Au–Si surface structure has been transformed into Au5Si
pyramids with five-fold symmetry. We have concluded that the
Au2Si monolayer composed of Au5Si pyramids is the surface
structure observed in experiments, due to the lowest formation
energy and excellent agreement with STM images. Employing
the structural similarity matrix based on the SOAP descriptor
to metricize the distance among Au–Si structures, we have
shown that there is a smooth energy landscape with dense
local minima for the Au–Si bulk, while the energy landscape of
the Au–Si surface structures is relatively steep around the
ground state. Our work not only supplies a structure search
method to determine the Au–Si structures in different dimen-
sions but also expands on the intrinsic origin of the order–dis-
order transition in Au–Si alloy from 2D to 3D, which may
provide a promising avenue to explore the novel properties in
other metallic glasses.
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