
Vol.:(0123456789)1 3

Physics and Chemistry of Minerals (2023) 50:31 
https://doi.org/10.1007/s00269-023-01256-3

ORIGINAL PAPER

Crystal–melt interfaces in Mg2SiO4 at high pressure: structural 
and energetics insights from first‑principles simulations

Bijaya B. Karki1,2,3 · Dipta B. Ghosh1,2 · Jianwei Wang2,3 · Shun‑ichiro Karato4

Received: 17 June 2023 / Accepted: 19 September 2023 / Published online: 9 October 2023 
© The Author(s) 2023

Abstract
The interplay between crystal–melt and grain boundary interfaces in partially melted polycrystalline aggregates controls 
many physical properties of mantle rocks. To understand this process at the fundamental level requires improved knowledge 
about the interfacial structures and energetics. Here, we report the results of first-principles molecular dynamics simulations 
of two grain boundaries of (0l1)/[100] type for tilt angles of 30.4° and 49.6° and the corresponding solid–liquid interfaces 
in Mg2SiO4 forsterite at the conditions of the upper mantle. Our analysis of the simulated position time series shows that 
structural distortions at the solid–liquid interfacial region are stronger than intergranular interfacial distortions. The cal-
culated formation enthalpy of the solid–solid interfaces increases nearly linearly from 1.0 to 1.4 J/m2 for the 30.4° tilt and 
from 0.8 to 1.0 J/m2 for the 49.6° tilt with pressure from 0 to 16 GPa at 1500 K, being consistent with the experimental data. 
The solid–liquid interfacial enthalpy takes comparable values in the range 0.9 to 1.5 J/m2 over similar pressure interval. The 
dihedral angle of the forsterite–melt system estimated using these interfacial enthalpies takes values in the range of 67° to 
146°, showing a decreasing trend with pressure. The predicted dihedral angle is found to be generally larger than the meas-
ured data for silicate systems, probably caused by compositional differences between the simulation and the measurements.

Keywords  Grain boundaries · Crystal–melt interfaces · Dihedral angle · First-principles computation · Forsterite · High 
pressure

Introduction

Grain boundaries and crystal–melt interfaces are common in 
melt-bearing rocks of the Earth’s interior. These interfaces 
control the thermodynamics and kinetics of the overall sys-
tem thereby influencing many physical properties, such as 
elasticity, electrical conductivity, element partitioning, and 
permeability. For example, the grain boundary interfacial 
regions serve as reservoirs for incompatible elements and 
may facilitate ion and electron transport (Hiraga et al. 2004; 

Karki et al. 2015; Marquardt and Faul 2018; Pommier et al. 
2018). The combined role of solid–solid and solid–liquid 
interfaces determines whether the liquid phase gets trapped 
at grain junctions or it wets the solid surface and percolates 
through the solid matrix (e.g., Waff and Bulau 1979; Hier-
Majumdar 2006; Holness 2010; Zhimulev et al. 2018). A rel-
evant microstructural parameter is the dihedral angle which 
is the angle subtended between two solid–liquid interfaces 
at the corner of a fluid-filled pore (Smith 1948; Holness 
2006). This angle helps us determine the geometry, intercon-
nectivity, and critical volume fraction of the liquid phase in 
partially melted polycrystalline aggregate.

Numerous experimental studies have investigated the role 
of 3- and 4-grain junctions and microstructures in geologi-
cally relevant crystal–melt/glass systems (see a review by 
Holness 2010). Complete wetting of forsterite and olivine 
grains by dry and hydrous melts was implied based on their 
measured small dihedral angles (< 60°) at zero and elevated 
pressures (Toramaru and Fujii 1986; Walker et al. 1988; 
Cmiral et al. 1998; Mibe et al. 1998a; Maumus et al 2004; 
Yoshino et al. 2007). Small dihedral angles were generally 
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found for silicic melt-bearing rocks (Jurewicz and Watson 
1985; Gleason et al. 1999). However, the Fe–C/S melts do 
not wet silicates resulting in dihedral angles higher than 60° 
(e.g., Terasaki et al. 2005; Dong et al. 2019). Computational 
studies of crystal–melt interfaces particularly using the first-
principles approach are still rare. The grain boundaries were 
previously simulated in some mantle materials including 
Mg2SiO4 forsterite using both empirical and first-princi-
ples molecular dynamics methods (de Leeuw et al. 2000; 
Adjaoud et al. 2012; Ghosh and Karki 2014; Ghosh et al. 
2022). These simulations investigated the structure and ener-
getics of grain boundaries and the incorporation of defects 
and impurities at the interfacial regions.

Here, we report the results of large-scale first-principles 
molecular dynamics simulations of selected grain bounda-
ries and crystal–melt interfaces in Mg2SiO4 forsterite—a 
major mantle material at the pressure conditions of the upper 
mantle. In particular, two (0l1)/[100] grain boundaries with 
tilt angles of 30.4° and 49.6° which were previously pre-
dicted to be energetically most favorable at 0 K (Adjaoud 
et al. 2012; Ghosh and Karki 2014; Ghosh et al. 2022) were 
simulated at the elevated temperature of 1500 K which is 
comparable to the upper mantle geotherm. Correspond-
ingly, two solid–liquid systems using the crystal part from 
respective grain boundaries and amorphous configuration 
for the melt part were simulated for gaining insight on to the 
behavior of partially melted mantle rocks. Both the crystal 
and liquid parts of the simulated system have the same com-
position of Mg2SiO4 (with silica molar fraction of 0.33). The 
composition of the coexisting liquid is generally expected to 
be different from Mg2SiO4 because the melting of forsterite 
is incongruent at pressures above 9 GPa (e.g., Presnall and 
Walker 1993; Belmonte et al. 2017). Eutectic melting of 
the MgO–SiO2 binary system also results in different melts 
with silica fraction in the range of 0.4 to 0.5 (e.g., Kato and 
Kumazawa 1985; Presnall et al. 1998; de Koker et al. 2013). 
Nevertheless, our results and analysis of the iso-composition 
systems focus on understanding the similarities and differ-
ences in the structure and energetics of the solid–solid and 
solid–liquid interfaces as a function of pressure up to 16 
GPa. Using the calculated interfacial enthalpies, we estimate 
the dihedral angle at liquid–solid–solid junction and discuss 
its implication for partial melts in the mantle.

Methodology

For solid–solid interface, we consider the (011)/[100] and 
(021)/[100] grain boundaries with respective tilt angles of 
30.4° and 49.6° which were predicted to be energetically 
most favorable among many grain boundaries simulated at 
0 K by previous first-principles studies (Ghosh and Karki 
2014; Ghosh et al. 2022). We model the grain boundary 

system as a bi-crystal which comprises two oppositely ori-
ented blocks (one block being the mirror image of the other 
block) of the crystal merged at the interface (Fig. 1). The 
resulting supercell thus consists of two grain–grain inter-
faces, one at the center and the other as split across the 
edges. The solid–liquid (crystal–melt) interface is generated 
by joining a tilted crystal region (on the left) with an amor-
phous region (on the right) of equal dimensions resulting in 
a two-phase supercell (Fig. 1). Corresponding to each tilt 
angle (30.4° or 49.6°) considered for the grain boundary, the 
tilted crystal part is cut in such a fashion that it maintains the 
periodicity along all crystalline directions. The amorphous 
part of the supercell is disordered because it uses Mg2SiO4 
liquid configuration. Since the tilted configurations are 
cut along a particular plane, the atomic orientations of the 
exposed surfaces vary with the tilt angle. As in the case of 
the bi-crystal supercell, there are two solid–liquid interfaces, 
one near the center of the supercell and the other as split 
across the edges of the supercell. To minimize interactions 
between the two interfaces, the supercell is constructed in 
a rectangular shape with a much longer dimension in the 
direction normal to the interface (Fig. 1).

First-principles simulations of these interface-bearing 
Mg2SiO4 systems were performed using the generalized 
gradient approximation (Perdew et al. 1996) and the projec-
tor augmented wave method (Kresse and Joubert 1999) as 
implemented in VASP (Kresse and Furthmuller 1996). Plane 
wave basis set with an energy cut-off of 900 eV, Gamma 
point Brillouin zone sampling, and an energy convergence 

crystal

crystal

crystal

melt

c

b

30.4o

Fig. 1   The structural snapshots of the simulated bi-crystal (top) and 
two-phase (bottom) systems for the 30.4° tilt at 10.4 and 10.2 GPa, 
respectively, at 1500 K. Each crystal region is an ordered arrange-
ment of SiOn units displayed as cyan tetrahedra and MgOn units 
shown as bonds between Mg atoms (green spheres) and O atoms (red 
spheres). The molten configuration (the right half of the two-phase 
supercell) also contains five- and six-fold Si–O coordination species 
displayed as blue pentahedra and pink octahedra, respectively, thus 
representing a random spatial distribution of these structural units. 
Also drawn are the rotated orthorhombic unit cell of forsterite in each 
crystalline region and the tilt angle made with interfacial plane (the 
vertical dashed line)
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criterion of 10–4 eV were used. The elongated rectangular 
supercells comprised 112 formula units (total 784 atoms) 
for the tilt 30.4° systems and 144 formula units (total 1008 
atoms) for the tilt 49.6° systems. The supercells consisting 
of 32 and 56 formula units were, respectively, used to simu-
late bulk Mg2SiO4 in its crystalline (forsterite) and molten 
phases (Fig S1). For the solid–solid system, we started with 
static simulations corresponding to 0 K performed at differ-
ent volumes with optimized cell parameters to capture the 
effect of pressure in the desired range. Thereafter, each of 
these optimized configurations was heated to 1500 K and 
further equilibrated for 10–20 picoseconds with a time step 
of 1 femtosecond depending on the convergence of energy 
with time. For the two-phase system, bulk crystal and melt 
configurations corresponding to 1500 K were used. A few 
simulations were also performed at 1200 and 1800 K. All 
simulations used NVT ensembles in which the number of 
atoms, volume, and temperature are constant. The internal 
energy (E) and pressure (P) as the direct outputs of the simu-
lations allow us to evaluate the enthalpy H = E + PV of each 
simulated system and hence the interfacial enthalpy of the 
solid–solid and solid–liquid systems. Both energy and pres-
sure fluctuate with time, however, their values averaged over 
successive time windows converge within the simulation 
durations (Fig. S2). Two ways of evaluating the interfacial 
free energy are the thermodynamic integration/cleaving wall 
approach and the fluctuation method (Laird and Davidchack 
2005; Benet et al. 2015). However, these methods generally 
require much larger supercells than those used here and at 

the present they are too intensive computationally for the 
sizes of these models with our first-principles approach.

Results and analysis

Structural properties

To gain structural insights on the simulated crystal-crystal 
and crystal–melt systems (Fig. 1 and Fig S3), we compute 
partial radial distribution functions (RDFs) and local coor-
dination environments using the atom position time series. 
At 1500 K, thermally induced vibrations lead to non-unique-
ness in the interatomic distances in a crystal, resulting in 
finite width of the RDF peaks which become vertical lines 
at 0 K. The Si/Mg–O RDFs of the left and right crystalline 
parts of the bi-crystal grain boundary system are the same 
as expected (Fig. 2, left). These functions show a clear first 
peak followed by smaller peaks at larger distances, so the 
overall long-range order is maintained in either crystalline 
part. In the case of the solid–liquid system, these RDFs dras-
tically differ between the left and right parts (Fig. 2, right). 
The Si–O function of the molten part shows a similar first 
peak as the crystalline part, but its second peak is weak and 
broad, apparently replacing the crystalline second and third 
peaks. This means that the second and third nearest oxygen 
neighbors of silicon atoms are mixed up in the molten part, 
a characteristic loss of long-range order of the crystal lattice. 
The Mg–O function also shows large differences between the 

Fig. 2   The Si–O and Mg–O 
radial distribution functions 
(RDF) for the simulated solid–
solid (SS) and solid–liquid (SL) 
Mg2SiO4 systems correspond-
ing to the 30.4° and 49.6° tilt 
configurations around 10 GPa 
and 1500 K. The RDF curves 
for the left and right halves of 
each system are shown by solid 
and dashed curves, respectively
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solid and liquid parts of the two-phase system. The first peak 
is broader and noticeably shifted to smaller distance relative 
to the crystalline peak.

It is important to note here that at relatively high tem-
peratures, the radial distribution functions alone are insuf-
ficient to characterize the structure. By considering all Si/
Mg–O pair distances which fall within the first peak of the 
corresponding RDF, we examine local bonding/coordina-
tion environments. The crystal part of both grain boundary 
and solid–liquid systems is composed of Si–O tetrahedra 
representing four oxygen-coordinated silicon atoms in an 
ordered arrangement at all pressures (Fig. 1). However, some 
under- and over-coordinated species appear in the vicinity 
of the interfacial plane for both systems. The liquid part is 
also composed of randomly distributed Si–O tetrahedra at 
low pressure. As pressure increases, the Si–O coordination 
distribution of Mg2SiO4 liquid picks up the pentahedral and 
octahedral states in significant proportions (de Koker et al 
2008). The presence of long-range order in the crystalline 
part and its apparent absence in the liquid part are visibly 
clear from the visualization snapshots (Fig. 1). These dif-
fering structural characteristics of the left and right parts 
confirm that the supercell maintains its adjoined crystal-
line–amorphous regions at 1500 K.

To further enhance our structural analysis, we quenched 
the 1500 K configurations (Fig S3) down to 0 K so that 
the thermal effects are completely removed. The structural 
parameters for the bulk parts of the grain boundary sys-
tem almost match with their crystalline counterparts. For 
instance, the average Si–O bond length is 1.655 Å at ~ 0 GPa 

and 1.635 Å at ~ 15 GPa and the Si–O coordination number 
is 4 for all cases (pure crystal, 30.4° and 49.6° tilt interface 
systems). Similarly, the Mg–O bond lengths for the bulk 
parts remain very close to each other and on average take 
slightly higher values (2.151, 2.113 Å at 0 GPa and 2.030, 
2.045 Å at 15 GPa) when compared to the crystal. It is noted 
that in forsterite Mg has two distinct octahedral sites, one 
with longer and the other with shorter average bond lengths. 
In case of the solid–liquid system, the structural parameters 
of the crystalline half are like those of pure crystal and their 
values in the molten half are like those of the amorphous 
phase.

We explore local structural characteristics of the simu-
lated systems at 0 K by evaluating the bond distortion index 
defined for SiOn and MgOn polyhedral units with 
�� =

1

n

∑n

i=1

�i−�av

�av
 , where �i and �av are the individual and 

average bond lengths, respectively (Fig. 3). The index takes 
non-zero values for Si/Mg–O units in forsterite, so these 
units are not ideal polyhedra. In both crystal parts of the 
grain boundary system, the distortion index remains compa-
rable to that for the bulk crystal except at the interfacial 
region. Around the interface plane the distortion index takes 
higher values for both polyhedral units. This means that the 
interfacial region is more distorted, and the degree of distor-
tion is weakly sensitive to pressure.

The distortion index for the Si–O bonds in the crystal 
part of the two-phase system closely follows the pure crystal 
trend, but it differs noticeably in the case of Mg–O bonds. 
On the other hand, both Si–O and Mg–O polyhedral units 

Fig. 3   Spatial distribution of 
Si–O and Mg–O distortion 
indices along a distance perpen-
dicular to the interfacial plane 
of the quenched 0 K solid–solid 
(SS, circles) and solid–liquid 
(SL, diamonds) interfaces in 
Mg2SiO4 for the 30.4° and 49.6° 
tilt configurations around 10 
GPa. Horizontal lines represent 
the Si/Mg–O distortion factors 
of the forsterite crystal
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are highly distorted in the molten/amorphous part and the 
disorder nature seems to be fully retained covering the entire 
amorphous half of the system (Fig. 3). From the amorphous 
region to the crystal half, the distortions get diminished yet 
being much stronger than in the intergranular interfacial 
region. The liquid disorder thus seems to have penetrated 
the other crystal half to some extent. In overall, the crystal 
half of the solid–liquid supercell appears to be more dis-
torted than either crystal half of the grain boundary supercell 
(Fig. 3).

Interfacial energetics

We evaluate the interfacial energy as the formation enthalpy 
of the solid–solid ( �SS ) and solid–liquid ( �SL ) interfaces 
(Fig. 4) by taking appropriate differences between the calcu-
lated enthalpies of the forsterite, Mg2SiO4 liquid, bi-crystal, 
and crystal–melt supercells divided by the interfacial surface 
area (Tables S1 and S2). Given that the models of the two 
types of interfaces considered are conceptually similar, their 
formation enthalpy is given by

where the subscript “int” represents solid–solid (SS) or 
solid–liquid (SL). Hint represents the enthalpy of the simu-
lated bi-crystal or two-phase system and Aint is the area of 
the corresponding interface plane. The factor 0.5 accounts 
for the two interfaces contained in the supercell because of 
the periodic boundary conditions imposed on the supercell. 
Hbulk is the enthalpy of the corresponding bulk phase, which 
contains the same number of crystalline Mg2SiO4 units as 
together present in the bi-crystal system (Table S1). For the 
solid–liquid system the bulk phase corresponds to the sum 
of the numbers of crystalline and amorphous Mg2SiO4 units 
present in the supercell (Table S2).

The 49.6° tilt grain boundary has lower interfacial 
enthalpy of ~ 0.6 J/m2 as compared to ~ 0.9 J/m2 for the 30.4° 
tilt grain boundary at zero pressure and 0 K. Both inter-
facial enthalpies increase almost linearly with pressure to 
their respective values of 1.0 and 1.4 J/m2 around 15 GPa. 
The calculated values of �SS as a function of pressure at 0 K 
are consistent with the previous computations (Ghosh and 
Karki 2014; Ghosh et al. 2022). At 1500 K, �SS also shows a 
linear trend with pressure with its values closely following 
the 0 K results (Fig. 4). It is remarkable that temperature 
does not influence the solid–solid interfacial enthalpy sig-
nificantly. This makes sense because the bulk parts of the 
bi-crystal system remain mostly unchanged at 1500 K and 
any thermal contributions to the enthalpy for these parts are 
compensated by equivalent contributions from the perfect 
crystal. However, the interfacial region which is consider-
ably distorted at 0 K has the possibility of additional local 

(1)�int = 0.5
(

Hint − Hbulk

)

∕Aint,

structural rearrangement at the elevated temperature, but 
these thermally induced changes are small as well. The cal-
culated interfacial enthalpy of two tilt grain boundaries in 
forsterite takes values in the range 0.8 to 1.4 J/m2 between 0 
and 16 GPa at 1500 K. These results are generally consist-
ent with the experimentally inferred interfacial free energy 
values of 0.9 J/m2 for the olivine–basalt system (Cooper and 
Kohlstedt 1982) and 1.4 J/m2 for natural olivine (Duyster 
and Stöckhert 2001).

In the grain boundary simulation, the bulk of each crys-
talline part is not expected to change much, and therefore, 
it becomes relatively easy to deal with the SS interfacial 
energetics. In the case of two-phase system, while one half is 
crystalline, the other half is amorphous/molten. Continuous 
relaxation of the amorphous part although slow is unavoid-
able, and the relaxation time depends on temperature. The 
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Fig. 4   Calculated interfacial enthalpy of solid–solid (SS) and solid–
liquid (SL) Mg2SiO4 systems as a function of pressure at 1500 K for 
the 30.4° configuration (upper panel) and 49.6° configuration (lower 
panel). The upper panel also shows the SL interfacial enthalpy results 
at 1200 and 1800 K by the dashed blue and dotted red lines, respec-
tively. The enthalpy results at 0 K are shown for the solid–solid inter-
faces (grain boundaries)
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simulations at 1500 K were run for 10–20 picoseconds, so 
the short-time structural rearrangements (local relaxations) 
are likely to have occurred within that duration. As shown in 
Fig. 4, the solid–liquid interfacial enthalpy ( �SL ) correspond-
ing to the 30.4° is smaller than �SS at most pressures. The 
49.6° tilt case shows an opposite trend, that is, �SL is larger 
than �SS at all pressures. We also find that �SL corresponding 
to the 30.4° tilt is lower than that for the 49.6° tilt. This can 
be associated with the observation that the 30.4° SL system 
shows weaker distortion at the interfacial region as well as 
in the crystal region than the 49.6° SL system (as reflected 
by the Mg–O bond distortion factor in Fig. 3). In contrast, 
�SS corresponding to the 30.4° tilt is higher than that for the 
49.6° tilt. In overall, the calculated �SL results are consider-
ably scattered taking values between 0.9 and 1.5 J/m2 at 
pressures ~ 0 to ~ 16 GPa and 1500 K and they are generally 
comparable with the calculated �SS values. We also find the 
calculated values of �SL at 1200 and 1800 K to be close to 
those at 1500 K for the 30.4° configuration (Fig. 4).

Discussion

Solid–liquid interfaces together with grain boundaries play 
vital role in the wetting behavior of rocks by melts. Par-
tial melting is thought to occur in the deep mantle, and the 
distribution and amounts of these melts, however, remain 
mostly unconstrained. Whether co-existing melt with solid 
percolates at the interfacial region of two grains or not 
depends on the geometry of two-phase aggregates. The 
interplay between grain–melt (solid–liquid) and grain–grain 
(solid–solid) interfaces is manifested in the dihedral angle 
(θ) of liquid phase in solid matrix. For an isotropic system, 
this angle formed by the interfaces at the liquid–solid–solid 
junction (Smith 1948; Holness 2010) satisfies the following 
relation:

where γSS and γSL are the solid–solid and solid–liquid inter-
facial energies, respectively. The calculated energetics of 
the bi-crystal and crystal–melt systems allows us to evaluate 
the dihedral angle for Mg2SiO4 using Eq. 2. We consider a 
linear pressure variation of �SS for each tilt grain boundary 
simulated here and use the calculated values of �SL at differ-
ent pressures as obtained from the simulations for the corre-
sponding solid–liquid system as shown in Fig. 4 (Table S2). 
We note here that for the purpose of this study, we use the 
calculated interfacial enthalpies in Eq. 2.

The estimated dihedral angle lies between 70° and 130° 
displaying a decreasing trend with pressure for the 30.4° 
tilt configuration (Fig. 5). On the other hand, θ takes larger 

(2)cos
(

�

2

)

=
�SS

2�SL
,

values (130 to 150°) remaining roughly insensitive to pres-
sure for the 49.6° configuration. If θ is lower than the critical 
value of 60°, even small amounts of melt can establish an 
interconnected network along the grain edge and corner and 
percolate through silicate matrix, that is, complete wetting 
may occur. Our prediction of systematically higher θ than 
the critical angle implies that the Mg2SiO4 melt does not wet 
the solid forsterite and rather it may remain locally trapped 
as patches at the grain corner or on the grain boundary. Only 
when melt is present in sufficiently large amount, melt con-
nectivity and percolation become effective for θ > 60°. The 
required minimum volume fraction of melt for percolation to 
occur can be estimated as fm ∼ 0.009

√

� − 60 (Dong et al. 
2019). For the calculated dihedral angles of 70 to 150°, fm 
varies from ~ 2 to 8%. It is thus possible that partial melts 
present at a depth in any smaller amount than 2 volume 
percent form isolated pockets and hence do not signifi-
cantly influence the physical properties, including elastic-
ity and electrical conductivity of the host rock. This means 
that these melts in the interior may undergo undetected by 
geophysical observations of low seismic velocity and high 
electrical conductivity regions of the mantle. Alternatively, 
velocity or conductivity anomalies detected at depth may 
correspond to the regions comprising of partial melts in 
large amounts (a few volume percent) or should have some 
other origins.

Our calculated results show that the dihedral angle 
between forsterite and melt decreases with pressure is 
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consistent with the experimental findings by (e.g., Mibe 
et al. 1998a; Yoshino et al. 2007). However, the absolute 
values of dihedral angles calculated in this study are substan-
tially higher than the values reported by these experimental 
studies. A likely cause for this disagreement is the differ-
ence in the composition of the melt. In the present study, the 
“melt” is amorphous olivine (Mg2SiO4), whereas in Mibe 
et al. (1998a) it is basaltic to peridotitic and in Yoshino 
et al. (2007) it is nearly aqueous fluid at low pressure that 
changes to more silicate-rich melt at higher pressures. And 
both experimental studies reported that the dihedral angle 
decreases with pressure that corresponds to a change in the 
composition of the melt. However, because we do show the 
decrease of the dihedral angle with pressure for the same 
composition, we suggest that the experimentally observed 
pressure effects on the dihedral angle should, at least, partly 
be caused by the intrinsic effect, namely, the pressure vari-
ation of the solid–liquid/solid–solid interfacial energy ratio 
for a fixed composition.

In the simulated bi-crystal system, the structural distor-
tion in the vicinity of the boundary plane is the consequence 
of lattice mismatch between the adjacent grains because of 
their different orientations. The interfacial atoms experience 
not necessarily equal but opposing potential field and these 
atoms undergo relaxation accordingly. The interfacial relaxa-
tion appears to be complete in our simulations. The value 
of �SS obtained by subtracting the bulk crystalline contribu-
tion is reliably constrained because the origin of the excess 
energy is due to the distortion only in the vicinity of the 
boundary plane. This perhaps is manifested by the predicted 
smooth pressure variations of �SS at 0 and 1500 K unlike 
considerably scattered values of �SL (Fig. 4). The evaluation 
of interfacial energetics of the two-phase system is rather 
complicated because of the competing effects of the crystal 
half and amorphous half on the interfacial region and the 
kinetic barrier to the relaxation. While the effect of the crys-
tal half is to bring crystalline order on the interfacial atoms, 
the effect of the amorphous half is to resist that ordering. 
These effects together with the kinetic barrier may hinder 
sufficient relaxation of the interfacial region. In particular, 
the liquid side near the interface plane seems to undergo 
minimal local relaxation in a way that is different than that in 
the bulk liquid. This means that the entire half of the system 
remains fully disordered (the liquid part). The solid side near 
the interfacial plane is highly distorted and seems to imply 
a disorder-intruded region. Also, the bulk of the crystal part 
seems to be notably distorted compared to a perfect forsterite 
crystal as discussed in Sect. 3.1. These features together may 
result in higher internal energy of the simulated solid–liq-
uid system, thereby implying possible overestimation of 
�SL . An accurate estimation of the amorphous and crystal-
line contributions in crystal–melt system likely narrows the 
gap between the calculated and experimental values of the 

dihedral angle. However, it is not trivial to accurately con-
strain these contributions with the present methodology.

Conclusions

We report a comparative study of the structural and energet-
ics behavior of crystal–melt (solid–liquid) and grain bound-
ary (solid–solid) interfaces in Mg2SiO4 forsterite at upper 
mantle pressure–temperature conditions by performing 
large-scale first-principles molecular dynamics simulations. 
The calculated Si/Mg–O coordination environments and 
bond distributions in the vicinity of the interface plane of the 
two-phase system correspond to much more distorted struc-
ture (being almost disordered like liquid configuration) than 
the intergranular interfacial region. The formation enthalpy 
( �SS ) of two (0l1)/[100] grain boundaries (corresponding to 
tilt angles of 30.4° and 49.6°) increases almost linearly with 
pressure taking values between 0.8 to 1.4 J/m2 between 0 to 
16 GPa at 1500 K. The calculated results are generally con-
sistent with the experimental data. The solid–liquid interfa-
cial enthalpy ( �SL ) takes comparable values of 0.9 to 1.5 J/
m2 with no clear pressure effect. These interfacial enthalpies 
allow us to understand how the grain boundary and crys-
tal–melt interfaces compete in the forsterite–melt system.

We find that the estimated values of 67° to 146° for the 
liquid–solid–solid dihedral angle are larger than experimen-
tally inferred values for most silicate systems.

Details of the discrepancy between the computational and 
experimental results may be attributed partly to the current 
limitations of the first-principles approach and partly to the 
other factors, such as melt composition. When studying 
solid–liquid interfaces a great deal of effort should be put 
forward to identify and account for contributions to the inter-
facial structure and energetics. For instance, the evaluation 
of �SL also requires the amorphous energetics that should be 
very similar to that of the liquid part of the simulated two-
phase system. Given that relaxation of structural motifs in 
the liquid depends on the short and medium range scales 
and proceeds slowly, it may not be feasible to obtain and 
subtract exact energetics for the amorphous part. Moreover, 
the crystal part of the simulated two-phase system seems 
to be excessively distorted, more so closer to the interfacial 
plane. Examining these issues further is beyond the scope of 
this work mainly because of high computing cost associated 
with needed much larger and longer simulations. However, 
it is our understanding that a careful consideration in the 
future can lead to reliable results for crystal–melt interfacial 
energies and this first-principles study represents a positive 
step in this endeavor.
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