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1. Introduction 

Bulk metallic glass (BMG) has being attracted great interest due to the increasing demand for light-

weight and low-cost structural material. They are twice as strong as steel, have greater wear and 

corrosion resistance, are tougher than ceramics, and yet have greater elasticity. 

For the simulation of BMG from the liquid phase is necessary to create a canonical ensemble with a 

Nosé Hoover thermostat for temperature control. The supercell for this simulation, that will include 

proportionally all the atoms in the alloy, will be set with the size correspond to the experimentally 

measure density of the BMG. All the atoms will be distributed randomly with the periodic condition 

imposed. The alloy will be melted and equilibrate before quenching. During the quenching process the 

evolution from liquid to the BMG state is collected. During this process, the system can maintain a 

thermodynamic equilibrium only in the overheated state. The system should be metastable in the 

undercooled liquid and glass states. 

Once the structure of liquid and amorphous has been generated using AIMD simulations, various 

properties of these materials can be explored. All the properties need to be focus in the Short-Range 

ordering, SRO, of the configuration. In this local arrangement three important analyses might be 

contribute to the understanding of the BMG state. They are: the pair correlation function, PCF, the 

structure factor, SF, and the Common-neighbor analysis, CNA, which reveal the coordination base on 

reference specie. With these three analyses is possible to determine, locally, the behavior of each atoms 

with its surrounding or neighbors atoms and to determine the generalized contribution of each pair by it 

energetic result 

2. Analysis Methodology 

2.1. Pair Correlation Function 

 

 Figure 1: Representation of: a. particle packing in an amorphous structure,                                                
b. typical pair correlation function plot. 

The pair correlation function (PCF) reveal the structure characteristic of local atoms in liquid and 

amorphous states. This analysis might tell you how the particles are pack together. Figure 1 describes 

how particles might be packing in an amorphous media based on a reference atom. All different kind of 



atoms will have their bonding preference that will take place in the first relaxation for the equilibrium of 

the random initial condition. The PCF is given by the following equation: 
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Where V denotes the volume of the supercell, Ni and Nj are the numbers of ions of i and j species in the 

supercell, and 𝑛𝑖𝑗  𝑟,∆𝑟  is the number of ion of j species in the sphere shell from r to r+Δr, as 

referenced to i species. More generally, the PCF is the probability of finding particle i in the spherical 

shell where particle j is taken as the center. 

2.2. Structure factor 

The Structure factor (SF) is a mathematical description of how a material scatters incident radiation.  

Because of the periodic arrangement of the atoms, the interference of waves scattered from different 

atoms may cause a distinct pattern of constructive and destructive interference to form.  The SF is 

obtained for each modulus which will represent the structure factor of different configurations. The SF is 

given by the following equation: 

𝑆𝑖𝑗  𝑄 = 1 + 𝜌  4𝜋𝑟 𝑔𝑖𝑗  𝑟 − 1 
sin  𝑄𝑟 

𝑄

∞

0
𝑑𝑟                                                     [2] 

Where 𝑄 =  4𝜋/𝜆 sin𝜃, denotes the modulus of the scattering vector as a function of the scattering 

angle 2θ and X-ray wavelength λ, and ρ is the density of ions in the supercell.  

The SF and PCF discussed above are the partial contribution. Each atom in the configuration is free to be 

bond with other atom as they move from the liquid to the BMG state. The generalized PCF and SF is 

then obtain by the linear combination of the partial SFs or PCFs, normalized by the neutron scattering 

coefficients.    With this two PCF and SF factors is possible to determine, locally, the behavior of each 

atoms with its surrounding or neighbors atoms and to determine the generalized contribution of each 

pair by it energetic result. 

2.3. Common-neighbor analysis 

The degree of disorder in a nanocrystalline material (bulk or cluster) can be quantified using the 

common-neighbor analysis (CNA) method. This method is focus on the local environment surrounding 

each atomic pair that contributes to the generalized configuration. The CNA was propose by Honeycutt 

and Andersen and is can give a detailed three-dimensional image of the topology surrounding each 

atom. CNA might distinguish between the FCC, HCP, BCC and icosahedral packing (lower surface energy).  

From the PCF the first minimum define the cutoff distance of the nearest neighbors as observed in 

Figure 1.  

The CNA is base on four indexes that describe schematically how the atoms might be packed. The 

classification of the four indices is as follow: i. might be 1 or 2 indicating the selected pair, α and  β atom, 

is the nearest-neighbors (i = 1) or not )(i = 2), ii. indicates the number nearest neighbors shared by (α, β) 



pair common neighbors, iii. indicates the number of bonds among the common neighbors, iv. 

differentiates diagrams with same I, ii and iii indexes and different bonding among common neighbors. 

This method is able to distinguish between various local structures like FCC, HCP, BCC and icosahedral 

environments. For example, 1551 bonded pairs represent a root pair with five common neighbors linked 

by five bonds, thus forming a pentagon of atoms in contact. 1551 is a direct measurement of the degree 

of icosahedral ordering. 

2.4. Short-range ordering 

In BMG due to the amorphous characteristic, there is no long range order that characterized the crystal. 

In fact, locally there is a short-range ordering (SRO) of atom involve. This SRO, which is presence in the 

liquid phase, tends to emerge during the quenching process to the BMG state. Therefore the disorder 

degree will decrease as decrease in temperature. The SRO might be understood as small cluster through 

the media. 

2.5. Media-range ordering  

All the SRO contribution, or all different cluster presence due to the bonding pair preference, are linkage 

to form a Media- range ordering. In the MRO all local configuration or SRO clusters are connected via 

four different methods: via Vertis, Edge, Intercross and phase sharing.   

As an example, if locally simple cubic (SC) structure is considered, then the SC will form the SRO 

configurations and the connection via the different method already discussed, will describe the MRO. 

3. Experimental contribution 

The three kind of analysis that might be use to describe the behavior on BMG material can be validated 

by different characterization process. Most of them are validating using X-ray diffraction in the case of 

atoms packing and DCC for thermal properties. Some of them are X-ray scattering, X-ray absorption fine 

structure (EXAFS), Anomalous X-ray scattering, and Neutron diffraction. Diffraction scanning calorimeter 

(DSC) might be use to determine the glass transition temperature of the material. 

4. Methodology of the simulation 

Generalizing, there is a procedure for BMG than can be follow to study similar system with just taking in 

account the nature behavior of the atoms. The following schematic procedure try to resume and general 

approach found in the literature. 

1.  GGA, ultrasoft psedopotentials, exchange and correlation, etc. 

2. Set the superlattice with similar condition as found for the BMG at room temperature 

experimentally. 

3. Randomly, put all the atoms in the superlattice as in a liquid phase. 

4. Set a canonical ensemble with a Nose thermostat for temperature control. 

5. Before start the quenching, let relax for long time to equilibrate the random distribution. 



6. Start the quenching relaxing at different quenching steps 

7. Collect data at each steps for analysis evolution. 

In the next section, a deeply view of BMG will be presence from selected research papers. For now, the 

methodology description for each of the investigation is resume as fallow: 

Vit1 BMG: Zr41.2Ti13.8Cu12.5Ni10Be22.5 (DFT + AIMD) 

 GGA, band- by-band residual minimization method, ultrasoft pseudopotentials, canonical 

ensemble with a Nosé Hoover thermostat for temperature control, time step of 3 fs, cubic 

supercell with 200 atoms (82 Zr, 28 Ti, 25 Cu, 20 Ni and 45 Be), randomly distributed 200 atoms 

in a cubic supercell with size of a=1.482 nm, melted and equilibrated sequentially at 2300, 1900 

and 1500 K each for 1000 time steps. The equilibrated liquid was quenched sequentially from 

1500 to 1250, 1000, 900, 800, 600, 500, 400, 300 K with an average cooling rate of 6x1013 K/s. 

The alloy goes through three states: overheated, undercooled liquid and glass. 

Mg65Cu25Y10 BMG – (DFT + AIMD) 

 GGA, ultrasoft pseudopotentials, cubic supercell (14.63x14.63x14.63 A3) of 140 atoms random 

distributed – 35 Cu, 91 Mg and 14 Y, canonical ensemble with a Nosé Hoover thermostat for 

temperature control, time step – 5fs, equilibrate by running 2000 time steps at 2000 K, 

sequentially quenched to 1200 K, 950 K, 750 K, 600 K, 450 K and 300 K at the cooling rae of 

2x1014 K/s. 

 

 

 

 

 

 

 

 

 

 

 

 



5. Papers related 

 

5.1.  Atomic structure Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass alloy 

X. Hui, H.Z. Fang, G.L. Chen, S.L. Shang, Y. Wang, J. Y. Qin, Z. K. Liu 

 

Figure 2: Evolution of (a) generalized PCFs and (b) SFs of vit1 alloy obtained by AIMD calculation (solid lines) and EXAFS 
experiment (scattered circles) from 2300 to 300 K. (c) A view of the final configuration obtained by the AIMD calculations. 
The green, orange, yellow, grey and blue circles represent Be, Cu, Ni, Ti and Zr atoms, respectively. 

Figure 2 – (a) and (b), shows the Generalized PCF and SF for vit1 BMG at different temperature, 

respectively. Because the large amount of atoms involved in the formation of vit1 BMG, there is 15 

groups of partial PCFs and SFs that a linear combination of all of them get the generalized contribution. 

To simplify the this problem, all the possible bonding pairs were based on Be and Zr due to the high 

concentration in the alloy, Be( 22.5) and Zr (41.2). Or, from another point of view, Be and Zr are the 

diffuser while Ti, Cu and Ni are the solute. 

The SF in Figure 2-(b) reveal that the lower the temperature, the more intensive the ordering in these 

atomic pairs. While in figure 2 –(a) is observed a split in the first, second and third neighbors at 600 K 

which reveal the transition to the BMG state. These two analyses can show that there is a local ordering 

in the long-range-disordered structure of the vit1 BMG alloy.  

The small group, 45 % of the alloy, or the solute atoms, enhances the formation of SRO in vit1 BMG. For 

the easy formation of metallic glasses there is the bonding criterion of a transition metal (TM) with a 

Metalloid or TM-TM pair bonding system. In the localized zone, which consists of the center atoms and 

the coordinate ones and is enriched with the small atoms (Be, Cu and Ni), it is found that Ni-Zr (TM-TM) 

pairs have a large contribution in the chemical SRO due to have the largest mixing enthalpy of all the 

atomic pairs.  

 

 

 



Table 1: Position of the first, second and third peaks of generalized PCF and SF of the vit1 BMG alloy from the AIMD 
calculation and EAXFS experiments. 

 PCF SF 

R1 (nm) R2 
 (nm) 

R3  
(nm) 

Q1  
(nm-1) 

Q2  
(nm-1) 

Q3 
 (nm-1) R11 R12 R13 

Exp 
AIMD 

0.232 
0.229 

0.279 
0.273 

0.317 
0.321 

0.479 
0.483 

0.731 
0.728 

28.1 
28.5 

49.4 
50.4 

69.9 
71.8 

R11, R12, R13 represent the subpeaks on the first peak of the PCF curve. 

 

For the validation of the simulation they show, Table 1, the comparison with experimental data, EAXFS 

experiment, in the first, second and third neighbors of the PCF and SF. Here is observed the accuracy of 

data in each of the minimum, which represent the cutoff distance for each of the neighbors, values 

correspond to PCF and SF plots. Additionally, Figure 2-(a) and (b) shows accuracy trend when compared 

the experimental values and the simulation at 300 K.  

 

 

 

 

 

 

 

 

Figure 3-(b) shows the contribution of the different clusters as decrease in temperature from the 

overheated state to the supercooled liquid and glass state. The most stable cluster configuration in the 

glass phase belongs to icosahedral-like structures followed by the BCC, FCC type of bond and finally 

disorder. The formation of these Icosahedral-like structures is due to the need for dense packing 

structure as reach the BMG state. All the different Icosahedral, related to the base pair bonding in the 

SRO, will be connected via different sharing method to form the MRO or the Icosahedral MRO (IMRO), 

as shown in Figure 3-(a).  In both, the liquid and glass states, Icosahedral clusters exist, because these 

clusters can’t form long-range period lattice. 

 

 

Figure 3: MRO form by SRO icosahedral clusters via different sharing methods (a), 
variation of bond pairs with temperature in the vit1 BMG alloy. 



 

 

 

 

 

 

Figure 4 shows the glass transition temperature, Tg, for vit1 BMG which is found to be 631 K. 

Experimentally was found to be 638 K measured by DSC at heating rate of 20 K/min. There is two ranges 

of discussion that are separated by the Tg, higher and lower temperature. At a high temperature, the 

atomic configurations are of higher potential energy and this structural relaxation contributes to the 

heat capacity. As the temperature is lowered, the timescale of the structural relaxation increase rapidly, 

and in the glass transition region is comparable to the timescale of the cooling process. At even lower 

temperature, structural relaxation cannot take place, causing the total heat capacity to be smaller than 

that at higher temperature. It is know that the supercooling of a liquid below the melting point is 

associated with a large increase in its viscosity. Free volume, enthalpy and entropy are frozen in, 

resulting in sudden changes in the specific heat capacity and the expansion coefficient.  

5.1.1. Conclusions: 

 Glass transition temperature of vit1 BMG was found to be 631 K compared with 638 K experimentally. 

The generalize PCF and SF agree with experiment. Icosahedral distribute in range of clusters. Glass state 

are densely packed. ISRO must important form of ordering. Isocahedra are connected via VS, ES, FS and 

IS atoms to form IMRO. The ISRO and corresponding IMRO lower the energy and stabilize the 

undercooled liquid. The close-packed structural characteristic and complex composition of this system 

result in a high viscosity in the supercooled liquid and makes crystallization extremely difficult. 

 

 

 

 

 

 

 

Figure 4: Temperature dependence of the internal energy of vit1 alloy during the continuous cooling process.  



5.2. Structural characterization of Mg65Cu25Y10 metallic glass from     

ab initio molecular dynamics 

R. Gao, X. Hui, H.Z Fang, X.J. Liu, G.L. Chen, Z.K Liu 

 

 

 

 

 

 

Using the same interpretation of last section (vit1 BMG), the PCF might reveal the transition 

temperature which is attribute to some split of the first, second and third peak. Figure 6-(a) shows a split 

in the principal three peaks at 750 K which might correspond to the melting point, Tm. Experimentally, 

the Tm for Mg65Cu25Y10 had been found to be 727.29 K.  The effect of the splitting in the PCF at 750 is 

better understand when consider the partial PCF for each pair. To extract the data for the generalized 

plots is necessary to take in consideration all the partials bond pairs. In this case, the possible 

heterogenic bond pair belongs to Cu-Mg (TM-M), Mg-Y (M-TM) and Cu-Y (TM-TM). The contribution of 

Cu-Y is higher than the other two heterogenic pairs due to the criterion for BMG formation and because 

the heat of mixing is 3 to 4 time larger than the other two, respectively.  They observed that the Y atoms 

rearranged more remarkably at the temperature near the onset melting point. The disorder degree 

descends during quenching, and some kinds of SRO tend to emerge.  

The SF in Figure 6-(b), shows that at high temperature, it is seen that all the S(Q) curves of the alloy 

show typical liquid structure. With the decrease of the temperature Mg65Cu35Y10 reveal an increase of 

atomic ordering during quenching. 

Table 2: Generalized coordination numbers of Mg65Cu25Y10 alloy at different temperatures. 

T(K) NCu NMg NY 

2000 10.01 12.75 16.92 

1200 10.16 13.33 16.82 

950 10.45 13.53 16.97 

750 10.00 13.62 17.33 

600 9.97 13.58 16.88 

450 10.05 13.30 16.48 

300 9.85 13.12 16.53 

 

Figure 5:  Generalized (a) PCF and (b) SF for different temperatures 



Table 2 shows that all Ni reach the largest values around 750 K, reflecting the atoms are densely packed 

near this temperature. The decrease in CNs at low temperature may be caused by the increase of 

structural ordering, but not the phase transformation. 

5.2.1. Conclusions 

The position and shape of the peaks in PCFs are found to be changed around 750 K. CNs reach a largest 

values around 750 meaning high short-range-ordering. SF reveals the increase of atomic ordering during 

quenching. 

 

6. General Conclusion 

The BMG formation through a quenching process from the liquid to the glass state in a canonical 

ensemble had been simulated using DFT and AIMD. A cubic supercell of lattice dimension obtained from 

experimental data of the BMG at room temperature and a random proportional distribution of atoms in 

consideration had been proposed as initial condition. The superlattice is relaxed for a long time before 

the quenching process to equilibrate the initial random condition. PCF, SF and CN analysis had been 

proposed for the understanding of the evolution in the quenching process as well as the final BMG state. 

In both research papers presented, the localize contribution in the SRO is considering which a linear 

combination of all SRO will form the MRO. As decrease in temperature the SRO in the system increase. 

The formation of Icosahedral clusters, which is the most stable configuration, increase as reach the 

transition temperature. The Icosahedral configuration dominates in the BMG state. The transition from 

the undercooled liquid to the BMG state due to a locally SRO than a phase transition. 
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