Structural, Dynamical, and Electrical Properties of Liquid MgSiO3 under Compression: A Molecular Dynamics Study
Abstract 
In this paper, the structural and electrical properties in MgSiO3 liquid are investigated by means of molecular dynamics simulation at 3200 K, in the range 0÷30 GPa. The simulation indicates that the structure of MgSiO3 liquid contains MgOy units (y = 3÷9). They have a tendency to forming clusters lead to the structural heterogeneity, which strongly depend on pressure. When pressure increases initial self-diffusion of Si and Mg slightly increase then decrease, while with Oxy atoms, self-diffusion decreases with pressure. In addition, it can be seen that self-diffusion of Mg is significantly larger than self-diffusion of Si and O, while self-diffusion of Si and O is similarly in range pressure 0÷30 GPa. Moreover, the mean electrical coefficient of all atoms strongly decreases under compression. MgSiO3 is a versatile inorganic compound with wide-ranging applications and is considered to be abundant material of Earth’s upper mantle. Therefore, a detailed understanding of silicate melts is essential both for the development of novel materials and for understanding the evolution of our planet.
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1. Introduction

Magnesium silicate (MgSiO3) is a fundamental component of Earth and other rocky planets. While the solid polymorphs of MgSiO3 have been extensively characterized, its liquid-state behavior remains comparatively less constrained, particularly at high pressures relevant to magma oceans, and deep-mantle melting [1-5]. Experimental investigations of liquid MgSiO3 at extreme pressure - temperature (P–T) conditions remain challenging. The experiments provide valuable constraints on equations of state and spectroscopic signatures, but direct access to melt structure and dynamics is limited [2]. Consequently, atomistic simulations have become indispensable. Early ab initio molecular dynamics studies established key features of silicate melts under pressure, including coordination changes and network reorganization [1,3].

Subsequent progress has been driven by molecular dynamics simulations. They enabled systematic characterization of pressure-dependent structural and dynamical properties [4-6], These advances have revealed pressure-induced structural transitions, transport behavior, and access to regimes approaching critical conditions [7-11]. A key aspect of silicate melts is the nature of short-range order and how it evolves with pressure. At low pressures, liquid MgSiO3 is characterized by a largely polymerized network of corner-sharing SiO4 tetrahedra. In this regime, silicon predominantly occupies fourfold coordination, and oxygen atoms form bridging links between Si tetrahedra. Magnesium, being a network-modifying cation, is coordinated with non-bridging oxygens, acting to charge-balance and stabilize the network without forming strong, directional bonds. Radial distribution functions from simulations exhibit distinct Si–O first peaks corresponding to stable tetrahedral coordination, while Mg-O correlations are broader and more dynamic, consistent with weaker cation–oxygen binding [1,3]. Compression induces progressive densification of the network-forming oxides, accompanied by an increase in the average silicon coordination from four toward higher values [5,12,13]. The emergence of tricluster oxygens fundamentally alters medium-range order and disrupts the tetrahedral network [14]. These structural changes strongly influence melt dynamics. Diffusion coefficients of Mg, Si, and O display nonmonotonic pressure dependence, reflecting competition between network depolymerization and volumetric compression. At intermediate pressures, partial breakdown of the tetrahedral network can enhance atomic mobility, whereas further compression suppresses diffusion due to increased atomic packing [7,13]. As a result, viscosity may exhibit anomalous behavior, including a minimum at intermediate pressures where structural reorganization offsets densification effects [2,12]. At sufficiently high P–T conditions, liquid MgSiO3 revealed highly transient bonding environments characterized by enhanced transport properties and blurred distinctions between network-forming and modifying species [9-11]. Large-scale simulations further suggest that pressure-induced instabilities in medium-range order may promote MgO-rich exsolution at the atomic scale, challenging assumptions of melt homogeneity at deep-mantle conditions [8].
Despite these advances, a unified microscopic picture linking pressure-driven structural evolution to anomalous dynamical behavior in liquid MgSiO3 remains incomplete. In this work, we systematically investigate the structure and dynamics of liquid MgSiO3 over a wide pressure range, with the aim of clarifying the atomic-scale mechanisms governing transport anomalies in compressed silicate melts.
2. Computational procedure
MgSiO3 models composed of 1000 Si, 3000 O, and 1000 Mg atoms were generated using molecular dynamics (MD) simulations at 3200 K, in the range 0÷30 GPa. The simulations were performed using the Oganov pairwise potential and periodic boundary conditions [1, 15, 16, 21]. The Oganov pairwise potential has the form

[image: image45.emf]0 5 10 15 20 25 30

0

10

20

30

40

50

 MgO

3

;   MgO

4

;  MgO

5

;  MgO

6

 MgO

7

;   MgO

8

;   MgO

9

 

 

Fraction %

Pressure (GPa)

(b)

  (1)

with k = 8.987551×109 N.m2.C-1 is Coulomb constant, rij is the distance between ith and jth atoms. The Aij, Bij, and Cij potential parameters are presented in Table 1. 

	Table 1. The parameters of Oganov potential [15]

	i
	j
	Aij(eV)
	Bij(Å-1)
	Cij(eV.Å6)
	qi  (×1.6.10-19 C)

	Mg
	Mg
	0
	0
	0
	qMg = 1.9104

	Mg
	Si
	0
	0
	0
	˗

	Mg
	O
	1041.43266
	3.48918
	0
	˗

	Si
	Si
	0
	0
	0
	qSi = 2.9043

	Si
	O
	1137.02499
	3.53732
	0
	˗

	O
	O
	2023.79522
	3.73972
	3.30544
	qO = -1.6049


The initial configuration was generated by randomly distributing all atoms within a cubic simulation box, followed by heating to 7000 K to eliminate possible memory effects. The simulations were carried out using the Verlet integration algorithm with a time step of 0.47 fs. The system was subsequently cooled to 5000 K and then to 3200 K. Next, the configuration at 3200 K was relaxed for a long time (2.5x10⁵ time steps) in the constant-temperature and constant-pressure ensemble to obtain a model at 3200 K and 0 GPa. Additional models at 3200 K under pressures of 5, 10, 15, 20, 25, and 30 GPa were generated by compressing the 0 GPa configuration to the corresponding target pressures. Each pressure condition was further equilibrated for 5x105 time steps. For the calculation of bond lengths and coordination numbers, a cutoff distance of 2.18 Å was adopted, corresponding to the first minimum following the primary peak in the pair radial distribution function (PRDF).
3. Results and discussion
Firstly, to assure the reliability of constructed models of MgSiO3 liquid, Fig. 1 displays the comparison of the total RDF of MgSiO3 liquid at 3200 K, room pressure in this work and Ab initio data as reported in ref. [17]. As can be seen, the curves fit well the positions of two peaks, but the height of the first peak is lower than that in Ab initio data. In addition, at distances between 4,0 and 6,0 Å, the data differ somewhat from each other. However, the simulated model reproduces the Ab initio data reasonably well. Thus, constructed models can be used to examine the structural transition, and electrical properties of MgSiO3 liquid. 
Fig. 2 shows the PRDF of gSi-O(r) and gMg-O(r) at 3200 K, under pressures of 0.1, 10, 15, and 30 GPa. As observed, for the Si-O pair, the position of the first peak in the PRDF shifts markedly to larger distances, and the height significantly decreases with increasing pressure. In contrast, for the Mg-O pair, both the first peak position and its height remain nearly unchanged as pressure increases. The pronounced variation in the PRDF gSi-O(r) suggests that the structure of liquid MgSiO3 is strongly influenced by compression. Namely, at 0 GPa the first peaks of the gSi-O(r) and gMg-O(r) PRDF are 1.66 and 1.98 Å, respectively. This value reproduces very well the X-ray experiment and simulation data as can be seen in refs. [3,4]. 
Fig. 3 displays the distribution of SiOx and MgOy structural units (x = 4÷6, and y = 3÷9). At 0 GPa, approximately 75,7% of Si atoms exhibit fourfold coordination. With increasing pressure, the fraction of SiO4 decreases progressively, whereas the populations of SiO5 and SiO6 increase. The SiO5 fraction reaches a maximum within 10-15 GPa before declining at higher pressures. In contrast, the proportion of SiO6 continues to increase, while SiO4 continuously decreases throughout the compression range. At 30 GPa, the fractions of SiO4, SiO5 and SiO6 are 5,9%, 41,8% and 47,9%, respectively. These results indicate a pressure-induced tetrahedral → octahedral transition within the Si–O network structure. Accordingly, the liquid structure evolves from predominantly SiO4 clusters at low pressure to a mixed network of SiO4, SiO5, and SiO6 clusters at elevated pressures. 
For MgOy units, MgO3, MgO4, and MgO5 dominate at ambient pressure, whereas MgO6÷MgO9 species become prevalent at 30 GPa. With increasing pressure, the fractions of MgO3 and MgO4 decrease, while higher-coordination units increase. MgO5 and MgO6 reach maximum abundances at ~5 and ~15 GPa, respectively, and then decline upon further compression. Meanwhile, MgO7, MgO8, and MgO9 continuously increase. It means that under compression, there is a low → high Mg-O coordination number transition. 
Next, in order to clarify the structural transitions in MgSiO3 liquid, we measured the short-range order (SRO) and intermediate-range order (IRO) structure in detail. Fig. 4 shows the partial bond-angle (PBA) and bond-length distributions for SiOx units under different pressures. The distributions remain essentially pressure-independent, indicating that the size and geometry of individual SiOx polyhedra are largely preserved during compression. The O–Si–O angle in SiO4 exhibits a peak near 100°, consistent with previous simulations and experiments [18, 19], suggesting a slightly distorted tetrahedral geometry. For SiO5 and SiO6, the O–Si–O angle distributions display two characteristic features: a dominant peak around 85-90° and a secondary shoulder at 160°, similar to values reported for pure SiO2 in refs. [20, 21]. The Si–O bond-length distributions for SiO4, SiO5 and SiO6 peak at 1.64 Å, 1.72 Å and 1.76 Å, respectively, and remain nearly invariant with pressure. These observations confirm that compression does not significantly alter Si-O bond lengths within individual polyhedra.
Figure 5 presents the corresponding PBA and bond-length distributions for MgOy units. For MgO4 angle and bond-length distributions show negligible variation across 0–30 GPa. Similarly, the O–Mg–O PBA and bond-length distributions in MgO5, MgO6 only has a small change in the position and height of the peak. It demonstrates that under compression, MgO5, MgO6 is only distorted slightly. Overall, these results demonstrate that the SRO remains essentially unchanged under compression; individual polyhedral sizes and shapes are largely preserved. Thus, from Fig. 4 and 5 indicates that the SRO is unchanged under compression. As a result, under compression, the structural transitions of MgSiO3 liquid may be related the change of IRO.

	Table 2. The distributions of connectivities in the models. Where Nc, Ne, and Nf are the number of corner- sharing bond, edge- sharing bond and face-sharing bond, respectively.

	P (GPa)
	MgOx-MgOx
	
	MgOx-SiOx
	
	SiOx-SiOx

	
	Nc
	Ne
	Nf
	
	Nc
	Ne
	Nf
	
	Nc
	Ne
	Nf

	0
	1204
	190
	6
	
	1579
	432
	20
	
	1220
	159
	1

	5
	1531
	341
	10
	
	2390
	818
	105
	
	1476
	293
	10

	10
	1726
	394
	31
	
	2759
	1130
	199
	
	1551
	437
	40

	15
	1836
	537
	48
	
	3106
	1362
	240
	
	1695
	502
	46

	20
	1940
	643
	75
	
	3679
	1634
	332
	
	1769
	600
	69

	25
	1918
	797
	84
	
	4316
	1766
	448
	
	1817
	596
	83

	30
	1976
	877
	111
	
	4913
	1859
	562
	
	1808
	750
	81


Therefore, the pressure-induced structural transformation of liquid MgSiO3 is primarily associated with modifications in IRO rather than local polyhedral geometry. To clarify changes in IRO and polymerization, we examined corner-, edge-, and face-sharing bonds, OT2 bonds (T = Si or Mg), triclusters, tetraclusters, Mg-O, Si-O subnets; bridging-, non-bridging-oxygen (BO, NBO) linkages. 
Fig. 6 and 7 reveal that corner-, edge-, and face-sharing bonds are spatially heterogeneous and tend to form clusters, highlighting structural heterogeneity in the liquid. Edge- and face-sharing configurations predominantly involve TO5 and TO6 units, suggesting that these linkages contribute to the formation of locally high-density regions.
Quantitative distributions of corner-, edge-, and face-sharing bonds are summarized in Table 2. All types of linkages increase with pressure. In SiOx–SiOx connections, corner-sharing bonds is dominant, while edge-sharing bonds is less frequent and face-sharing rare. SiO4-SiO4 linkages consist exclusively of corner-sharing bonds, whereas SiO4-SiO5, SiO4-SiO6, and SiO5-SiO5 involve both corner- and edge-sharing bonds. For MgOy-MgOy and SiOx-MgOy connections, corner-sharing remains dominant, but edge-sharing contributions are significant and a limited number of face-sharing configurations emerge. Face-sharing is observed in MgO5-MgO5, MgO5-MgO6, SiO5-MgO5, and SiO5-MgO6 linkages, whereas edge-sharing appears in nearly all connections except those involving MgO3 units. Clearly, there are some significant differences in the links among SiOx and links among MgOy units. 
Finally, we consider the electrical properties in MgSiO3 liquid. The electrical conductivity of MgSiO3 liquid is calculated from diffusion, DX and they are related through the Eyring equation
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where, kB = 1.38×10-23 J/K is the Boltzmann constant, 
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is charge atom of type X, T is the temperature, NX the number of atoms of type X.

The self-diffusion coefficients of different atoms were calculated from the slope of the mean square displacement and follow equation Einstein below
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where rXn(0) and rXn(t) is the position of atoms of type X at time t = 0 and t respectively, 

Fig. 8 shows the self-diffusion of Si, O and Mg atoms in magnesium liquid. It can be seen that self-diffusion of Si, Mg atoms anomalous behavior. When pressure increases initial self-diffusion of Si and Mg slightly increase in range pressure 0-5 GPa then decrease. Self-diffusion of Si atoms reaches the peak value at 3.318x10-9 m2/s, while the peak value of Mg atoms at 1.327x10-8 m2/s. With Oxy atoms, self-diffusion decreases with pressure. At ambient pressure, self-diffusion of Si, Mg and O are 3.160x10-9, 1.173x10-8, 4.978x10-9 m2/s, while this value of pressure 30 GPa are 1.451x10-9, 6.916x10-9 and 1.673x10-9 m2/s respectively. It is evident that the self-diffusion coefficient of Mg is substantially higher than those of Si and O, whereas the self-diffusion coefficients of Si and O are comparable within the pressure range of 0–30 GPa. This behaviour can be attributed to the structural characteristics of the system, in which the Si–O bond exhibits greater stability than the Mg–O bond. Consequently, Si and O atoms tend to migrate together, whereas Mg atoms are relatively more mobile. Furthermore, the calculated self-diffusion coefficients have been compared with previous studies, demonstrating good agreement with existing results [22,23,24] (see Fig. 8). 
Moreover, the mean electrical coefficient of all atoms in magnesium was investigated by us in the Fig. 9 shows the mean electrical coefficient (MEC) such as a function of pressure in range 0 -30 GPa. As can seen that MEC strongly decreases under compression. Specifically, the conductivity drops from approximately 0.56 × 106 S/m at 0 GPa to about 0.29 × 106 S/m at 30 GPa, corresponding to an overall reduction of nearly 50%. A relatively sharp decline is observed in the low-pressure regime (0 - 10 GPa), followed by a near-plateau behavior around 10 - 15 GPa, and then a more gradual decrease at higher pressures. This trend indicates that compression progressively suppresses ionic transport in the liquid. The initial rapid decrease is likely associated with significant structural rearrangements and increased network polymerization, whereas the high-pressure regime reflects the dominance of higher-coordination polyhedra and enhanced intermediate-range connectivity. The overall reduction in conductivity is consistent with pressure-induced densification, decreased free volume, and reduced atomic mobility, highlighting the strong coupling between structural evolution and transport properties in liquid MgSiO3.
4. Conclusion 
Molecular dynamics simulations were performed for liquid MgSiO3 at 3200 K over a broad pressure range of 0–30 GPa. The results indicate that the structure of the liquid consists of MgO₃, MgO₄, MgO₅, MgO₆, MgO₇, MgO₈, and MgO₉ polyhedral units embedded within a Si–O network. These MgOₙ units, together with the Si–O subnetwork, contribute to a pronounced structural heterogeneity. Upon compression, the structural evolution of liquid MgSiO3 is primarily associated with changes in intermediate-range order (IRO), whereas the short-range order (SRO) remains largely insensitive to pressure. Moreover, the simulations reveal a significant increase in the degree of polymerisation under compression. Under compression, self-diffusion of Si and Mg atoms first decrease then increase, meanwhile self-diffusion of O atoms decrease. The electrical conductivity of atoms decreases with increasing pressure. This result can be explained as follows at high pressure the atoms become immobility compensation at low pressure. The results obtained in this study are intended to provide deeper insight into the structural characteristics and dynamical properties of MgSiO₃. These findings establish a foundation for future experimental investigations aimed at fabricating materials for industrial applications, including ceramics, metallurgy, and glass technology, as well as for advancing the fundamental understanding of mineral physics. The outcomes reported herein are expected to contribute to future research on novel materials through the systematic modification of pressure conditions.
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Figure 1. The comparison of the total RDF of MgSiO3 liquid at 3200 K, room pressure in this work and Ab initio data [17].





Figure 2. The PRDF in MgSiO3 liquid at different pressures.
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Figure 3. The fraction of basic units as a function of pressure.
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Figure 4. The bond length (right) and bond angle (left) distribution in SiOx (x = 4,5,6) units at different pressures.
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Figure 5. The bond length (right) and bond angle (left) distribution in MgOx,(x = 4,5,6) units at different pressures.





Figure 6. The spatial distribution of the core, edge-, face- sharing for SiOx-SiOx pairs at different pressures, in here Si and O atom are red, blue spheres, respectively. 
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Figure 7. The spatial distribution of the core, edge-, face- sharing for MgOy-MgOy pairs, in here Mg and O atom are green, blue spheres, respectively. 
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Figure 8. The self-diffusivity of O, Si, and Mg in MgSiO3 liquid at pressures. In here, [22] Lacks (2007) at 3000K, [23] Adjaoud (2011) at 3200K, [24] Ghosh (2011) at 3000K.
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Figure 9. The mean electrical conductivity of all atoms in MgSiO3 liquid at 3200 K as a function of pressure.
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