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Abstract 1 

First-principles molecular dynamic (MD) simulation and x-ray diffraction were 2 

employed to study the local structures of Pd-Si liquid at the eutectic composition 3 

(Pd82Si18). A strong repulsion is found between Si atoms, and Si atoms prefer to be 4 

evenly distributed in the liquid. The dominate local structures around Si atoms are 5 

found to be with of a trigonal prism capped by three half-octahedra and an archimedean 6 

anti-prism. The populations of these clusters increase significantly upon cooling, and 7 

may play an important role in the formation of Pd82Si18 alloy glass.  8 

 9 
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1. Introduction 1 

In recent years, amorphous alloys have received much attention due to their excellent 2 

properties such as high strength, high corrosion resistance and low elastic modulus. 3 

However, their small size and high cooling rate required for glasses formation greatly 4 

limit their applications. Recently, the study by Inoue et al. shows that the more constituent 5 

elements the better glass forming ability1-3. Such an observation opened a door to design 6 

new bulk metallic glasses (MGs)4, 5. Many kinds of multicomponent bulk MGs were 7 

developed3, 6, 7. However, multi-components systems greatly complicate the investigation 8 

on the mechanisms of glass formation by experiments and computer simulations. As an 9 

important first step toward full understanding of the glass formation mechanisms, detail 10 

studies of the temperature dependence of the structures of binary glass forming liquids are 11 

necessary.  12 

 During rapidly quenching process, the structure in the liquid state, especially in the 13 

undercooled liquid, would have a remarkable influence on the glass formation. However, 14 

it has been a long-standing challenge on how to quantify and describe the structures of 15 

undercooled metallic liquids8-10. Pd-based bulk metallic glasses (BMGs) can be readily 16 

prepared at the composition around Pd81Si19, and it’s an ideal model system to understand 17 

the interplay between local order and glass-forming ability. In Pd-Si alloy, two types of 18 

trigonal prism structures, of which one is a trigonal prism capped with three half-19 

octahedra (9 Pd atoms around a Si atom, abbreviated as Si-9Pd) and the other is a trigonal 20 

prism (6 Pd atoms around a Si atom), are proposed to be the structure units 11,12,13. 21 

Furthermore, Saida14 has suggested that the formation of trigonal prism clusters provides 22 

good stability for  glass structure in metallic glassy alloys. Thus, the fraction of trigonal 23 

prism clusters should increase as the liquid is cooled toward the glass transition 24 

temperature. However, the development of trigonal prism clusters in Pd-Si liquid as the 25 
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function of temperature has not been well characterized despite of intensive 1 

experimental15-18 and computational investigations.19-21.  2 

In this paper, using first-principles molecular dynamics (MD) simulations and various 3 

structure analysis methods, including a recently developed atomic cluster-alignment 4 

(ACA) method22, we will study the variation of short-range order (SRO) in liquid and 5 

undercooled liquid Pd82Si18 as the function of temperature to characterize the development 6 

of significant local structure. The paper is organized as follows. In Sec. 2, we present the 7 

technical details of experimental method and first-principles molecular dynamics (MD) 8 

simulations. In Sec. 3, the comparison between experimental findings and simulation 9 

results are presented and discussed, while conclusions are made in Sec. 4. 10 

 11 

2. Methods 12 

2.1 Experiments: Pd82Si18 alloys were prepared by arc melting the mixtures of pure Pd 13 

(99.99%) and Si (99.99%) in an ultra-high-purity argon atmosphere. The sample were 14 

sealed into a thin walled quartz capillary backfilled to ~ 500 Torr high purity Ar, Then, 15 

the samples were uniformly heated using a cylindrical Pt-Rh wound resistance furnace 16 

with a very low temperature gradient .The high energy X-ray diffraction were performed 17 

at four temperatures 1216, 1189, 1175, and 1132 K, respectively. These temperatures are 18 

all above the melting temperature of the system.  The diffraction data were collected at the 19 

Advanced Photon Source (APS) of the Argonne National Laboratory (DuPage County, 20 

IL), using an energy of 99.55 keV, which corresponds to a wavelength (λ) of 0.0124(7) 21 

nm at beamline 6-ID-D. Silicon double-crystal monochromator was employed to select 22 

the wavelength. The HEXRD was captured in a time-resolved manner using a charge-23 

coupled device (CCD, MAR Research, Evanston, IL) detector in an off-beam-axis mode, 24 

in which only a 60-deg arc of the Debye cones intersected the CCD. The sample-to-25 

detector distance was calibrated using a National Institute of Standards and Technology 26 
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(NIST) Si (640C) standard. Then the intensity data were converted to the total structure 1 

factor S(q) using PDFGetX2 with appropriate container and background subtractions and 2 

the reduced correlation function g(r) by Fourier transform.  3 

𝑔(𝑟) = 1 +
1

2𝜋2𝑟𝜌
∫ 𝑞[𝑆(𝑞) − 1]𝑠𝑖𝑛(𝑞𝑟)𝑑𝑞

∞

0

 4 

where r is a distance in real space and 𝜌 is the atomic number density of the system. 5 

 6 

2.2 Simulations: The first-principles MD simulations were performed using the Vienna 7 

ab initio simulation package (VASP) code based on the density functional theory23, 24. The 8 

projector-augmented wave method25, 26 for core-valence-electron interactions and the 9 

Perdew-Burke-Ernzerhof form of exchange-correlation energy functional in general 10 

gradient approximation27 are adopted. A cubic supercell containing 200 atoms (164 Pd 11 

and 36 Si atoms) and periodic boundary condition is utilized in the simulation. Single Г 12 

point is applied to sample the Brillouin zone of the supercell and the NVT ensemble 13 

(constant number of particles, constant volume, and constant temperature) with Nosé-14 

Hoover thermostat is simulated28, 29.  A time step of 3 fs is used. These atoms were 15 

randomly distributed initially, and then the system was sufficiently equilibrated at 2000 K to 16 

eliminate the effect of initial configuration. Then the sample was cooled down with a rate of 17 

3.3×1013 K/s to the temperatures of interest, which are 1216 K, 1132 K, 1000 K and 900 18 

K, respectively. At each temperature, after the system is thermally equilibrated and the 19 

pressure is turned to be essentially zero through the adjustment of the size of the 20 

simulation cell (it takes about 3000 MD steps), an additional 4000 MD steps (12 ps) are 21 

used for statistical sampling.  22 

3. Results and discussion 23 

The pair correlation function (PCF), g(r), as a basic description of the structures of 24 

liquid, gives the possibility to find a particle at a distance r from each central atom 25 

normalized by the average density. The calculated total and partial PCFs of Pd82Si18 alloy 26 
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for liquid and undercooled liquid are plotted in Fig. 1, along with HEXRD values at 1216 1 

K and 1132 K. From Fig. 1(a), it can be seen that the simulated PCFs are well consistent 2 

with the experimental data. The excellent agreement between the simulation and the 3 

experiments suggests that the MD simulations can provide a reasonable description for the 4 

atomic structure of liquid Pd82Si18. The total PCF becomes sharper from 1216 K to 900 K, 5 

indicating an increase in SROs. And there is a pre-peak at ~2.35 Å which is developed 6 

with decreasing temperature. Comparison of the total and partial PCFs reveals that the 7 

pre-peak of the total PCF mainly derives from the first peak of gPd-Si(r). Since the radius 8 

of the Pd atom is larger than that of Si atom, the location of the first peak of gPd-Pd(r) is 9 

obviously larger than that of gPd-Si(r), as can be seen from Fig. 1(b) and Fig. 1(c). The 10 

location of the first peak of gSi-Si(r) is at about 4 Å, which is significantly larger than the 11 

covalent bond of Si-Si bond. This finding demonstrates that there is no strong interaction 12 

between silicon atoms within the first coordination shell in the liquid state. 13 

 14 

Fig. 1. The calculated total and partial pair correlation functions of liquid Pd82Si18 alloy at 15 

different temperatures. The solid lines and open dots represent calculated and 16 

experimental, g(r), respectively. The curves are shifted vertically as indicated by the 17 

figures. 18 
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Using the PCF described above, the coordination number (CN) can be calculated. 1 

The first minimum of the PCFs is chosen as the cutoff, which is 3.710 and 3.318 angstrom 2 

for Pd-Pd and Pd-Si respectively. It is worth mentioning that since the location of the first 3 

peak of gSi-Si(r) (~ 4 Å) is already much larger than the typical Si-Si covalent bond length 4 

of ~2.35 Å, the cutoff for calculating the Si-Si CN is not the first minimum in gSi-Si i(r), 5 

but 3 Å . The total average and partial CNs of the liquid Pd82Si18 are given in Fig. 2. The 6 

CN of Si-Si is almost zero, indicating there is no strong interaction of Si-Si atoms. The 7 

other total and partial CNs exhibit a slight increase with decreasing temperature, which is 8 

reasonable as the system becomes denser when the liquid is cooled down. Besides, all the 9 

coordinated atoms around Si are Pd atoms and the number of Pd atoms is about 9. The 10 

coordination number of Pd atoms is about 13, of which there are 11 Pd atoms and 2 Si 11 

atoms 12 

 13 

Fig. 2. The average and partial CNs of liquid Pd82Si18 alloy at different temperatures. 14 

(label A–B indicates the average number of atoms of element B in the first-neighbor shell 15 

of element A) 16 

 17 

To obtain more details information about the structures, the statistics of the nearest 18 

neighbor CN and their chemical identities around the Pd and Si centered atoms 19 

respectively at 900 K are analyzed. The same cutoff distances as used for CN calculation 20 

discussed above are used and the results are shown in Table 1. The upper part in Table 1 21 

is Pd centered coordination number, and the bottom part is Si centered. In each part PdxSiy 22 

means that there are x Pd atoms and y Si atoms around the centered atom. It is obvious 23 
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that Si atoms are mainly 9 and 10 coordinated and their neighbor atoms are all Pd atoms.  1 

It should also be mentioned that the most populated of Si centered clusters are Pd9Si0, 2 

which is in good agreement with the CNs of the trigonal prism capped with three half-3 

octahedra structure in Ref [12], suggesting the presence of the Si-9Pd structure. The Pd 4 

centered atoms are mainly 13 and 14 coordinated and the most abound clusters are Pd11Si2、5 

Pd12Si2、Pd12Si1, revealing that Pd clusters tend to be the structure with high coordination 6 

numbers. 7 

 8 

Table 1. Statistics of the nearest neighbor CN and their chemical identities around the Pd 9 

and Si centered atoms. Only configuration with fraction over 5% are given. 10 

CN 7 8 9 10 11 12 13 14 15 16 

Pd    <1.0 2.2 16.0 35.9 31.6 12.1 <2.0 

      
Pd11Si1: 

8.2 

Pd12Si1: 

10.1 

Pd12Si2: 

18.1 

Pd13Si2: 

5.4 
 

      
Pd10Si2: 

6.7 

Pd11Si2: 

19.8 

Pd11Si3: 

8.6 

Pd12Si3: 

5.2 
 

       
Pd10Si3: 

5.8 
   

Si <1.0 16.2 54.4 25.7 2.8 <1.0     

  
Pd8Si0: 

16.2 

Pd9Si0: 

54.0 

Pd10Si0: 

24.7   
      

 11 

For liquid binary alloy, chemical SRO (CSRO) is responsible for the temperature 12 

dependence of thermodynamic and structural properties, commonly characterized by the 13 

Warren-Cowley CSRO parameter αij
30. Which, αij can be calculated by: 14 

𝛼ij = 1 − 𝑁ij 𝑐j𝑁total⁄ ,                                                (1) 15 

where Nij and Ntotal are the partial and total average CNs and cj is the concentration of j-16 

type atoms. The negative value of αPd-Si indicates there is an affinity between Pd atoms. It 17 

can be inferred that the relative correlations of the Pd-Si and Si-Si atoms are repulsion 18 

instead of affinity. With temperature decreased, the absolute values of the αPd-Pd, αSi-Si, αPd-19 

Si all increase, showing the enhancement of the affinity of Pd-Pd and the repulsion of Pd-20 
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Si、Si-Si. Besides, αSi-Si is larger than αPd-Si, indicating Si-Si atoms more tend to disperse 1 

than Pd-Si atoms. The main interactions in this system are the Pd-Pd and Pd-Si. 2 

 3 

Table 2. The calculated Warren-Cowley CSRO parameter αij. 4 

T (K) Pd-Pd Si-Si Pd-Si 

900 -0.080 0.991 0.137 

1000 -0.074 0.983 0.135 

1132 -0.073 0.987 0.130 

1216 -0.067 0.982 0.125 

 5 

We further explore the SRO in liquid Pd82Si18 alloy by means of a recently developed 6 

atomic cluster alignment (ACA) method, which gives a direct visualization of the average 7 

local structure order22. In the collective cluster alignment, two sets of Pd-centered and Si-8 

centered clusters, respectively, each containing 2000 clusters, are randomly chosen from 9 

the first-principles MD simulation trajectories. The clusters in each set are then aligned by 10 

rigid rotation and translation with respect to each other. After the alignment, a Gaussian 11 

smearing scheme is performed on the result of collective-alignment to smooth the three-12 

dimensional (3D) atomic distribution so that a 3D spatial-resolved distribution function 13 

can be obtained as plotted in Fig. 3(a). It shows the probability of the nearest-neighbor 14 

locations results of both Pd- and Si-centered clusters, respectively. Pd centered clusters 15 

have obvious five-fold symmetry and change little as temperature drops. However, their 16 

bottom parts are more disordered than the common icosahedron (Z12 in Fig 3. (b)), which 17 

is due to that Pd centered atoms prefer to higher coordinated clusters. In contrast, Si 18 

centered clusters are more sensitive to the temperature, as there are obvious differences in 19 

the upper part (marked by dot frame). However, the other part structures are almost the 20 

same with decreasing temperature, which are just similar to some part of the standard 21 

trigonal prism capped with three half-octahedra (also named Z9 Kasper polyhedral) and 22 
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archimdean anti-prism (Z10). It can be inferred that Si-centered short range order is a 1 

combination of Z9 and Z10 clusters and the appearance and enhancement of the upper 2 

part of Si centered clusters with the temperature decrease may be related to the increase of 3 

Z9 clusters. 4 

 5 
 6 

Fig. 3 (a) The results of the collective alignment for liquid Pd82Si18 alloy at different 7 

temperatures. Clusters in the upper panel stand for the Pd-centered (blue) ones and those 8 

in the lower panel represent the Si-centered (red) ones. The size of each ball represents the 9 

probability of atoms of a cluster in this position. (b) Standard Z12、Z9 and Z10 cluster. 10 

Then the VT method is used to analyze the polyhedral order quantitatively31. In this 11 

method, all the mid-perpendicular plane between a central atom and its neighbors form 12 

the Voronoi polyhedron (VP) about the central atom, which is denoted by Voronoi index 13 

<n3, n4, n5, …, ni, …>, where ni is the number of i-sided polygon of the VP. The total 14 

number of the faces of the VP equals to the CN of the central atom. The fraction of the 15 

respective top 5 most frequent Voronoi indices and icosahedrons (<0,0,12,0,0>) are 16 

depicted in Fig. 4. It is found that at 900 K the most abundant are <0,3,6,0,0>,  17 

<0,2,8,0,0> ,<0,3,6,1,0>, corresponding to the Z9、Z10 and distorted Z10 cluster. And 18 

the population of <0,3,6,0,0> and <0,2,8,0,0> increase shapely when temperature dropped 19 

from 1216 to 900 K, which is just associated with the appearance of dotted part in the 20 

result of collective-alignment in Fig. 3. As for Pd atoms, the main structures are 21 

<0,1,10,2,0>, <0,3,6,4,0> and <0,2,8,4,0>, showing that Pd atoms prefer high 22 
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coordinations. Interestingly, the fraction of icosahedron <0,0,12,0> increases and 1 

distorted icosahedrons decrease with temperature dropping to 900 K, implying the 2 

disordered icosahedrons may transform into the ideal ones  3 

 4 

Fig. 4. The distributions of Voronoi indices for liquid Pd82Si18 alloy at different 5 

temperatures.  6 

 7 

To directly observe the distribution of Z9 、Z10 and icosahedron clusters, these 8 

clusters are picked out from the result of <0,3,6,0,0> (orange clusters),<0,2,8,0,0> (green 9 

ones) and <0,0,12,0,0> (blue ones)in VT method at 900 and 1216 K as shown in Fig.5 (a) 10 

and (b), respectively. The central atom of these clusters are also plotted in the top right 11 

corner, in which only atoms-sharing clusters are bonded. A chain of trigonal prisms 12 

capped with three half-octahedra and and archimdean anti-prism was found in a realistic 13 

structural model of liquid Pd82Si18 alloy. It is of interest to be found that the neighbor 14 

atoms of centered Si atoms in Z9 and Z10 clusters are all Pd atoms, instead of Si atoms, 15 

which is consistent with previous result of the PCFs and CN. At 1216 K, there are only a 16 

small quantity of Z9 and Z10 clusters, which are connected to icosahedrons to form a 17 

chain-like structure. With temperature decreased to 900 K, that the Z9 and Z10 clusters 18 

increase sharply, leading to a larger chain, just as the connection way of icosahedron in 19 

Zr-Cu-Al  system 32 which implies that Z9 and Z10 cluster may play similar roles in the 20 

process of glass formation to icosahedrons. What’s more, Z9 and Z10 cluster connect with 21 
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each other in the way of vertex, line and face sharing. However, the connection types of 1 

Z9 (or Z10) and icosahedron are not only previous three sharing way, but also the 2 

nestification as shown in Fig. 5 (c) 3 

 4 

Fig. 5. Distribution of Z9 (orange clusters) 、 Z10 ( green ones ) and Icosahedron (blue 5 

ones) clusters in Pd82Si18 at different temperature (a) 900 K, (b) 1216 K. (c) Connection 6 

way of different clusters, and pink ones are the sharing atoms.  7 

 8 

 9 

4. Conclusions 10 

The local structure of the liquid Pd82Si18 alloy has been studied using first-principles MD 11 

simulations and validated using x-ray diffraction. The calculated pair-correlation 12 

functions compared well with the experimental results. The analysis of partial PCFs and 13 

CSRO indicate that there is a strong repulsion between Si atoms and Si atoms preferred to 14 

be evenly distributed in the liquid. ACA and Voronoi tessellation are carried out to 15 

describe the detailed 3D orders of the local atomic structures in the liquid. Trigonal prism 16 

capped with three half-octahedra and archimdean anti-prism dominants the local structure 17 

of Si centered clusters in the liquid Pd82Si18 alloy. These clusters connect to each other to 18 

form chains and networks with the connection of vertex, edge and face sharing. The results 19 

from our simulation and analysis provide useful insight into the structure evolution of Pd-based 20 
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materials. The knowledge gained from the present study is also very useful for understanding the 1 

phase competition and glass formability in Pd-Si systems.  2 
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