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Abstract: The mixing enthalpies and structural order in liquid Mg−Si system were investigated via ab-initio molecular 
dynamics at 1773 K. By calculating the transferred charges and electron density differences, the dominance of Si−Si 
interactions in the chemical environments around Si was demonstrated, which determined that the mixing enthalpy 
reached the minimum on Mg-rich side. In terms of Honeycutt and Anderson (HA) bond pairs based on the partial pair 
correlation functions, the attraction between Si−Si pairs and Mg atoms was revealed, and the evolution of structural 
order with Si content was characterized as a process of constituting frame structures by Si−Si pairs that dispersed Mg 
atoms. Focusing on tetrahedral order of local Si-configurations, a correlation between the mixing enthalpy and 
structural order was uncovered ultimately, which provided a new perspective combining the energetics with geometry to 
understand the liquid Mg−Si binary system. 
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1 Introduction 
 

As a kind of traditional lightweight high 
strength material, Mg−Si alloys have regained 
attention owing to their interesting mechanical and 
thermal properties [1]. The mechanical properties of 
Mg−Si alloys are similar to those of natural bone, 
what is more, the excellent biodegradability and 
biocompatibility make them promising candidates 
for orthopedic clinical applications [2]. Besides, 
Mg−Si alloys have considerable high thermal 
conductivities and low coefficients of thermal 

expansion, which are essential properties for 
applications in the electric industry [3]. Therefore, 
in order to promote the upgrading of implant and 
electronic products, it is necessary to design the 
capable Mg−Si alloys based on a comprehensive 
understanding on this binary system. 

Mg−Si binary alloy phase diagram provides  
an important guideline for the alloy design.   
Since the first experimental determination 
performed by VOGEL in 1909 [4], Mg−Si binary 
alloy phase diagram has been optimized more than 
7 times [5−11]. One of the major difficulties is to 
obtain the accurate thermodynamic description on  
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the liquid phase, because no direct measurement  
for the mixing enthalpy has been available in liquid 
Mg−Si system so far. In 1967, ELDRIDGE et al [12] 
firstly derived the mixing enthalpies of liquid 
Mg−Si alloys from the measured activities by an 
isopiestic method. However, the isopiestic 
experiments were limited to the composition below 
60 at.% Si. Combining the isopiestic experiments of 
ELDRIDGE et al [12] with the phase diagram 
information, GEFFICEN and MILLER [13] 
reevaluated the mixing enthalpies later, which show 
visible differences from the results of ELDRIDGE 
et al [12]. 

In an effort to eliminate this confusion, YUAN 
et al [11] described the excess Gibbs energies of the 
liquid phase by using Kaptay equation [14,15], and 
ELDRIDGE et al’s data were reproduced. On the 
other hand, JUNG et al [10] critically evaluated all 
the available thermodynamic and phase diagram 
data in Mg−Si binary system. With the aid of the 
extended modified quasi-chemical model [16,17] 
for short-range order in the liquid phase, their 
optimized mixing enthalpies are close to the data 
given by GEFFICEN and MILLER [13]. Although 
the confusion continues, JUNG et al’s work [10] 
suggests that the mixing enthalpies in liquid Mg−Si 
system are worth further understanding combined 
with the structural order. 

Unfortunately, investigations on the liquid 
structures of Mg−Si alloys are not sufficient. 
Recently, LIU et al [18] have performed   
ab-initio molecular dynamic (AIMD) simulations to 
investigate the structures of a series of liquid 
Mg−Si alloys at the temperatures 100 K higher than 
the liquidus. By examining chemical short-range 
order around Si atoms, a maximum was identified 
at eutectic Mg47Si53 alloy. Further, QIN et al [19] 
emphatically studied atomic self-diffusion 
behaviors of liquid Si-contained metallic systems 
including Mg−Si, and two main factors on the 
self-diffusion coefficient of Si (DSi) were  
confirmed. The dominant factor is the partial 
coordination number ZSi−Si: the larger the ZSi−Si is, 
the smaller the DSi will be; the secondary one is 
medium-range order: the stronger the medium- 
range order is, the smaller the DSi will be. On this 
basis, the coupling diffusion behavior between Mg 
and Si atoms in liquid Mg−Si system below 60 at.% 
Si was identified. 

These reported AIMD works provide insights 

into the structural order in liquid Mg−Si system. 
However, two independent variables affecting 
atomic behaviors are involved: one is composition 
and the other is the temperature. For the sake of 
understanding the mixing enthalpy combined with 
structural order, composition should be the only 
independent variable, which is difficult to be 
extracted accurately from the above works by 
eliminating the temperature effect. In this work,  
the mixing enthalpies and structural order in  
liquid Mg−Si system were investigated at a  
constant temperature via AIMD. The transferred 
charges and electron density differences were 
calculated to explore the atomic interaction 
mechanism in the evolution of the mixing enthalpy, 
and the structural order was characterized by 
analyzing Honeycutt and Anderson bond pairs 
based on the partial pair correlation functions. 
Finally, a correlation between the mixing enthalpy 
and structural order was uncovered in liquid Mg−Si 
system focusing on tetrahedral order of local 
Si-configurations. 
 
2 Methodology 
 
2.1 AIMD simulation 

The AIMD simulations were performed by the 
Vienna ab-initio simulation package (VASP) [20]. 
The projector augmented wave potentials [21] were 
adopted to determine the interaction between ion 
cores and valence electrons, and the electronic 
exchange-correlation was described by the 
generalized gradient approximation (GGA) [22] 
with PW91 functionals [23]. Only Γ-point was  
used for sampling the Brillouin zone. NVT 
ensemble was employed by means of Nosé−Hoover 
thermostat [24,25] to control the temperature, and 
Newton’s equations of motion were solved via   
the velocity Verlet algorithm [26] with a time step 
of 3 fs. 

Because the melting point of Si (1687 K) is 
even higher than the boiling point of Mg (1380 K), 
it is difficult to determine a constant simulation 
temperature for ensuring that pure Mg and Si are 
both in the liquid state. Considering that the random 
atomic distribution is a common character shared 
by gases and liquids, we firstly established an initial 
configuration of liquid pure Mg via Monte−Carlo 
algorithm, which contains 240 Mg atoms 
distributed randomly. The initial configuration was 
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relaxed for 9 ps to reach the equilibrium state under 
an average external pressure of (0±50) MPa at 973 
(50 K above the melting point of Mg), 1073, 1173, 
1273, and 1773 K (393 K above the boiling point of 
Mg and 86 K above the melting point of Si), 
respectively. The calculated molar volumes are 
exhibited in Fig. 1. It can be seen that the molar 
volume linearly evolves with the temperature,   
and there is no abruption corresponding to the  
first order phase transformation in this temperature  
 

 
Fig. 1 Molar volume of liquid pure Mg at (0±50) MPa 

region. Hence, we set 1773 K as the simulation 
temperature in this work, and the simulated liquid 
Mg-rich alloys can be considered as overheating 
melts. 

After determining the simulation temperature, 
18 composition points were sampled from pure Mg 
to Si. The initial configuration for each composition 
point, which contains 240 atoms, was also 
established by Monte−Carlo algorithm and relaxed 
for 9 ps to reach the equilibrium state under an 
average external pressure close to 0 at 1773 K. 
Following the relaxed configurations, AIMD runs 
were continued for 9 ps to obtain the average 
physical parameters and structural order of liquid 
Mg−Si alloys. The obtained physical parameters, 
including external pressures, cohesive energies, 
number densities, and mass densities, are given in 
Table 1. Due to the atom vibrations, the external 
pressures and cohesive energies are always 
oscillated. The oscillation ranges are provided in 
Table 1, and each of the average values is derived 
based on 3000 configurations in the continued 9 ps 
run. Among these physical parameters, only the 

 
Table 1 Physical parameters of liquid Mg−Si alloys at 1773 K 

Si content/ 
at.% 

External pressure/MPa  
Cohesive energy/ 

(kJꞏmol−1) Molar volume/
(cm3ꞏmol−1) 

Number density/ 
(1022 cm−3) 

Mass density/
(gꞏcm−3) 

Oscillation Average  Oscillation Average

0 [−499, 528] −24  [−114.17, −107.75] −111.30 17.15 3.51 1.40 

6.25 [−590, 545] −34  [−137.76, −131.96] −134.86 16.59 3.63 1.46 

12.50 [−633, 776] 7  [−160.94, −154.78] −158.37 16.04 3.75 1.53 

18.75 [−727, 630] −27  [−184.63, −178.52] −181.67 15.60 3.86 1.59 

25.00 [−653, 891] −24  [−208.03, −201.17] −204.97 15.12 3.98 1.65 

31.25 [−795, 891] −24  [−231.69, −223.48] −228.02 14.68 4.10 1.72 

33.30 [−708, 738] −15  [−239.03, −232.34] −235.74 14.53 4.14 1.74 

37.50 [−853, 784] −28  [−253.66, −247.08] −250.48 14.27 4.22 1.79 

43.75 [−1046, 1145] −32  [−275.84, −269.86] −272.76 13.86 4.34 1.86 

50.00 [−1147, 937] −11  [−297.54, −290.33] −294.03 13.51 4.46 1.92 

56.25 [−955, 990] 3  [−318.85, −312.05] −315.33 13.15 4.58 2.00 

62.50 [−960, 1025] 19  [−339.33, −333.52] −336.16 12.79 4.71 2.07 

68.75 [−1283, 1003] −16  [−359.96, −353.36] −356.66 12.48 4.83 2.14 

75.00 [−1750, 1479] 23  [−379.54, −373.50] −376.82 12.13 4.96 2.23 

81.25 [−1027, 1090] 38  [−399.15, −392.83] −396.81 11.79 5.12 2.31 

87.50 [−1027, 1835] 36  [−419.82, −413.12] −416.45 11.47 5.25 2.40 

93.75 [−1339, 1446] −38  [−439.02, −433.05] −435.97 11.19 5.38 2.48 

100.00 [−1402, 1597] 6  [−458.54, −451.67] −454.99 10.90 5.52 2.57 
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mass density of liquid pure Si can be verified 
because of the lack of experimental data. The 
calculated result of 2.57 g/cm3 at 1773 K is a bit 
smaller than the experimental value of 2.59 g/cm3 at 
1733 K [27], revealing the accuracy of the current 
AIMD simulations. 
 
2.2 Data analysis 

The mixing enthalpy (ΔH) is defined as 
Eq. (1): 
 
ΔH=Halloy−(1−cB)HA−cBHB                          (1) 
 
where cB is the concentration of component B in the 
liquid binary alloy, and Halloy, HA, and HB denote the 
enthalpies of the alloy, pure A, and pure B, 
respectively. Because each sample in this work was 
relaxed under an average external pressure close to 
0 at 1773 K, the enthalpy is approximate to the 
cohesive energy as listed in Table 1. 

The electron density differences are calculated 
from Eq. (2): 
 
Δρ=ρactual−ρsphericalized                                   (2) 
 
where ρactual denotes actual electron density in an 
alloy, and ρsphericalized denotes the superposed 
sphericalized electron density in the configuration 
same with the considered alloy. With the aid of 
Bader Charge Analysis [28], the total charge of a 
single atom in an alloy is found by integrating the 
actual electron densities within the “Bader” region, 
and the transferred charge can be obtained by 
subtracting the total charge in the free state from 
that in the alloy. 

The partial pair correlation function (PPCF, 
gA−B(r)) is derived from Eq. (3) [29]: 
 

A
B

A B 2
1A B

( , )
( )

4

N
i

i

n r rV
g r

N N r r







              (3) 

 
where V is the total volume, NA and NB are the 
atomic numbers of A and B, respectively, niB(r,Δr) 
is the atom number of B in the sphere shell around 
the ith A atom from radius r to radius r+∆r. Further, 
the partial coordination number is provided by the 
following Eq. (4): 
 

valley 2
A B B A B 0

4 ( )d
r

Z r g r r                (4) 
 
where rvalley denotes the position of the first valley 
in gA−B(r), and ρB is the number density of B. 

Honeycutt and Anderson (HA) bond pair [30] 
characterizes the topological short-range order by a 

sequence of three integers as “ijk”: the first integer i 
is labeled as 1 if the atoms comprising a root pair 
are near-neighbors; the second integer j is the 
number of near-neighbors shared by the root pair; 
the third integer k is the number of bonds among 
the shared neighbors. It should be noted that, the 
“pair” and “bond” are identified by the fact that the 
atoms are within a cutoff distance corresponding to 
the position of the first valley in the PPCF, instead 
of the atomic interaction. 

The composition of shared neighbors reflects 
the atomic distribution behavior around a root pair. 
To describe these behaviors, we defined a parameter 

root
A  by referring to Ref. [31]: 

 
common

root A
A

B

1
(1 )

N

j c
  


                       (5) 

 
where 

common
AN  denotes the atomic number of A in 

shared neighbors. The parameter root
A  states three 

distribution behaviors of A: 
root
A  is equal to zero 

for the “random” distribution; the positive 
root
A  

means the attraction between the root pair and A; 
the negative one means the repulsion. 

The number of bonds among the shared 
neighbors reflects the dense degree of the atomic 
arrangement around a root pair. Herein, we defined 
a parameter δroot to quantify the dense degree as 
follows: 
 

root 2

( 1)

k

j j
 


                          (6) 

 
where k is number of bonds among the shared 
neighbors. It should be clarified that the 
denominator j(j−1)/2 means the ideal upper limit of 
the number of bonds among the shared neighbors, 
and the parameter δroot is only applicable for 
comparing the dense degrees between the bond 
pairs with the same j. For example, both 120 and 
121 bond pairs can be searched out in liquid pure 
Mg and the maximum δroot is 1 for j=2, while δroot 
for j=5 allows a maximum of 0.8 corresponding to 
the bond pair 158. 

Finally, a local Si-configuration in this work is 
composed of five Si atoms and formed by a central 
one with its 1st, 2nd, 3th, and 4th near-neighbors. 
Its tetrahedral order is evaluated by the parameter 
qt [32]: 
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t
4
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where θij is the angle formed by an atom with its ith 
and jth near-neighbors, and qt=1 means perfect 
tetrahedral order. 
 
3 Results and discussion 
 
3.1 Mixing enthalpy 

According to the cohesive energies listed in 
Table 1, the calculated mixing enthalpies in liquid 
Mg−Si system at 1773 K are plotted in Fig. 2. 
Compatible with the optimized results [12,13] at 
1350 K, the calculated mixing enthalpy reaches the 
minimum on Mg-rich side. However, the deviations 
between the AIMD results and optimized ones are 
obvious. Note that 1350 K is lower than the melting 
point of Si, and as mentioned in Introduction, no 
direct measurement for the mixing enthalpy is 
available in liquid Mg−Si system. Hence, it is worth 
reassessing the reliabilities of the optimized results 
by means of AIMD [33]. 

We sampled 20 at.% Si, 40 at.% Si, and 
60 at.% Si to reassess the mixing enthalpies at 
1350 K. The corresponding physical parameters and 
 

 
Fig. 2 Calculated mixing enthalpies in liquid Mg−Si 

system at 1773 K combined with calculated results and 

optimized ones [12,13] at 1350 K 

PPCFs are given in Table 2 and Fig. 3, respectively. 
Herein, liquid pure Si was obtained by rapid 
quenching with the speed of 3.33×1014 K/s from 
1773 K and confirmed to be supercooled. The 
calculated mixing enthalpies at 1350 K are between 
the AIMD results at 1773 K and the results of 
ELDRIDGE et al [12] as presented in Fig. 2, which 
is in agreement with the temperature-dependence of 
mixing enthalpy following LE rule [34] and favors 
the argument of YUAN et al [11] that the results of 
ELDRIDGE et al [12] should be more reliable 
compared with the results of GEFFICEN and 
MILLER [13]. 

To explore the atomic interaction mechanism 
in the evolution of the mixing enthalpy, we 
calculated the transferred charges and electron 
density differences in liquid Mg−Si system. 
Figure 4 exhibits the calculated average transferred 
charges per atom, and a dash line is also provided  
to denote the expected values based on the 
transferred electron affinity of Si at 6.25 at.% Si. 
The deviations between the calculated results and 
dash line suggest that the electrons resist to transfer 
from Mg towards Si above 18.75 at.% Si. 
Figures 5(a1) and (a2) show the electron density 
differences at 18.75 at.% Si. Once Si atoms appear 
near Mg, the electron density differences become 
positive between Mg and Si, while the differences 
are close to zero between Mg atoms. This indicates 
that the formation of Mg−Si interactions is 
contributed by the electron redistribution around 
Mg, which weakens Mg−Mg interactions. At 
18.75 at.% Si, the number of Mg atom is much 
larger than that of Si, which means that Mg atoms 
can occupy most of positions within the first 
coordination shell of Si to form Mg−Si interactions. 
Even so, the positive electron density differences 
still occur between Si atoms. This result reflects 
that Si−Si interactions are sufficiently stable to be 

 

Table 2 Physical parameters of liquid Mg−Si alloys at 1350 K 

Si content/ 

at.% 

External pressure/MPa  Cohesive energy/(kJꞏmol−1) Molar volume/

(cm3ꞏmol−1) 

Number density/ 

(1022 cm−3) 

Mass density/

(gꞏcm−3) Oscillation Average  Oscillation Average

0 [−597, 547] 0  [−120.52, −114.51] −117.65 16.41 3.67 1.46 

20 [−591, 645] 39  [−195.66, −190.57] −193.48 14.80 4.07 1.68 

40 [−619, 883] −28  [−269.14, −262.68] −266.08 13.59 4.43 1.88 

60 [−855, 1270] 21  [−336.64, −331.50] −334.08 12.52 4.81 2.11 

100 [−876, 1117] 15  [−462.21, −455.00] −459.77 10.63 5.67 2.63 
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Fig. 3 Partial pair correlation functions of liquid Mg−Si 

alloys at 1350 K: (a) gMg−Mg(r); (b) gMg−Si(r); (c) gSi−Si(r) 

 

 

Fig. 4 Calculated average transferred charges per atom in 

liquid Mg−Si system at 1773 K (The dash line denotes 

the expected values based on the transferred electron 

affinity of Si at 6.25 at.% Si) 

maintained even on Mg-rich side, and the formation 
of Mg−Si interactions cannot break up Si−Si 
interactions. 

Moreover, the electron density differences at 
50 at.% Si in Figs. 5(b1) and (b2) demonstrate that 
the chemical environments around Si atoms are 
dominated by Si−Si interactions despite the 
abundant Mg−Si interactions, because the electrons 
around Si prefer aggregating among Si atoms rather 
than between Mg and Si. Considering that liquid 
pure Si with only Si−Si interactions has the most 
negative cohesive energy in the binary system, the 
dominance of the stable Si−Si interactions 
determines that the minimum mixing enthalpy is 
located on Mg-rich side. 
 
3.2 Structural order 

As plotted in Fig. 6, the calculated PPCFs in 
liquid Mg−Si system can be classified into    
three groups: gMg−Mg(r), gMg−Si(r), and gSi−Si(r). 
WASEDA [27] measured the PPCF of liquid pure 
Mg at 1153 K and Si at 1793 K via high energy 
X-ray diffractometry, which are also provided. By 
comparison, our calculated PPCF of liquid pure Mg 
still preserves the character of the liquid with 
weakened short-range order, and a considerable 
agreement is reached between the calculated result 
and experimental one for liquid pure Si. The PPCFs 
further confirm that the simulated liquid Mg-rich 
alloys are overheating melts at 1773 K and the 
AIMD simulations are performed reasonably in  
this work. On this basis, the partial and total 
coordination numbers (ZMg−Mg, ZMg−Si, ZSi−Mg, ZSi−Si 
and ZMg, ZSi) are given in Table 3. 

 

 

Fig. 5 Electron density differences in liquid Mg195Si45 (a1, a2) and Mg120Si120 (b1, b2) alloys 
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Fig. 6 Partial pair correlation functions in liquid Mg−Si system at 1773 K: (a) gMg−Mg(r); (b) gMg−Si(r); (c) gSi−Si(r) 

 

Table 3 Partial and total coordination numbers in liquid 

Mg−Si system at 1773 K 
Si 

content/ 
at.% 

Partial  Total 

ZMg−Mg ZMg−Si ZSi−Mg ZSi−Si  ZMg ZSi

0 11.92     11.92  

6.25 11.67 0.58 8.73 0.24  12.25 8.98

12.50 11.06 1.23 8.60 0.47  12.29 9.07

18.75 10.68 1.89 8.19 0.78  12.57 8.97

25.00 9.97 2.58 7.74 1.13  12.54 8.87

31.25 9.34 3.39 7.46 1.48  12.73 8.94

33.30 9.14 3.63 7.27 1.63  12.77 8.90

37.50 8.67 4.20 7.01 1.85  12.88 8.85

43.75 7.84 5.20 6.69 2.31  13.04 9.00

50.00 7.07 6.09 6.09 2.85  13.16 8.94

56.25 6.31 7.00 5.45 3.37  13.31 8.82

62.50 5.46 8.07 4.84 3.94  13.53 8.78

68.75 4.57 9.30 4.23 4.45  13.87 8.68

75.00 3.54 10.27 3.42 4.90  13.81 8.32

81.25 2.69 11.40 2.63 5.53  14.09 8.17

87.50 1.58 12.33 1.76 6.27  13.91 8.03

93.75 0.75 13.54 0.90 6.70  14.29 7.60

100.00    7.30   7.30

In order to characterize the structural order, we 

analyzed HA bond pairs [30] within the first peaks 

of the PPCFs. Figure 7 exhibits the numbers of 

Type 1 root pairs per 240 atoms in liquid Mg−Si 

system. Compared with Si-rich side, more Type 1 

root pairs are searched out on Mg-rich side because 

of the larger total coordination numbers. The 

number of Mg−Si pairs reaches the maximum on 

Si-rich side, and simultaneously, Si−Si pairs 

proliferate exponentially to be more numerous than 

 

 
Fig. 7 Numbers of Type 1 root pairs per 240 atoms in 

liquid Mg−Si system at 1773 K 
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Mg−Mg pairs. Thus, Mg−Si pairs are prone to 
appear cooperatively with Si−Si pairs rather than 
Mg−Mg pairs. 

The number of shared neighbors around a root 
pair represents the local symmetry of the atomic 
arrangement. Then the total formation abilities of 
each local symmetry in liquid Mg−Si system are 
illustrated by the percentages of Type 1 root pairs 
with j (j=1, 2, 3, 4, 5, 6) shared neighbors in 
Fig. 8(a). Except the threefold symmetry that is 
important on both Mg-rich and Si-rich sides, each 
of the others presents a monotone variation of the 
total formation ability dependent on Si content. The 
fourfold and fivefold symmetries dominate the 
arrangements of shared neighbors around Type 1 
root pairs on Mg-rich side, and their total formation 
abilities deteriorate with the increase of Si content. 
On the other hand, the total formation ability of the 
onefold and twofold symmetries improve to be 
superior on Si-rich side. 

From Figs. 8(b−d), the formation abilities of 
local symmetries are categorized around Mg−Mg, 
Mg−Si, and Si−Si pairs, respectively. Interestingly, 
each symmetry around Mg−Mg pairs has a nearly 

constant formation ability independent on Si 
content, and the formation abilities of local 
symmetries around Si-contained pairs (Mg−Si and 
Si−Si) result in the variations of the total ones. 
These results reflect that the addition of shared 
neighboring Si atoms around Mg−Mg pairs offsets 
the reduction of Mg with Si content increasing, 
while the vacancies created by the reduction of 
shared neighboring Mg atoms around Si-contained 
pairs are not occupied completely by the additional 
Si. 

According to the defined parameter root
A , the 

atomic distribution behaviors around Type 1 root 
pairs are revealed in Fig. 9. For Mg−Mg pairs, the 
attraction to Mg atoms and repulsion to Si atoms 
are reversed near 50 at.% Si, which is essential for 
the fact that the addition of shared neighboring Si 
atoms can offset the reduction of Mg and vice 
versa. 

Si-contained pairs persist attracting Mg atoms 
and repulsing Si atoms (the only exception is 
located at 93.75 at.% Si for Mg−Si pairs with 1 
shared neighbor). Especially for Si−Si pairs, the 
higher the local symmetry is, the more significant 

 

 

Fig. 8 Formation abilities of local symmetries around Type 1 root pairs in liquid Mg−Si system at 1773 K: (a) Total;  

(b) Mg−Mg; (c) Mg−Si; (d) Si−Si (Integer j is the number of shared neighbors) 
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Fig. 9 Atomic distribution behaviors of Mg (a1−a3) and Si (b1−b3) around Mg−Mg, Mg−Si, and Si−Si pairs in liquid 

Mg−Si system at 1773 K 

 
the attraction and repulsion will be. Such atomic 
distribution behaviors demonstrate that Mg−Si pairs 
are prone to appear cooperatively with Si−Si pairs, 
which is mainly attributed to the attraction between 
Si−Si pairs and Mg atoms. More importantly, Mg 
atoms prefer to being arranged in high symmetries 
while Si atoms in low symmetries. As a 
consequence, the vacancies created by the reduction 
of shared neighboring Mg atoms cannot be 
occupied completely by the additional Si with Si 
content increasing. 

Furthermore, there is an extremum in each 
series of Mg Si

Si   and Mg Mg
Si  . The repulsion 

between Mg−Si pairs and Si atoms fades from 
18.75 at.% Si, which contributes to the proliferation 
of Si−Si pairs around Mg atoms. When Si content is 
up to the region of 68.75−75.00 at.%, the attraction 
between Mg−Mg pairs and Si atoms turns to be 
weakened. Combined with the persisting attraction 
between Si−Si pairs and Mg atoms and the 
reversals of atomic distribution behaviors around 
Mg−Mg pairs, the extrema in Mg Mg

Si   reflect that 
the initial aggregated Mg atoms are dispersed 
among the proliferated Si−Si pairs, and the 
proliferated Si−Si pairs serve as the framework of 
the melts. 

HA bond pair is eventually ascertained by 
counting the number of bonds among the shared 
neighbors, thereby the average dense degrees of 
atomic arrangements around Type 1 root pairs can 
be quantified according to the defined parameter 
δroot. It can be surmised based on the atomic sizes 
that the densest arrangements should occur around 
Si−Si pairs. As exhibited in Fig. 10, such a case is 
matched for the fourfold and fivefold symmetries. 
However, for the twofold and threefold symmetries, 
the average dense degrees around Si−Si pairs are 
not the highest in the region that even extends to 
Si-rich side. In view of the fact that all the local 
symmetries around Si−Si pairs benefit from the 
attraction to Mg atoms, Si−Si pairs actually play a 
role in dispersing Mg atoms. What is more, Si 
addition leads to the reduction of the average dense 
degrees. Therefore, Si atoms are arranged following 
low dense degrees in liquid Mg−Si system, which 
confirms that the proliferated Si−Si pairs constitute 
frame structures infilled by the dispersed Mg atoms. 
 
3.3 Correlation between mixing enthalpy and 

structural order 
Inspired by the results above, the proliferation 

of Si−Si pairs might correlate with the evolution of 
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Fig. 10 Average dense degrees of atomic arrangements around Type 1 root pairs in liquid Mg−Si system at 1773 K:   

(a) Twofold symmetry; (b) Threefold symmetry; (c) Fourfold symmetry; (d) Fivefold symmetry 

 
the mixing enthalpy in liquid Mg−Si system. 
Several studies [35−37] confirm that the tetrahedral 
atomic arrangement mode is preserved in liquid 
pure Si, which corresponds to the basic unit of the 
crystalline structure (diamond structure). Hence, we 
attempted to seek a correlation between the mixing 
enthalpy and structural order by focusing on 
tetrahedral order of local Si-configurations. 

The inset of Fig. 11 shows the distribution of 
tetrahedral order P(qt) in liquid pure Si. A main 
peak is located at qt=0.5, revealing that the 
tetrahedral atomic arrangement mode is available 
mainly in the region 0.5<qt≤1. On this basis, the 
ratio P(0.5<qt≤1)/P(qt≤1) is utilized to estimate  
the proportion of the tetrahedral type in local 
Si-configurations. 
 

 
Fig. 11 Correlation between mixing enthalpy and 

structural order in liquid Mg−Si system at 1773 K (Inset: 

distribution of tetrahedral order in liquid pure Si) 

By plotting the ratio P(0.5<qt≤1)/P(qt≤1) 
combined with the mixing enthalpy dependent on Si 
content, a correlation is shown in Fig. 11, which 
illustrates that Si−Si interactions are beneficial to 
the tetrahedral atomic arrangements of Si while 
Mg−Si interactions have the opposite effect. The 
tetrahedral type appears from 18.75 at.% Si where 
the electrons resist to transfer from Mg towards Si 
initially. Although local Si-configurations are rare at 
18.75 at.% Si, the tetrahedral type still has a    
high proportion owing to the maintained Si−Si 
interactions. Further addition of Si enriches local 
Si-configurations and Mg−Si interactions, and 
consequently, both the proportion of the tetrahedral 
type and mixing enthalpy evolve to be minimum. 
Nevertheless, the dominance of Si−Si interactions 
in the chemical environments around Si makes the 
proportion of the tetrahedral type turn to rise 
accompanied with the mixing enthalpy on Mg-rich 
side. 
 
4 Conclusions 
 

(1) The calculated mixing enthalpies in liquid 
Mg−Si system have reasonable agreement with the 
optimized ones based on isopiestic experiments. 
The minimum is located on Mg-rich side, which is 
determined by the fact that Si−Si interactions 
dominate the chemical environments around Si. 

(2) For the structural order, the reversals of 
atomic distribution behaviors occur around Mg−Mg 
pairs near 50 at.% Si, which is essential for keeping 
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the formation abilities of local symmetries 
independent of Si content; Si-contained pairs persist 
attracting Mg atoms and repulsing Si, which 
contributes to the facts that Mg−Si pairs are prone 
to appear cooperatively with Si−Si pairs and the 
formation ability of local symmetries around 
Si-contained pairs varies with Si content. 

(3) The evolution of structural order with Si 
content increasing can be characterized as follows: 
the initial aggregated Mg atoms are gradually 
dispersed by Si−Si pairs, and the proliferated Si−Si 
pairs constitute frame structures infilled by the 
dispersed Mg atoms on Si-rich side. 

(4) The uncovered correlation between the 
mixing enthalpy and structural order illustrates that 
Si−Si interactions are beneficial to the tetrahedral 
ordered arrangements of Si atoms while Mg−Si 
interactions have the opposite effect. 
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摘  要：采用第一性原理分子动力学研究 1773 K 下液态 Mg−Si 系的混合焓与结构序。通过计算转移电荷和差分

电子密度，证实 Si 原子周围的化学环境由 Si−Si 相互作用所主导，由此决定混合焓在富 Mg 侧达到最小值。基于

偏偶相关函数的 HA 键对分析结果显示，Si−Si 原子对与 Mg 原子相吸引，且结构序随 Si 含量的演变可以描述为

Si−Si 原子对分散 Mg 原子以构成框架结构的过程。以局域 Si 原子构型的四面体序为研究对象，揭示混合焓与结

构序之间的相关性，这能为理解液态 Mg−Si 二元系提供综合能量学与几何学的新视角。 

关键词：液态 Mg−Si 系；混合焓；结构序；第一性原理分子动力学 
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