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Abstract
The melting curves of periclase, bridgmanite and Ca-perovskite, the three most important end
members in the lower mantle model system CaO-MgO-SiO2, were investigated by ab initio
Born—Oppenheimer MD simulations where the liquid and solid are in mechanical contact in
the simulation box (so called direct method). Tm calculated from conventional large-cell
coexisting method in NVE and NVT was compared with those from small-cell two-phase
method carried out in NPT and NVT (where the Tm is calculated from a distribution of the
number of simulations that ended up as a liquid and the number of simulations that ended up as
a solid). Advantages and challenges with the two approaches are discussed.
Simulations using 432-atom single-phase cells with the Alfé (2005) method of cell design gave a
melting curve for periclase through the lower mantle pressure range consistent with the Alfé
(2005) curve. The curve is extended beyond the previous determinations to 200 GPa and passes
through 6100, 8000 and 9440 K at 36, 119 and 200 GPa, respectively. The dT/dp slope seems to
remain positive, even at 200 GPa (4 K/GPa), but might turn negative before the B1 (NaCl) to B2
(CsCl) structural transition at about 360 GPa.
The bridgmanite and Ca-perovskite melting temperatures are based on simulations using modest
sized 80 atom and 180-atom two-phase composite cells. The bridgmanite melting curve can
easily be extended to an anchor point in the multianvil experimental determination at 2850 K
and 25 GPa (Ito and Katsura, 1992) and is broadly consistent with recent determinations from
shock-wave experiments (Mosenfelder et al. 2009) and atomistic simulations (e.g. Stixrude and
Karki, 2005; di Paloa and Brodholt, 2016) in the 25-120 GPa range. The new melting curve lies
slightly higher than those based on these recent studies and maintains a positive dT/dp slope
through the lower mantle pressure range. This supports the previous conclusions that there is no
melt-bridgmanite density inversion in the system MgSiO3 within the lower mantle pressure
range, but that bridgmanite is only about 2 % denser than melt/glass in the 80-136 GPa range
(e.g. Petitgirard et al. 2015). The strongly elevated Fe/Mg ratio in natural peridotite melt
relative to coexisting bridgmanite implies that the liquidus bridgmanite crystals will float.
The Ca-perovskite melting temperatures are elevated by about 1000 K at 70-120 GPa compared
to recent temperatures derived from thermodynamic and equation-of-state modelling and classic
potential molecular dynamics simulations (Wang et al. 2001; Gupta 2009; Liu et al. 2010),
whereas a 42 GPa determination is consistent with these results. Although the error bars are
large for the 42 and 70 GPa melting temperatures, the 120 GPa determination is more accurate.
The new melting curve, anchored in the multianvil-based experimental determination at 14-15
GPa and the accurate 7480 K, 120 GPa point has considerably steeper dT/dp slope than the
previous curves. The high thermal stability of Ca-perovskite may be readily explained by the
!VI

more ideal perovskite structure when the larger and more suitable Ca-atom occupies the A-site
and is consistent with the observation of Ca-perovskite as the first liquidus phase in basaltic
melts under lower mantle pressure conditions.
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1. Introduction
1.1. A brief introduction to mantle dynamics and structure
The Earth is divided into three main layers; the crust, mantle and core (Figure 1.1). The
thickness of the crust is only a few tens of kilometers, and it is mainly formed by silicates. The
core is below the mantle, and is divided into a liquid outer core and a solid inner core. The
mantle is divided into the upper and lower mantle, separated by a transition zone, and this
constitutes most of the volume of the Earth. The lower mantle extends to a depth of
approximately 2900 km with a dominant lithology of peridotite, composed by ferropericlase
(10-20 %), bridgmanite (70-80 %) and Ca-perovskite (2-5 %).
Crust

PGZ

PGZ

Equatorial radius: 6378 km

Upper mantle
14 GPa
410 km
23 GPa
660 km

Transition zone

Lower mantle

2700 km

136 GPa
2900 km

D’’

CMB

Outer core
PGZ

PGZ

5100 km
330 GPa

Inner core
365 GPa

LLSVPs
ULVZs

Figure 1.1. A simple sketch showing the stratification of the Earth. PGZ = Plume generation
zone. CMB = Core-mantle boundary. LLSVPS = Large low shear-velocity provinces. ULVZs =
Ultra-low velocity zones. For simplicity, the D’’ layer is drawn as a continuous layer, while in
reality it is not observed everywhere, for example, it might not be present in the LLSVPs.

The transition from core to mantle, the core-mantle boundary (CMB), is the most profound
thermal boundary layer within the Earth, involving large changes in chemistry, density, viscosity
and temperatures. The CMB separates the rapidly convecting outer core from the slowly
convecting mantle (Trønnes, 2010; Pradhan et al., 2015). To fully understand the stratification of
the deep mantle, it is important to know the density and structure of the matter at high pressures,
as well as the density contrast between solid and liquid phases (Petitgirard et al., 2015).
1

Above the CMB is the D’’-layer, which represents the lowermost 200-300 km of the lower
mantle. The D’’-layer is a seismic heterogeneous layer with an increase in temperature from
2600 K at the top of the layer to 3700-4000 K at the CMB (Trønnes, 2010). Seismological
studies have revealed two areas at the CMB with large low shear-velocity provinces (LLSVPs)
which contain zones with ultra-low seismic velocities (ultra-low velocity zones, ULVZs), and
these areas are believed to be patches of dense partial melt. Of the mapped area of the CMB,
ULVZs are mainly found within the regions for LLSVPs. They have thicknesses up to 50 km,
can be hundreds of km wide and have reductions in both P-wave and S-wave velocities with up
to 10 % and 30 %, respectively (Trønnes, 2010; Pradhan et al., 2015). For the ULVZs to persist,
they must be both gravitationally and chemically stable. Therefore, the melt has to be more
dense than the mantle solids as well as the core has to reach equilibrium without consuming the
components in the melt layer that is needed to remain gravitationally stable (Labrosse et al.,
2007). Although several different suggestions have been made for the nature and origin of the
ULVZs (e.g. Dobson and Brodholt, 2005; Mao et al., 2006; Liu et al., 2016), partially molten
basaltic material is a good candidate (e.g. Andrault et al., 2014; Pradhan et al., 2015; Torsvik et
al., 2016). Basaltic lithologies are slightly denser than ambient peridotite throughout the lower
mantle (e.g. Irifune and Tsuchiya, 2015), the ubiquitous presence of dense basaltic and partially
molten material near the CMB is indicated by strongly elevated Fe/Mg ratio in silicate melt in
coexistence with bridgmanite and post-bridgmanite (Tateno et al., 2014; Pradhan et al., 2015),
the continuous supply of recycled oceanic crust (ROC), into the lower mantle and the likely
intersection of the basaltic solidus with the lowermost mantle temperature profile.
The vertical projection of the surface location of the 27 deep-rooted plumes identified by
French and Romanowicz (2015) (Figure 1.2) place most of them very close to the LLSPVmargins (Torsvik et al., 2014), indicating that these margins are favorable sites for plume
generation (the plume generation zone of Burke et al., 2008). A relocation of the position of the
large igneous provinces (LIPs) erupted during the last 297 My in a global reference frame
(Burke and Torsvik, 2004; Torsvik et al., 2006; 2008) demonstrating that these relocated
positions are also conspicuously close to the present LLSVP-margins. The LIPs are thought to
originate from starting plume heads released from the CMB and their spatial association with
the current LLSVP-margins support an interpretation that the LLSVPs have been remarkably
stable through the las 300 My. Later Torsvik et al. (2014) used this relation to constrain the
paleogeography of the continents back to 540 Ma, assuming that LIPs and kimberlites of ages
300-540 Ma can preferentially be relocated to the LLSVP margins. The success of this
combined reference frame based on geological record, paleomagnetism and the broad
coincidence of LIPs and kimberlites with the LLSVP-margins, indicates that the LLSVPs were
largely stable throughout the Phanerozoic.
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Figure 1.2. From Torsvik et al (2016) show the two LLSVPs, Tuzo and Jason, as well as the location of the 27
deep-rooted mantle plumes from French and Romanowicz (2015) marked by small circles. The white stippled
line marks the high velocity circumpolar belt.

A major outstanding task is to identify the type(s) of material that may provide such long-term
stability. The requirements of a moderately elevated density (2-5 %) and bulk modulus
compared to the ambient peridotite (e.g. Garnero and McNamara, 2008) may be reconciled by
either cumulates from the last magma ocean or separated piles of ROC (Labrosse et al., 2007;
e.g. Irifune and Tsuchiya, 2015; Torsvik et al., 2016). Ballmer et al. (2015) and Torsvik et al.
(2016) have recently emphasized that the relatively small density contrast and higher bulk
modulus of ROC, compared to ambient peridotite, might lead to nearly neutral buoyancy of hot
basalt relative to peridotite near the CMB. The simple explanation for this is that basaltic ROC
lacks the most compressible mineral ferropericlase and contains the most incompressible
minerals, stishovite and seifertite, whereas the ambient peridotite has ferropericlase but no silica
minerals. The likely long-term existence of LLSVPs and the availability of late-stage Fe-rich
magma ocean cumulates from the start of the solid mantle period, may favor cumulates as protoLLSVP material, especially if initially too dense cumulates could partially react with the core.
Such reactions would likely involve considerable FeO-extraction from bridgmanite and
ferropericlase to merge with an O-undersaturated core, combined with minor SiO2-exolution
from the core to react with ferropericlase to form bridgmanite (Frost et al., 2010; Torsvik et al.,
2016; Hirose et al., 2017). The net effect of these reactions would be to lower both the
ferropericlase/bridgmanite ratio and the Fe/Mg ratio of these minerals, with decreasing density
and increasing bulk modulus of the proto-LLSVP material.
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1.2. Melting relations in the lower mantle and early magma
ocean crystallization
The giant impact in early Hadean resulted in the formation of the Moon, melted the Earth’s
mantle completely, and formed a global magma ocean (Canup, 2004), and the term ‘magma
ocean’ is used to describe the initial molten state that the Earth had after the moon-forming
impact. The molten Earth did not have a stable crust in the beginning, but a thin crust developed
later while the mantle was still molten below the crust, not exclusively near the surface but also
in the middle mantle and down to the lower mantle and the CMB, and the degree of melting
varied both radially and laterally (Solomatov, 2007). Partial melt that might be present in the
ULVZs today may provide insights into the crystallization process of the global magma ocean
(Ohnishi et al., 2017).
Melting is a first order phase change from an ordered solid to a disordered liquid, and this
process is very important in planetary science since it represents the most efficient mechanism
for mass and heat transport during the planetary evolution (Vočadlo and Price, 1996).
Knowledge of melting relations and partial melts of the materials in the lower mantle are
important to understand the chemical evolution of Earth’s interior and the nature of ULVZs
which have been linked to presence of partial melt at the bottom of the mantle (Williams and
Garnero, 1996; Tateno et al., 2014).
Results from Liebske and Frost (2012) and Ohnishi et al. (2017) indicate that as the pressure
increases, the Si/Mg molar ratio of the periclase-bridgmanite eutectic composition of the MgOMgSiO3 system decreases up to about 80 GPa before it stabilizes at 0.64-0.66 Si/Mg molar ratio
at the pressure present at the bottom of the mantle. In the pressure range above 35 GPa this
eutectic composition is slightly more magnesian than a bulk silicate Earth model composition
(about 42 mol % SiO2), promoting bridgmanite as the first liquidus phase. The crystallization
sequence is important because it gives essential information about the chemical evolution of the
Earth and the fractional crystallization of the magma ocean that may have caused large chemical
differentiations in the mantle (Ohnishi et al., 2017).
It is still debated at which depth the magma ocean started to crystallize. This depends on the
slope of its liquidus and isentropic temperature gradient (Ohnishi et al., 2017), as well as the
composition, i.e. whether it has a chondritic or peridotitic composition. The starting composition
is also relevant for the composition of the mantle after crystallization, but in both cases,
bridgmanite would be the first mineral to crystallize.
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According to studies performed by Thomas et al. (2012) and Ghosh and Karki (2016), the
crystallization of a peridoditic magma ocean would start in the middle of the lower mantle,
resulting in separate upper and lower magma oceans crystallizing upwards and downwards,
respectively, and the residual melt with the highest Fe/Mg ratio would collect at the 410-450 km
level and the base of the mantle (Labrosse et al., 2007; Lee et al., 2010; Ohnishi et al., 2017).
Thomas et al. (2012) inferred that a more chondritic magma ocean model with higher Si/Mg
ratio (but lower Si/(Mg+Fe+Al) that bridgmanite) would start to crystallize at the bottom of the
mantle, proceeding towards a residual melt at the eutectic involving bridgmanite and
ferropericlase. Such a residual (late-stage) melt would be denser and could percolate to and
accumulate at the CMB (Labrosse et al., 2007; Thomas et al., 2012; Ohnishi et al., 2017).
Experiments performed by Petitgirard et al. (2015) indicate that the density of MgSiO3 melt is
only 2 % lower than that of MgSiO3 bridgmanite in the wide 70-136 GPa pressure range. The
strong partitioning of Mg and Fe into bridgmanite and melt, respectively, reflected by an
average KDbm/melt(Fe/Mg) value of about 0.07 in this pressure range (Tateno et al., 2014), makes
a melt-bridgmanite density crossover in the upper half of the lower mantle likely for all bulk
mantle compositions.

1.3. Phase relations of the lower mantle
Experimental high-pressure mineral physics has until recently mainly focused on materials in
the upper part of the mantle, due to restrictions in the technical equipment used in high pressure
and high temperature experiments. Developments in technology have made it possible to study
phase transitions and physical properties of the minerals in the mantle at the assumed p-T
conditions. There has also been a good progress in computational mineral physics based on
atomistic simulations (ab initio calculations), that can be used to determine high-pressure and
high-temperature properties of the Earth’s forming materials, and are based on the
implementation of quantum mechanics known as density functional theory (DFT) (Alfè, 2015).
By using DFT, several mineral properties can be predicted, like complex crystal structures and
electronic properties, phase diagrams, thermoelastic properties, speed of sound, transport
properties, melting solutions, and partitioning (Alfè, 2015; Irifune and Tsuchiya, 2015). The
extreme conditions that exist within planets result in large challenges for reconstruction in
laboratory experiments, which is why the theoretical experiments are useful tools.

1.3.1. The MgO-FeO system
Periclase (MgO) is the most refractory major mineral component in the lower mantle with a
melting curve of about 3250, 5000, 7000 and 8200 K at 0, 24, 80 and 136 GPa, respectively, as
determined experimentally by at 1 bar (Ronchi and Sheindlin, 2001) and by ab initio molecular
5

dynamics study by Alfé (2005) (Figure 1.3). Although such extreme conditions are challenging
to reproduce by static experiments, attempts to establish the melting curve have been made,
using laser-heated diamond anvil cells (LH-DAC) by Zerr and Boehler (1994) and Du and Lee
(2014) and multianvil apparatus by Zhang and Fei (2008). By taking advantage of the complete
solid solution between MgO and FeO and the much lower melting curve of FeO, the two latter
studies determined parts of the MgO-FeO liquidus phase loops as an indirect route to the MgO
melting temperatures in the 3-7 GPa (Zhang and Fei, 2008) and 3-40 GPa (Du and Lee, 2014)
range (Figure 1.4). The melting curves derived by Zerr and Boehler (1994) and Zhang and Fei
(2008) are considerably lower and higher, respectively, than the Alfé (2005) curve, which is
consistent with the Du and Lee (2014) data for MgO melting (Figure 1.5).
9000
Alfé (2005), DFT-LDA, 432 atoms
Alfé (2005), DFT-LDA, 1024 atoms
Alfé (2005), DFT-GGA

A

A

Zerr and Boehler (1994)
Belonoshko and Dubrovinski (1996)
Vocadlo and Price (1996)
Cohen and Zong (1994)
Strachan et al. (2001)

T (K)
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A
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Figure 1.3. Melting curves for
MgO modified from Alfé (2005).
Alfé’s results are compared with
one experiment (Zerr and
Boehler (1994)) and several
theoretical determined curves
based on empirical potentials.

A

3000
A

0

100

50

150

P (GPa)

Figure 1.4. MgO-FeO phase
loops derived using laser-heated
diamond anvil cells by Du and
Lee (2014) where the MgO-FeO
phase loops were an indirect
route to the melting temperatures
of periclase.
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Figure 1.5. Melting curves of
MgO from Du and Lee (2014).
The figure contains both
experimental and theoretical
studies. The legend indicates
which studies represents
which line, and «this study»
refers to the study performed
by Du and Lee (2014).

Although the 200-700 GPa shock-wave results of McWilliams et al. (2012) and Fat’yanov and
Asimow (2014) are more uncertain, they are also in general agreement with the Alfé (2005)
curve in the 0-136 GPa range. At the extreme pressures of 600 GPa, corresponding to deep
interiors of extra-solar «super-Earths», an MgO phase transition from an electrically insulating
solid to a metallic liquid may blur the distinction between planetary mantles and cores
(McWilliams et al., 2012). In a combined experimental and ab initio atomistic simulation study,
Ohta et al., (2012) found that the NaCl (B1) structure of FeO undergoes metallization at about
70 GPa and 1900 K. Electronic spin-pairing starts at similar conditions but is far more gradual,
reaching completion at about 200 GPa. In ferropericlase with 25 mol% FeO the gradual spinpairing has a positive dp/dT slope and occurs in the 60-95 and 75-115 GPa pressure ranges at
1000 and 2000 K, respectively (Holmström and Stixrude, 2015). These differences are
presumably related to the fact that the structural strain, as well as the total volume, in a
ferropericlase lattice with a 10-25 mol% FeO can be reduced by the gradual transfer of the
larger Fe-atoms to the volume-reduced low-spin state. Partial metallization of ferropericlase
within the lower mantle pressure range is also observed by Holmström and Stixrude (2015). At
pressures exceeding about 600 GPa, e.g. in the interior of super-Earths, fully metallised solid
and liquid MgO-FeO phases with complete solid solution might be expected in a solid mantle as
well as in a liquid Fe-Mg-rich core.
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1.3.2. The MgSiO3 - CaSiO3 system
The mineralogy of the lower mantle is dominated by silicate perovskites and the melting
temperature of bridgmanite (bm, MgSiO3) and Ca-perovskite (cpv, CaSiO3) at high pressures
have important implications for the chemistry and physics of the lower mantle. The
experimental and computational determinations of the melting curves for bm and cpv in the
system CaO-MgO-SiO2 have been summarized by di Paola and Brodholt (2016) and Liu et al.
(2010). These melting curves provide important end points for the still unexplored MgSiO3CaSiO3 binary joint, which presumably involves a binary bm-cpv eutectic (Figure 1.6). This
binary join is also likely to represent a thermal divide between two ternary eutectics involving
periclase-bm-cpv and silica-bm-cpv (Figure 1.6). The two binary eutectics on the MgO-SiO2
join (Figure 1.7) was determined by de Koker et al. (2013).
CaO

CaO

24 GPa

L+CaO

L+CaO

(B2)

cpv CaSiO3

cpv

bm

pc
SiO2

MgSiO3

MgO

L+bm

L+stish

MgO

bm

L+bm

CaMgSi2O6

L+pc

CaMgSi2O6

pc

CaSiO3

L+cpv

L+cpv
L+pc

136 GPa

(B2)

MgSiO3

L+seif
SiO2

Figure 1.6. Inferred and approximate melting phase relations in the system CaO-MgO-SiO2 at 24 and
136 GPa (R. G. Trønnes, unpublished). The two binary eutectics on the MgO-SiO2 join are based on de
Koker et al. (2013). Most of the remaining phase relations are still unexplored and only inferred. Limited
solid solution is indicated by small blue fields. Abbreviations: pc: periclase, bm: bridgmanite, cpv: Caperovskite, stih: stishovite, seif: seifertite. The stability of seifertite to more than 6000 K at 136 GPa is
inferred from A. Løken (unpublished ab initio data).
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Shen and Lazor (1995) determined the «melting curve» for composition CaMgSi2O6 by LHDAC experiments. Presumably, their melting signal represents the temperature of the binary
eutectic composition, even if this composition is expected to vary slightly as a function of
pressure. Their «eutectic» temperature curve through 2850 and 3500 K at 40 and 80 GPa,
respectively, seems reasonable compared to a birdgmanite melting curve through 3500 and 4500
K at 40 and 80 GPa determined by di Paola and Brodholt (2016) (Figure 1.8).

Figure 1.8. Di Paola and Brodholt (2016) ab initio molecular dynamics (AIMD) results at 25 GPa and 120
GPa compared with previously experimental and theoretical results.

The most voluminous phase in the lower mantle is the orthorhombic bridgmanite. The melting
point for MgSiO3 at 23-25 GPa was determined to 2780-2850 K in multi anvil experiments by
Ito and Katsura (1992). Most of the experimental (laser-heated diamond anvil cell) and ab initio
computational melting curve determination at higher pressures converge to a temperature of
about 2800 K at 24 GPa but the partly extrapolated curves diverge to the range of 5000-8000 K
at 130 GPa (figure 1.8) (Di Paola and Brodholt, 2016). The most recent ab initio computational
studies (e.g. Stixrude and Karki, 2005; Liu et al., 2011; Di Paola and Brodholt, 2016) and a
shock-wave investigation (Mosenfelder et al., 2009) put the melting range at 5000-5500 K at
130 GPa. Stixrude and Karki (2005) and Stixrude et al. (2009) addressed the melting curve dT/
dp Clapeyron slope variations throughout the mantle pressure range and concluded that the
volume decreases continually but remains positive. There will therefore not be any melt-density
neutral buoyancy for the one-component system MgSiO3 within this range. Petitgirard et al.
(2015), however, found that the bm and melt/glass densities at 300 K approach each other to
within about 2 % in the 70-136 GPa range.
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The melting curve for Ca-perovskite, determined by multianvil experiments at 14-16 GPa
(Gasparik et al., 1994), forms a low-pressure anchor point. The extension of the melting curve
by LH-DAC experiments by Shen and Lazor (1995) and Zerr et al. (1997) resulted in 50 GPa
temperatures of 3300 and 4000 K, respectively. Thermodynamic modelling by Wang et al.
(2001), equations of state analysis by Gupta (2009) and ab initio computations by Liu et al.
(2010) all give melting curves in broad agreement with Zerr et al. (1997) (Figure 1.9)

Liu et al, 2010

Figure 1.9. Melting curves for Ca-perovskite at high-pressures comparing results from
theoretical studies: Liu et al. (2010), Wang et al. (2001) and Gupta (2009), as well as
experimental data from Zerr et al. (1997), Gasparik et al. (1994) and Shen and Lazor (1995).
In addition, the figure contains three lines based on melting formulas to the experimental
data of Zerr et al. (1997), the Lindemann fit (L), the Kraut Kennedy fit (KK) and Simon fit
(S). The figure is taken from Liu et al. (2010).
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1.4. Aim of study
The compositional change of the periclase-bridgmanite and bridgmanite-silica eutectics in the
system MgO-SiO3 and the Fe/Mg-partitioning between bridgmanite and melt and bridgmanite
and ferropericlase are reasonably well established through the lower mantle pressure range (e.g.
Irifune et al., 2010; Nomura et al., 2011; Liebske and Frost, 2012; de Koker et al., 2013; Sinmyo
and Hirose, 2013; Nomura et al., 2014; Tateno et al., 2014; Ohnishi et al., 2017). The p-T
melting curves for the end member components MgO, MgSiO3 and CaSiO3 (e.g. Shen and
Lazor, 1995; Zerr et al., 1997; Alfè; Stixrude and Karki, 2005; Di Paola and Brodholt, 2016) and
the eutectic melting curves in the MgO-SiO2 system (de Koker et al., 2013; Baron et al., 2017),
represent first-order constraints on the melting phase relations for the system CaO-MgO-SiO2
and for more complex and natural compositions like peridotite and basalt. The melting curves
for these unary and binary compositions are still characterized by significant uncertainties and
divergence between different studies. The objective of this project is to put further constraints on
the melting curve of the end member components periclase, bridgmanite and Ca-perovskite in
the system CaO-MgO-SiO2 in the lower mantle pressure range, using ab initio atomistic
simulations.
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2. Theory and methods
Atomistic simulations carried out by high-performance computer facilities is an important tool
for understanding the extreme conditions that exist inside the planets, especially because such
conditions are hard to reconstruct in laboratory experiments. In atomistic simulations, there are
two different approaches to calculate the forces on an atom, either classic mechanics or quantum
mechanics. Roughly explained is classic mechanics based on Newton’s second law, F = ma,
while quantum mechanics is based on the Schrödinger equation:
"Ĥ Ψ(R, r) = E Ψ(R, r)

(2.1)

where H
" ̂ is the Hamiltonian of the system, E is the total energy and Ψ is the many-body wave
function that describes the system. For systems containing more than one electron, the
Schrödinger equation cannot be solved exactly and approximations are needed.
To perform atomistic simulations, there are two popular approaches to simulate phase relations,
Monte Carlo simulations and Molecular Dynamics (MD) simulations. MD simulations, which is
the method of focus in this study, is performed by first preparing a sample that contains N
particles of the system and equilibrate it. After equilibration, the properties (ensemble averages)
of the system no longer change with time but fluctuate around a fixed value, and the real
measurements are performed after the equilibration.

2.1. Schrödinger equation and the Born-Oppenheimer
approximation
The Hamiltonian in the Schrödinger equation (equation 2.1) in absence of external fields can be
expressed as
"Ĥ = Σi

Zi Zj e 2
Pi2
Zi e 2
pn2
1
1
e2
+ Σnn′
+ Σn
+ Σ
− Σin
| rn − rn′ |
| R i − rn |
2Mi
2m 2 ij | Ri − Rj |
2

(2.2)

where the indexes i and j are for the nuclei, and n and n’ are for the electrons. Pi and pn represent
the momenta and Ri,j and rn,n’ are the position of the nuclei and electron, respectively. Zi is the
atomic number of nucleus i, with mass Mi and m is the electron mass. The first and second part
in equation 2.2 are the kinetic energy of the nuclei and the electron, respectively. The third,
fourth and fifth part are the interaction forces between nuclei, between electrons and between
nuclei and electrons, respectively.
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One approximation to the Schrödinger equation when working with molecules is the Born—
Oppenheimer approximation, which assumes that since the nuclei is much heavier than the
electrons, they will move much slower and can therefore be treated as stationary (Born and
Oppenheimer, 1927). The wave function can then be divided into two parts, one that describes
the nuclei and another that describes the electrons resulting in two separate Schrödinger
equations, one for the electrons, where the nuclei positions are a parameter, and one for the
nuclei motion. The Schrödinger equation for the electronic system is
"Ĥ el Ψel (r, ℝ) = Eel Ψel (r, ℝ)

(2.3)

where the Hamiltonian for the electrons ("Ĥ el) with a fixed nucleus can be expressed as
" ̂ el = Σn
H

Zi Zj e 2
Zi e 2
pn2
1
1
e2
+ Σnn′
+ Σij
− Σin
| Ri − Rj |
| rn − rn′ |
| R i − rn |
2m 2
2

(2.4)

Equation 2.4 is solved in order to find the minimum electronic energy, and the motion of the
nuclei is treated as if they were classical particles, governed by the Newton equations of motion
(Alfè, 2015).

2.2. Density functional theory
Density functional theory (DFT) provides information about the electron density and is based on
two theorems postulated by Kohn and Hohenberg (1964). The first theorem announces that the
ground-state energy (E) of the system is a function of the electron density ("ρ), and that the

electron density is a function of position E
" [ρ(r)] . The second theorem reveals that the electron
density that minimizes the energy of the overall functional is the true electron density
corresponding to the full solution of the Schrödinger equation (Hohenberg and Kohn, 1964),
equation 2.2. To find the minimum energy, the electron density is calculated from a modified
version of the Schrödinger equation (equation 2.2) derived by Kohn and Sham (1965), which
expresses that the right electron density can be found by solving a set of equations where each
equation only involves one electron (Sholl and Steckel, 2011).
[−
"

ℏ 2
∇ + V(r) + VH (r) + VXC (r)]ψi(r) = Ei ψi(r)
2m

V
" H (r) = e 2

ρ(r′) 3
d r′
∫ | r − r′|

(2.5)

(2.6)
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" XC (r) =
V

δEXC (r)
, where ρ(r)
"
= Σi | ψi(r) |2
δρ(r)

(2.7)

where ψ
" i represents the wave-function for one electron.
The Kohn-Sham one-electron equations, equation 2.5, include the three potentials: V, VH and
Vxc. V represents the potential of the interaction between an electron and the collection of
atomic nuclei, VH represents the Hartree potential (equation 2.6), and VXC represents the
exchange and correlation that contributes to the single-electron equation and can be defined as a
functional derivative of the exchange-correlation energy (equation 2.7).
The Hartree potential describes the Coulomb repulsion between the one electron in the KohnSham equation and the total electron density defined by all the electrons in the simulation. This
potential also includes a self-interaction contribution because the electron that is described in the
Kohn-Sham equation is also a part of the total electron density. The self-interaction is
unphysical, which is why a correction potential needs to be a part of the Kohn-Sham equation.
The Hartree potential is required to solve the Kohn-Sham equations, and the electron density
derived from the single-electron wave function is needed to define the Hartree potential. To find
these wave functions, however, we must solve the Kohn-Sham equations. To break this loop, the
Kohn-Sham equations are initially solved by estimating the electron density, usually by using a
superposition of atomic electron density. Subsequent iterations to obtain improved
approximations of the electron density (Sholl and Steckel, 2011; Atkins and de Paula, 2014) are
performed until the computed electron density and energy converge within a given interval.

2.2.1. Exchange-correlation function (XC-function)
Because the exchange-correlation function (XC-function) is the most challenging part of solving
the Kohn-Sham equations, we use two alternative approximations to get reasonable value for the
XC-function. The local density approximations (LDA) is based on the local density of the
electron at a given position, and the XC energy is set to that of a uniform gas at that position
(Kohn and Sham, 1965; Sholl and Steckel, 2011). The generalized gradient approximation
(GGA, e.g. Wang and Perdew, 1991) uses information about the local electron density across
that point and the local gradient in the electron density. There are many ways to include
information about the gradient of the electron density, but two of the most used functionals are
those proposed by Perdew and Wang, the PW91 functional, (Perdew and Wang, 1992) and by
Perdew, Burke and Ernzenhof, the PBE functional (Perdew et al., 1996).
The Hartree potential, describing the Coulomb repulsion between one electron and the total
electron density, includes the unphysical repulsion between the electron and itself (the self14

interaction energy). Therefore, approximate DFT analyses involve errors caused by an
incomplete cancellation of the self-interaction energy. Such errors are larger for systems where
the electronic states are strongly correlated e.g. with partially filled d and f orbitals (Anisimov et
al., 1991). The transition element iron is a good example. These large errors were the motivation
for developing the DFT+U method, which can be used with both LDA and GGA (Sholl and
Steckel, 2011). The DFT+U method involves an onsite Coulomb parameter U and an exchange
parameter J which are both adjustable (Dudarev et al., 1998).

2.2.2. Plane waves, k-points and pseudopotentials
The DFT calculations of solids and liquids are applied to systems defined by a cell shape that is
repeated periodically in space along three lattice vectors (x,y,z). This is referred to as periodic
boundary conditions (PBC) and is implemented to prevent the physical effect of surfaces on
calculations of bulk properties. As a molecule moves in the original box, the image of this
molecule in the surrounding boxes moves exactly the same way (Allen and Tildesley, 1989).
Interactions happen across the box boundaries, as when a molecule leaves the central box, one
of its images will enter through the opposite box wall. PBC is also important when calculating
atomic distances since the shortest distances between two atoms is not necessary between two
atoms in the same box, as illustrated in Figure 2.1.

Figure 2.1. An illustration of periodic boundary
conditions in two dimensions. The black box with
the dark blue balls represents the input file while
the lighter boxes around indicates the boxes that
are simulated due to PBC. The black arrow
represents the atomic distance between the two
atoms in the box, while the red arrow indicates
the shortest bond distance.

The wave function for such a periodic system must satisfy Bloch’s theorem (Bloch, 1929),
Ψ
" k (r) = ex p(i k ⋅ r)uk (r)

(2.8)

where u" k (r) represents the periodicity of the cell, and k represents the reciprocal space, or k
space. For the plane wave calculations to solve this function, we define k, i.e. a primitive cell in
reciprocal space, or the Brillouin zone, for the system. The Brillouin zone is important in band
theory, and several of the special zones are given individual names (Sholl and Steckel, 2011),
one of them is the 𝜞 point where k = 0.
The periodicity of u" k (r) in equation 2.8 means that the wave function can be conveniently
expanded in terms of plane waves, where the wave with the highest kinetic energy defines the
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cut-off energy. The cut-off energy has to be large enough to include the plane waves in a system
that oscillates on short length scales, which is a problem for tightly bonded core electrons. To
avoid this problem, the core electron densities are replaced by pseudopotentials that contain a
smoothed density to match the most important properties of the true ion core (Ihm et al., 1979;
Kresse et al., 1992). One way to include pseudopotentials is to use the projector augmentedwave (PAW) method introduced by Blöchl (1994) that was later adapted for plane-wave
calculations by Kresse and Joubert (1999).

2.3. Molecular dynamics theory
Molecular dynamics is a computer simulation technique where the time evolution of a set of
interacting atoms is followed by integrating their equations of motion. When performing MD
simulations there are several implementations, like different statistical ensembles, time
integration algorithms and conservation of energy that need to be carefully considered.

2.3.1. Statistical ensembles
Experimental studies work with macroscopic quantities of matter, but the computer costs of
working with such large systems are extremely high. That is why the thermodynamic properties
of macroscopic systems are transferred to a representative microscopic system consisting of N
identical imitations, called an ensemble (Cramer, 2004). In a closed system, the thermodynamic
state of the ensemble will be defined by one of the two mechanical variables, pressure (P) and
volume (V), and one of the two thermal variables, temperature (T) and entropy (S). MD
simulations can be carried out with different statistical ensembles, where one mechanical and
one thermal variable are kept fixed. The three ensembles considered here are:
Microcanonical ensemble - NVE
In the microcanonical ensemble, the number of particles (N), volume (V) and total energy (E) is
constant, allowing the temperature to change during the run. The probability density for the
microcanonical ensemble is proportional to δ(H(Γ)
"
" represents the position and
− E ) , where Γ
moment of the particles and H(Γ)
"
is the Hamiltonian (Allen and Tildesley, 1989). The δ" function selects out those states of an N-particle system in a container of volume V that have the
desired energy E.
Canonical ensemble - NVT
In the canonical ensemble, the number of particles (N), volume (V) and temperature (T) is
constant, allowing the pressure to vary during the run. The density of the canonical ensemble is
proportional to ex p(−H(Γ)/kBT ), where the temperature T is constant and the kB represents the
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Boltzmann distribution function. All values of energy is allowed in the canonical ensemble and
the energy fluctuations are non-zero (Allen and Tildesley, 1989).
Isobaric-isothermal ensemble - NPT
In the isobaric-isothermal ensemble, the number of particles (N), pressure (P) and temperature
(T) is constant, allowing us to run simulations with fixed pressure and temperature, and let the
volume of the box fluctuate.

2.3.2. Time integration algorithm
Given the molecular positions, velocities and other dynamics information at time t, we attempt
to obtain the positions, velocities etc. at a later time, t + ∆t (Allen and Tildesley, 1989). Time
integration algorithms are based on a finite difference method, where the time step, ∆t,
represents the distance between the successive MD steps.
The two most common time integration algorithms are the predictor-corrector algorithm and the
Verlet algorithm. Gear (1967; 1971) presented the most commonly used predictor-corrector
algorithms, consisting of three steps. The positions and acceleration are predicted first, followed
by computation of forces based on the gradient of the predicted positions. The resulting
acceleration will often be different from the predicted acceleration, giving an error signal that is
corrected in the last step. The basic idea of the other time integration algorithm, the Verlet
algorithm, is to write two third-order Taylor expansions for the positions r(t), one forward and
one backward in time (Verlet, 1967; Ercolessi, 1997).
Third-order Taylor expansion can be written as
" f (x) = f (a) +

f '(a)
f ''(a)
f '''(a)
(x − a) +
(x − a)2 +
(x − a)3
1!
2!
3!

If f(x) is rewritten as r(t + ∆t) and f(a) as r(t), the equations for the position with time will be
a(t) 2 b(t) 3
Δt +
Δt + O(Δt 4 )
2
6
a(t) 2 b(t) 3
r(t − Δt) = r(t) − v(t)Δt +
Δt −
Δt + O(Δt 4 )
2
6
r(t + Δt) = r(t) + v(t)Δt +

where f’(a) = v(t), f’’(a) = a(t) and f’’’(a) = b(t).
If these two expressions are added, this gives the Verlet algorithm
r(t+∆t) = 2r(t) - r(t+∆t) + a(t)∆t3 + O(∆t4)

(2.9)
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In equation 2.9, the last part, O(∆t4), is a truncation error proportional to ∆t4 for each integration
step.
This version of the Verlet algorithm does not generate the velocities directly. Even though they
are not needed for the time evolution, the velocities are necessary to compute the kinetic energy.
The evolution of the kinetic energy is important in order to check the conservation of total
energy which is the most important test to verify that a molecular dynamics simulation is
proceeding correctly. The velocities can be computed from the positions by using equation 2.10.

v(t) =

r(t + Δt) − r(t − Δt)
2Δt

(2.10)

Since equation 2.10 is dependent on two steps to find the velocities, it is only used after the first
step. For the first step, the initial velocities are often found by using the Maxwell-Boltzman
distribution of speeds (equation 2.11) at the initial temperature,
3
m
mv 2
) 2 ⋅ v 2 ex p(−
)
2πkBT
2kBT

(2.11)

where m is the mass, kB is the Boltzman constant
and T is the temperature. Equation 2.11 states that
there will be few molecules with very high speed,
that heavy molecules are unlikely to be found at
high speeds, and it is more likely to find molecules
with high speeds and that the probability of finding
molecules with high speeds, is higher at high
temperatures than at low temperatures (Atkins and
de Paula, 2014) as indicated on Figure 2.2.

Low temperature or high mass
Distribution function (f(v))

"f (v) = 4π (

Intermediate temperature or mass

High temperature or
low mass

Speed (v)

Figure 2.2. The Maxwell-Boltzmann distribution
of speeds indicates how the distribution will
change depending on temperature and mass.
Modified from Atkins and de Paula (2014).

2.3.3. Conservation of energy
During the initial simulation stage it is necessary to check several parameters to see if the
simulation runs properly. It is important to check if the total energy (Etot), i.e. the sum of the
kinetic energy (Ek) and the potential energy (Ep), is constant. During the run, energy is converted
back and forth between kinetic and potential energy, causing Ek and Ep to fluctuate, while their
sum remains constant. Small fluctuations, caused by errors in the time integration (equation
2.7), are considered acceptable. Such fluctuations can be reduced by decreasing the time step
(Allen and Tildesley, 1989). Slow drifts of the total energy are sometimes observed in long runs
and are more disturbing than fluctuations because the thermodynamic state of the system is
18

changing together with the energy. If drifts tend to occur, they can be prevented by for example
breaking the run into smaller parts, which will give the simulation a possibility to reset values,
like the velocities that are necessary to calculate the kinetic energy. A practical compromise is to
allow small energy fluctuations and perhaps slow energy drifts, as a compromise to work with
reasonably large ∆t (Ercolessi, 1997).

2.3.4. Equilibration
Before starting to analyze the results, it is important that the system has reached equilibrium.
When the simulation is started, either from a lattice or from a disordered configuration, it must
be run for a minimum period until all memory of the initial configuration is lost (Allen and
Tildesley, 1989). The system can be out of equilibrium for a while after the state of the system
changes, but will relax to its new state. The state of the system can change either spontaneously
(across phase transitions) or by changing a parameter in the simulation (induced). One way to
keep track of the systems equilibration process is to look at i.e. the potential energy and the
pressure. The equilibration period should be extended until these values have a systematic
fluctuation around a fixed value (Allen and Tildesley, 1989).
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Temperature (K)
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-3100
0

0.1

Time (ps)
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Figure 2.3. Illustrating the equilibration process for at 432-atoms cell of FeO (with a solid-liquid interface). The
figure shows that it takes less than 0.1 ps for the box to reach the point where the temperature/pressure/potential
energy fluctuates around a fixed value.
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2.3.5. Radial distribution function and mean square displacement
Both radial distribution function (RDF) and mean square displacement (MSD) are useful tools
for distinguishing between solid and liquid phase in MD simulations. When modelling solid and
liquid in coexistence and solid-liquid phase transitions, the RDF quantifies the probability of
finding atoms of type j at a given distance r from a specified atom of type i (Karki et al., 2006),
and can be defined as:
"gijl

nijl (r)

=

(2.12)

4π r 2Δrρil

Here n" ijl (r) is the number of j atoms in a thin sphere with thickness Δr
" centered at a given atom
of type i, and ρ
" il is the mean particle density of i.
For a crystal, the RDF will have peaks corresponding to the atomic distance between different
atoms (Figure 2.4 a), while for a liquid, the peaks will be less pronounced and the oscillation
will decay exponentially with the distance towards 1 (Figure 2.4 b).
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Figure 2.4. a) RDF of a solid 216-atoms cell of periclase at T=6000 K. b) RDF of a liquid 216-atoms cell of
periclase at T=6800K.

MSD distinguishes between solid and liquid phase based on information about the atomic
diffusivity, and is defined by:
MSD
= ⟨ | r(t) − r(0) |2 ⟩ =
"

1 N
Σn=1[rn(t) − rn(0)]2
N

(2.13)

where N is the number of particles that is considered, r" n(t) = r(0) which is the reference position

for each particle and r" n(t) is the determined position of particle n after time t.
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The MSD for a solid is constant because the ions only oscillate around the original atomic
position in the lattice, and there is no diffusion. For a liquid, the MSD for all atoms will increase
with time as the atoms diffuse. The MSD for solid and liquid is shown in Figure 2.5, and
illustrates that the behavior of the MSD as a function of time easily allows us to distinguish
between the two phases.
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Figure 2.5. To the left: MSD of a solid MgO, 216 atoms, T = 6000 K. To the right: MSD of a liquid MgO, 216
atoms, T = 6800 K.

2.4. Molecular dynamics simulations for generating liquid
Molecular dynamics simulations is especially useful to study solids and melt at high pressures
and temperatures. Melting temperatures were determined using DFT together with Born—
Oppenheimer molecular dynamics. Figure 2.6 shows how the structure of MgO changes in atom
positions from an ordered solid crystal structure to a disordered liquid structure when the
temperature is increased on the course of an ab initio MD run.

Increasing
Temperature

Figure 2.6. Left picture: Solid phase. Right picture: Liquid phase after increasing the temperature.
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2.4.1. Single phase ab initio MD simulations
Such a simulation starts with a box with a given number of atoms, all of them in the same phase.
In order to get a transition from e.g. a solid to a liquid, the box has to be heated about 20-30 %
above the actual melting point (e.g. Bouchet et al., 2009). The superheating is required because
the initial melting is suppressed by the limited box size (e.g. Belonoshko and Dubrovinsky,
1996).
The presence of defects in the box will most likely affect the melting point and possibly reduce
the amount of overheating, but the simulation box would have to be running for a long time in
order to get a significant ionic diffusion in the solid (Alfè, 2005). Defects could be either atomic
vacancies in the structure (positions with no atoms), making it easier for the atoms to migrate, or
it could be other atoms e.g. Ca2+ in MgSiO3.

2.4.2. Composite cell simulations
There are two main approaches to phase-diagrams using molecular dynamics; either direct or
indirect method. Indirect methods involve two separate simulation boxes not in mechanical
contact, containing solid and liquid, respectively (Sugino and Car, 1995; Belonoshko et al.,
2010). When the Gibbs free energies in the solid and liquid are equal, it is possible to compute
the melting point based on for example the thermodynamic integration method (Frenkel and
Ladd, 1984; Belonoshko et al., 2010).
The direct method is a more time consuming and computational expensive procedure when solid
and liquid are in mechanical contact. A single composite simulation box where one part is liquid
and the other part is solid can be run either as a coexistence simulation or as a two-phase
simulation. In a traditional large-size coexistence simulation (Mei and Davenport, 1992) the
initial configuration consists of a simulation cell where one half of the simulation box is solid
and the other half is liquid. The simulation is carried out in the NVE ensemble and both phases,
in coexistence, are present at the end of the simulation. A disadvantage with the approach is that
the pressure becomes nonhydrostatic, and the initial shape would ideally be needed to be
adjusted to accommodate for the volume change on melting (Belonoshko et al., 2010). Also,
Ladd and Woodcock (1977) suggested that the method could only be used if the equation of
state was known for both solid and liquid. The other approach is the two-phase simulation
method (Belonoshko, 1994), and in such a simulation, it is not required that the simulation cell
consists of both phases in the end. The simulation is usually carried out in the NPT or the NVT
ensemble, and the melting point can be determined either as the temperature at which the solid
and liquid phases coexist for a given period, or by running multiple small simulation boxes to
derive the melting point based on statistical distribution of how many simulation cells that melts
or solidifies, the melting temperature is the temperature at which 50 % of the simulation boxes
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ends up as liquid. In this thesis, all simulations have been performed by using the direct method.
Some of the simulations were carried out with the traditional large-size coexistence method in
the NVE ensemble. Others were carried out with the two-phase small-size method based on a
statistical distribution of the number of boxes that melts compared to the number of boxes that
freezes.

Temperature (K)

When temperature increases above the melting temperature in a simulation cell consisting of
both solid and liquid, the liquid is favored, and the latent heat is consumed as the melting
proceeds, causing the kinetic energy and temperature to decrease (Figure 2.7). The force that
drives the interface to move will also decrease, and the system will eventually reach equilibrium
at the melting temperature. If the initial temperature is below the melting temperature, the solid
is favored and the temperature will increase until it reaches equilibrium (Figure 2.7). The system
has reached equilibrium when the interface do not drift. If the energy of the system is too high or
too low for the given volume, the system will either completely melt or solidify, and a certain
number of test runs are usually required in order to find the right value of E, where the solid and
liquid coexist for a long time (Alfè, 2005).
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Figure 2.7. The figure illustrates how the temperature, kinetic energy and potential energy changes with
the phase boundary as either solid or liquid is favored in the simulation. Eventually, the system reaches
equilibrium and the different parameters fluctuate around a fixed value.
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There are two popular techniques to construct this phase boundary, either by constructing it from
scratch by building up the composite cell or by combine single cell simulations. When the phase
boundary is constructed, the system can be run in an appropriate ensemble to obtain the melting
temperature.
Constructing a composite cell simulation
Alfé introduced a way to construct a composite cell (Alfe et al., 2002; Alfe, 2003; 2005), where
the bonds between the atoms in the solid and in the liquid still would be physically reasonably,
and such as minimizing artificial interfaces. To do so, the first step is to create a box of atoms
and run it at the guessed melting temperature (Tguess). The next step is to use «selective
dynamics», thereby controlling which atoms that can or cannot move (Kresse and Furthmuller,
2002). The part of the box that is free to move is then heated up until it is liquid. An example of
this process is shown in Figure 2.8 for the MgO system.
3. The part of the
box that is not frozen
are heated up until it is
liquid, and then cooled
down to Tguess

1. Create a simulation
box with N atoms.
Heat it up to Tguess

4. The whole system is
unfrozen, and run in e.g.
the NVE ensemble until
it reaches equilibrium.

2. Half of the box is
kept frozen by using
Selective Dynamics.

Figure 2.8. Illustrates the steps from Alfé (2005) on how to construct a two phase system. These sketches are of
MgO. The grey area represents the atoms that are frozen.

I have used the term «Alfé technique» when referring to this careful way of building up a
composite cell.
Constructing a composite cell based on single cell simulations
Another way to construct the two phase system is to separately construct one box of solid and
one box of liquid and glue them together (Figure 2.9). The liquid box can be generated by
performing a single cell simulation. To combine the two boxes, the coordinates along one axis
(the same in both solid and liquid) may be adjusted in order to avoid overlap of atoms, while the
two remaining axes stay the same. This way to construct a composite cell will be referred to as
the «gluing technique».
When the interface between solid and liquid is prepared, the MD simulation can be carried out
with different methods. In this thesis, there are two main methods that has been used, the
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traditional large-size coexisting liquid and solid MD simulations in the NVE ensemble and the
two-phase small-size method in the NPT or the NVT ensemble.

Figure 2.9. The figure shows how to construct a two phase system from single cell simulations. The first box
represents the solid phase, the second box represents the liquid phase and the last box represents the two-phase
system (both solid and liquid).

2.5. Solid and liquid in ultra-small coexistence
When performing coexistence simulations, the number of atoms in the simulation cell is
essential to get a reliable result. When running large-size coexisting simulation constructed by
either the Alfé technique or the gluing technique, the number of atoms has to be large enough
for the cell to remain in coexistence for a long time, i.e. much longer than the equilibration time,
and this is computational expensive when using ab initio MD. To reduce the computational
costs, a different approach to determine the melting point is to carry out several small cell
simulation boxes, containing around 100-200 atoms, and calculate the melting point based on
statistical distribution, i.e. how many that melts and how many that freezes. When running small
cells, the number of atoms required to give a reliable result is balanced against the
computational cost. Because the interface between the solid and liquid phases is unstable, the
simulation cell will rapidly (typically within a few ps) end up as completely liquid or completely
solid.
The melting point is derived by recording the proportions of the small simulation cells ending
up as solid and liquid for each investigated temperature (Figure 2.10). Above and below the
inferred melting temperature a majority of the simulation boxes melts or solidifies, respectively.
If the numbers of solid and liquid cells are equal, we can then assume that we are at the melting
point. In general (in NPT) the distribution is determined statistically from fittings using:
"

pliquid
psolid

−G l−s(T )lx
= ex p(
2kBT

(2.14)

"H s/l (T ) = H s/l (Tm ) + Cps/l (T − Tm )
"S s/l (T ) = S s/l (Tm ) + Cps/l ln(T /Tm )
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"
G

l−s

Tm − T
(T − Tm )2
l−s
l−s
(T ) =
⋅ H (Tm ) − Cp ⋅
Tm
Tm

where the indexes l and s represents liquid and solid phase, respectively, H is the enthalpy, C is
the heat capacity, S is the entropy, G is Gibbs free energy, T is the temperature in K. The
unknown in these equations are Tm (the melting temperature in K) and lx, the finite-size
parameter. By solving equation 2.10 (Hong and van de Walle, 2013), it is possible to obtain
several melting properties, like the melting temperature Tm, enthalpies at Tm for both solid and
liquid Hs/l(Tm) and heat capacities Cps/l.

Example. Launch 10 simulations at T=6500 K,
T=6000 K and T=5500 K.
At T=6500 K, 2 simulations ended up as solid
while 8 simulations ended up as liquid.
At T=6000 K, 5 simulations ended up as solid
and 5 simulations ended up as liquid.
At T=5500 K, 7 simulations ended up as solid
and 3 simulations ended up as liquid.
From this information we assume that the
melting temperature is at ~ 6000 K.

Solid

Interface

Solid

Liquid

Running n MD simulations
nsolid

Solid

nliquid

Liquid

Figure 2.10. Schematic illustration of how small cell simulations
work. By counting nsolid and nliquid, where n = nsolid + nliquid, it is
possible to calculate the melting point.

Another way to calculate the melting point based on the two-phase small-size method, is to use
the newly released program developed and distributed by Hong and van de Walle (2016), the
«solid and liquid in ultra-small coexistence with hovering interfaces» (SLUSCHI). The
SLUSCHI-code is a simple and automated tool for melting point calculations, capable of
p
computing the melting point with an precision of ~100 K from statistical " l with simulation
ps
boxes containing typically 100-200 atoms. The user only needs to specify the crystal structure
and unit cell of the system, and SLUSCHI automatically builds a supercell of a proper size,
prepares solid-liquid coexistence and launches the two-phase small-size method (Hong and van
de Walle, 2016). When preparing the coexistence, the code uses the Alfé technique to construct
the simulation box. After preparing the composite simulation cell, the program launches several
MD simulations, resulting in a completely solid or completely liquid cell within a few ps.
SLUSCHI then calculates the melting point by using equation 2.14, based on thermodynamic
data derived from these simulations (Hong and van de Walle, 2016).
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3. Computational details
3.1. Constructing systems
Molecular dynamics simulations have been performed on simple mineral components
representing the minerals in peridotite, the dominant lithology in the lower mantle. The
simulations were either performed in the NVE ensemble or run by using the two-phase smallsize method in NVT or NPT (with Hoover barostat) (Hong and van de Walle, 2016). Information
about the unit cell and supercell is given in Table 3.1.
Table 3.1. Information about the crystal structure, space group, lattice parameter and volume for periclase, wüstite,
bridgmanite and Ca-perovskite. 1. From Alfé (2005), the other MgO parameters were adjusted to get the wanted
pressure. 2. The lattice parameter was adjusted from MgO. 3. From Yagi et al. (1978),. 4. From Wang et al. (2001).

System

Lattice
parameter

Volume
(Å/atom)

Pressure
(GPa)

a, b, c

𝛂, 𝛃, 𝛄

Natoms 1

MgO

4.340
4.284
4.280
4.212 1
3.912
3.712

10.46
9.98
9.80
9.34
7.48
6.39

36
36
26
37
110
200

2,1,1
2,1,1
6,3,3
6,3,3
6,3,3
6,3,3

60, 90, 90
60, 90, 90
90, 90, 90
90, 90, 90
90, 90, 90
90, 90, 90

48
144
432
432
432
432

FeO

4.165 2
4.105

9.03
8.65

23
33

6,3,3
6,3,3

90, 90, 90
90, 90, 90

432
432

MgSiO3

a=4.780 3
b=4.933
c=6.902

8.14

53

6,3,3

90, 90, 90

720

2,1,1
2,1,1
2,1,1
2,1,1
2,1,1

60, 90, 90
60, 90, 90
60, 90, 90
60, 90, 90
60, 90, 90

40
80
80
80
180

2,1,1
2,1,1
2,1,1

60, 90, 90
60, 90, 90
60, 90, 90

80
80
80

MgSiO3

3.29 4

6.86

120
42
70
120
120

CaSiO3

3,804
3,583
3.389 4

9,71
8,47
7.22

42
70
120

Periclase, MgO, has the same crystal structure as the cubic rock-salt NaCl, and the unit cell
consists of 4 Mg2+ atoms and 4 O2- atoms (Figure 3.1). To construct a 3x3x3-supercell (216
atoms), the unit cell was expanded in all three crystallographic directions (Figure 3.1). This
supercell was heated up step-wise at intervals of 1000 K for 10 ps until the box melted, followed
by a step-wise cooling at reduced intervals of 100 K in order to determine an approximate
melting point. The derived freezing point was then used as the guessed melting temperature in
the large-size coexisting simulations. To run a coexistence simulation, the 3x3x3-cell was
further expanded to a 6x3x3-supercell (432 atoms). The Alfé technique was used to construct the
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solid-liquid interface and the simulation was carried out in the NVE ensemble at pressures of 26,
36, 100 and 200 GPa. Simulations were also carried out with two-phase small-size method in
the NPT and NVT ensemble at cell sizes of 48 and 144 atoms.
Wüstite, FeO, and periclase are isostructural, so to run coexistence simulations for wüstite, the
original periclase simulation box was used with Fe2+ ions replacing Mg2+ ions (Figure 3.2).
The only parameter that was changed was the lattice parameter, since we aimed to determine a
melting point at approximately the same pressures as for periclase, i.e. at 23 and 33 GPa. For the
simulation at 23 GPa, wüstite was running for almost 2 months using about 92200 CPU hours,
but that only gave 1.4 ps of statistics. At 33 GPa, the simulation ran for 40 days using ~75500
CPU hours, which gave about 1.2 ps of statistics. The results from these simulations are
therefore not presented in the thesis, but an overview is given in Appendix 1.
A supercell of bridgmanite, MgSiO3, can either be constructed using the primitive or the full
unit cell as building blocks. The unit cell consists of 20 atoms and has an orthorhombic structure
(Figure 3.3). When running large-size coexisting simulations, the unit cell was expanded to a
3x3x2-supercell (360 atoms) (Figure 3.3). To make a composite cell, this supercell was heated
up until liquid and then glued together as described in Section 2.4.2, constructing a 6x3x2supercell (720 atoms). When running bridgmanite in SLUSCHI, the 5 atoms primitive cell was
used as input. SLUSCHI then did a structural relaxation, and the cubic input structure converged
to an orthorhombic cell. Bridgmanite was run with three different cell sizes, containing 40, 80
and 180 atoms. The 80 atoms cell was run at three different pressures, i.e. 42, 70 and 120 GPa.
Simulations of Ca-perovskite, CaSiO3, was carried out with the two-phase small-size method in
NPT with cells containing 80 atoms in total. Cell size testing was done for bridgmanite, so we
assume that differences in melting temperature will be approximately the same for Caperovskite since they have the same crystal structure. Ca-perovskite was run at three different
pressures, i.e. 42, 70 and 120 GPa.
Visualization of crystal structures has been accomplished with the VASP-compatible VESTA(Momma and Izumi, 2011) and VMD-program (Humphrey et al., 1996). All figures of crystal
structures and simulations cells has been made by using either VESTA or VMD. The relative
sizes of the displayed ion symbols in figures of atoms generated by VESTA do not correspond to
the actual ionic sizes.
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O

Figure 3.1. Left picture: 3x3x3supercell of periclase (216 atoms)
Right picture: Unit cell of periclase,
consisting of 8 atoms.

Mg

Figure 3.2. 6x3x3 initial wüstite
supercell (432 atoms). About
half of the box is solid (right
side) while the other half is
liquid (left side).

o
Fe

Figure 3.3. Upper: The primitive
bridgmanite-cell consists of 20
atoms. Lower: The 3x3x2-supercell
consisting of 360 atoms, seen from
two different angles

Si
O
Mg

Figure 3.4. Unit cell for Ca-perovskite
that were used as input when running
SLUSCHI simulations. The unit cell for
bridgmanite looks the same, but the
lattice parameter is slightly different
(see table 3.1).

O
Si
Ca
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3.2. Challenge when using the gluing technique in NVE
If we want to run a composite cell in NVE, the preparation of the interface between solid and
liquid needs to be considered carefully. When the cell is prepared by the Alfé technique, the
bonds between the atoms in the solid and liquid phases have been carefully taken into account,
giving physical reasonably bond length between atoms close to and at the interface. When the
interface is prepared this way, the system will be stable in the NVE ensemble for several tens of
ps. This is not the case when using the gluing technique. When gluing two boxes together, it is
difficult to control how close the atoms at the interface are and the strained interface will affect
the systems potential energy. This is especially a challenge when the simulation box is small. If
the bond lengths between atoms near the interface are too short, these atoms in solid phase will
have extremely high potential energy and might cause the entire solid phase to melt less than 1
ps. Figure 3.5 illustrates how such an atom can melt the entire system. This problem can at
least, in part, be prevented by changing the ensemble from NVE to NVT during equilibration
since a thermostat can help stabilize the system before relaunching in NVE.
Interface

Interface
Solid

Melt

Solid
Melt

1. Initial position.
Dark blue atom is close
to the interface and will
start moving when the
simulation is started.

Melt

Solid
Melt

2. The dark blue atom
moves across a large
part of the box, colliding
with another atom.

Melt

Melt

3. The collision make
the green atom move
out of poision and hit
another atom etc, causing
the system to melt

Figure 3.5. Show how large movement of one atom can cause the whole box to melt. This happens in both large
and small coexistence cells. This figure represent only the solid part of a composite cell.

The initial tests on bridgmanite with 720 atoms, where a series of simulations constructed with
the gluing technique and carried out in the NVE ensemble at 53 GPa and temperatures of 5800,
4500, 4000, 3800 and 3500 K, all resulted in melting within 1 ps even though we would expect
the melting temperature to be above 4000 K. Changing the ensemble to the NVT and running
the bridgmanite simulations for 3 ps, the cells were still containing both solid and liquid. These
simulations, however, were not running long enough to gain a reliable melting temperature.
More information about these preliminary calculations can be found in the Appendix 2.
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3.3. Computational details for VASP
All the MD simulations, using the Verlet algorithm, were run with the standard value of 400.0
eV for the cut-off energy of the plane waves. We used the Gaussian smearing, and the width of
the smearing was set to 0.02 eV (Kresse and Furthmuller, 2002) in runs without electronic
entropy included. The SLUSCHI (two-phase small-size in NPT) always included the electronic
entropy and simulations were run using Fermi smearing with width of kBT (eV). The step length
in the MD simulations varied between 1 and 2 fs.
The simulations containing iron was run with spin polarization where the magnetic moment for
iron was initially 5.0 Bohr-magnetons. Due to the partially filled d orbitals, the simulations were
also run with DFT+U, with an added U value of 4.3 eV (Cococcioni, 2010) for iron. For the
quantum number l, we used the value 2 for iron and -1 for all the other species. The J-term for
all species, including iron, was set to 0.
For the pseudopotentials, the projector argumented-wave (PAW) method (Blöchl, 1994; Kresse
and Joubert, 1999) was used together with the Perdew-Burke-Ernzerhof (PBE) GGA functional.
The Mg potential has the 3s2 electrons in valence, the O potential has the 2s22p4 electrons in
valence, the Si potential has the 3s23p2 electrons in valence and the Fe potential has the 3d74s1
electrons in valence. For Ca, the 3p-states are treated as valence states (Kresse and Furthmuller,
2002), i.e. 3p64s2 electrons in valence. The Brillouin zone in reciprocal space included only Γ.
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4. Results and data uncertainty
4.1. Periclase, MgO
The melting curve for periclase was constrained by comparing results from four simulations
carried out in the NVE ensemble by using the traditionally large-size coexistence method (432
atoms) and compared with results using the two-phase small-size method (144 atoms) in either
the NPT or the NVT ensemble. Large cell NVE simulations, with the solid-liquid interface
constructed according to the Alfé technique, were run at pressures of 26, 36, 110 and 200 GPa,
trying to maintain solid-liquid coexistence for as long time as possible, whereas small-cell
coexistence calculations where carried out at 36 GPa. The results of the periclase simulations are
listed in Table 4.1. In addition, the influence of electronic entropy on the results were tested
with one small cell simulation, which will be discussed in the next chapter.
Table 4.1. An overview of the results for periclase. The table includes total number of atoms, the
method used, ensemble, total number of MD simulations ran in coexistence, pressure and
melting temperature.

natoms

Method

Ensemble

nMD

Pressure (GPa)

Tm (K)

432

Alfé

NVE

1

26

5770

432

Alfé

NVE

1

37

6100

432

Alfé

NVE

1

110

8000

432

Alfé

NVE

1

200

9440

48

Small-cell

NPT

33

36

4857 +/- 83

144

Small-cell

NPT

15

36

5209 +/- 102

144

Small-cell

NVT

70

36

5680

For simulations carried out with the small-cell coexistence method in the NPT ensemble, two
different cell sizes were chosen and compared with Alfë (2005), trying to determine the best cell
size as a combination of a reasonable result and the amount of computer time. Figure 4.1 shows
the effect of cell size on melting temperature at 36 GPa. The key observation is that the observed
melting temperatures seem to converge towards an asymptotic value with increasing cell size.
The equilibrium melting temperature is likely represented by the asymptotic limit. Although the
three points in Figure 4.1 do not define the asymptotic value accurately, the red point
representing the 432-atom cell simulations of Alfé (2005) appears to be a relatively close
approach to the convergence limit.
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Temperature (K)

6000

5000

P = 36 GPa
Small-cell
simulations
in NPT

4000

Alfé (2005)

100

200

300

400

500

600

700

800

900

Figure 4.1. Relation between
simulation cell sizes and melting
temperature at 36 GPa. The red
circle is taken from Alfé (2005).
For all melting temperatures the
electronic contribution is taken
into account.

1000

Number of atoms

4.1.1. Large-size coexistence simulation at P=37 GPa
The 432-atom cell simulation in the NVE ensemble at 37 GPa gave a melting temperature of
6100 K, based on a two-stage MD run. The first simulation was run for almost 28 ps and ended
up as a solid (referred to as Run 1). Then the simulation (Run 2) was restarted by using the
dumped coordinates at 20 ps, but with new velocities taken from a Maxwell-Boltzmann
distribution. Run 2 ended up as a liquid after almost 32 ps. The different outcomes result from
fluctuations in the kinetic energy, causing the simulation box to either freeze or melt entirely.
This indicates that the simulation were close to the melting temperature.
For Run 1 is the first 20 ps of the evolution of temperature, pressure and energy of the system
illustrated in Figure 4.2. During the first 1.5 ps of the simulation, the system stabilized, indicated
by decreasing temperature and kinetic energy and increasing pressure and potential energy. After
stabilization, the temperature, pressure, potential and kinetic energy continued to fluctuate
around fixed values. These fluctuations indicate a stable boundary, and the coexistence of the
MD simulation could be followed for more than 20 ps.
The evolution of temperature, pressure and energy beyond 20 ps for Run 1 is shown in Figure
4.3, with continuing irregular fluctuation in the 20-25 ps period. After 25 ps the temperature and
kinetic energy increased slowly, while the potential energy decreased, indicating that the
simulation box was starting to solidify. Both the MSD for Mg and O (Figure 4.4) and the RDF
for Mg-O (Figure 4.5) of the system confirmed that the simulation ended up as a solid. On
Figure 4.4, it is possible to see that the MSD for Mg and O started to flatten out at ~25 ps. The
RDF, which is made from the last 300 steps (or 0.6 ps) of the simulation has the significant
peaks for solid Mg-O (Karki et al., 2006). The total simulation time the system needed to freeze
was 27.5 ps.
The pressure, temperature and energy evolution of Run 2, restarted at 20 ps and ending as a
liquid, are shown in Figure 4.6. The values fluctuated irregularly in the 20-30 ps period, before
the temperature and kinetic energy decreased, and the potential energy increased rapidly, and the
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entire box melted. The RDF for Mg-O based on the last 300 steps (or 0.6 ps) of the simulation
Initial
From 2 ps
From 13 ps From 16 ps From 17.5 ps
(Figure ratio
4.5) confirms thatto the
simulation ended up as atoliquid.
The total
simulation
time needed
12 ps
15 ps
to 17 ps
to 20 ps
for melting
was
50 % 50
% ~32 ps.60 % 40 %
40 % 60 % 50 % 50 % 60 % 40 %
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b
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5000
0
400

c
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0

Ep (eV/supercell)

Liquid Solid Liquid Solid

40

30

ETot (eV/supercell)

Liquid Solid

-2000

d

-2100

-2200
0
-1600

e

-1700

-1800
0

Time (ps)
Figure 4.2. Pressure, temperature and energy variations for the first 20 ps of a 432-atoms cell simulation of
periclase at 37 GPa for Run 1. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total
energy. The minor steps in the total energy at almost 4 and 17 ps are related to drift from the Born-Oppenheimer
surface caused by drifts in the total energy. When the simulation is restarted, the system adjusts these drifts.
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d

-2100
-2200
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-1600

e

-1700

-1800
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Time (ps)

Figure 4.3. Pressure, temperature and energy variations from 20-28 ps of the 432-atoms cell simulation of
periclase at 37 GPa for Run 1. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total
energy.

35

140

120

Solid Mg
Solid O
Liquid Mg
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100

MSD

80

60

40

20

0

0

5

10

15

20

25

30

35

MDsteps (ps)

Figure 4.4. MSD of 432-atoms cell of periclase. The red and blue line represents the Run 1
that ended up as a solid. The yellow and purple line represents Run 2 that ended up as
liquid. The blue and yellow line is the Mg atoms, and the red and purple line is the O atoms.
3.5
Mg-O solid
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Figure 4.5. Mg-O RDF of 432-atoms cell. The blue line represents Run 1 that ended up as
solid and the red line represents Run 2 that ended up as a liquid. The RDF is made of the last
300 steps (or 0.6 ps) for each of the simulations. The significant peaks for the solid phase are
in good agreement with the RDF from Karki et al. (2006)
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Figure 4.6. Pressure, temperature and energy variations from 20-32 ps of a 432-atom cell simulation of periclase
at 37 GPa for Run 2. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total energy.
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4.1.2. Large-size coexistence simulation at P = 26 GPa

Etot (eV/supercell) Ep (ev/supercell) Ek (eV/supercell)

Temp. (K)

Pressure (GPa)

A 432-atom simulation of periclase in the NVE ensemble at 26 GPa, resulted in solid-liquid
coexistence for approximately 20 ps, and ended up as solid. Figure 4.7 shows the fluctuations of
temperature, pressure and potential, kinetic and total energy of the system. The equilibration
process occurred during the first picosecond, with a small drop in pressure and potential energy
and a small increase in temperature and kinetic energy. After stabilizing, the temperature and
energy fluctuated around a fixed value for 18 ps. However, at 18.5 ps, the temperature and
kinetic energy increases and the potential energy decreases again, and this time the system did
not stabilize, and the whole system froze due to these thermal fluctuations. After equilibration,
the melting temperature at 26 GPa was calculated to be 5770 K.
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Figure 4.7. Pressure, temperature and energy variations for the 21 ps of a 432-atom cell simulation of periclase
at 26 GPa. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total energy.
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4.1.3. Large-size coexistence simulation at P = 110 GPa

Temp. (K)

Pressure (GPa)

A 432-atom simulation of periclase in the NVE ensemble at 110 GPa had still coexisting solid
and liquid after ~4 ps. Although the temperature and kinetic energy increase and the potential
energy decreases in the 2-4 ps period this is probably part of fluctuations with long periodicity
(Figure 4.8). The melting temperature for this simulation is calculated to 8000 K.
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Figure 4.8. Pressure, temperature and energy variations for the first 4 ps of a 432-atom cell simulation of
periclase at 110 GPa. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total energy.
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4.1.4. Large-size coexistence simulation at P = 200 GPa

Temp. (K)

Pressure (GPa)

The 200 GPa and 432-atom simulation in the NVE ensemble was running for ~23 ps and was in
coexistence when it was stopped, meaning that the phase boundary was still stable. Figure 4.9
shows the fluctuations of temperature, pressure and energy of the system over time. The melting
temperature at 200 GPa is calculated to be 9440 K.
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Figure 4.9. Pressure, temperature and energy variations for the first 23 ps of a 432-atom cell simulation of
periclase at 200 GPa. a) pressure, b) temperature, c) kinetic energy, d) potential energy and e) total energy.
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4.1.5. Two-phase small-size method at P = 36 GPa
To determine the melting temperature at 36 GPa using the two-phase small-size method, two
simulations, with 48 and 144 atoms were run in the NPT ensemble, while one (144 atoms) was
run in the NVT ensemble. The number of simulation cells that ended up as a liquid and solid, as
well as the melting temperatures, are listed in Table 4.2. The melting temperature is calculated
by using equation 2.14.
Table 4.2. Results from small-cell simulations in the NPT and NVT ensemble consisting of 144 atoms at 36 GPa.
The letters n with subscripts indicates numbers of atoms and numbers of simulations (total numbers and numbers of
ending as solid and liquid).

Ensemble

NPT

Temperature (K)

nsolid

nliquid

ntotal

4400

4

0

4

4800

7

1

8

5200

1

3

4

5600

0

4

4

6000

0

1

1

6800

0

1

1

TM = 5025 +/- 94 K

NVT

5100

10

0

10

5500

6

4

10

5600

12

8

20

5700

9

11

20

6000

2

8

10

TM = 5680 +/- 100 K

All the small-cell simulations started with 50/50 solid and liquid. Figure 4.10 shows what the
initial simulation box looked like and two examples on how they looked after a few ps, either
completely solidified or completely liquified.
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Interface

Figure 4.10. Shows configurations at 0 t and
after a few ps. The simulation starts with a
simulation cell consisting of 50/50 solid and
liquid, and ends up as either pure solid or
pure liquid. The example is from MgO at
5600 K.
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The potential energy as a function of time was plotted (Figure 4.11) for the two-phase small-size
simulations, in the NVT ensemble, at four different temperatures. From Figure 4.11 it is possible
to see that the simulations end up as a single phase within ~2 ps. The simulations with the
highest potential energy represents the simulations that ended up as a liquid, while the
simulations with lower potential energy represents the simulations that ended up as a solid.
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Figure 4.11. Shows how the potential energy changes depending on whether the simulation cell ends up as a
solid or as a liquid for the simulation cells that was run with the two-phase small-size method in the NVT
ensemble at 5500, 5600, 5700 and 6000 K.
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4.2. Bridgmanite, MgSiO3
The melting curve for bridgmanite was constrained at 42, 70 and 120 GPa, using the two-phase
small-size method in the NPT ensemble (Hong and van de Walle, 2016). As for periclase, the
effect of the cell size variations was tested, using 40-, 80- and 180-atom cells. All the results are
summarized in Table 4.3.
Table 4.3. Summary of the bridgmanite simulations performed by using 40-, 80and 180-atom cells. Although the input structures for all the simulations were
cubic, the structures were converted to orthorhombic (Pbnm) symmetry during
the initial relaxation.

natoms

nMD

Pressure (GPa)

Tm (K)

80

17

42

3948 +/- 72

80

38

70

4835 +/- 128

40

81

120

6924 +/- 87

80

35

120

5448 +/- 105

180

15

120

5800 +/- 400

Melting temperatures at 120 GPa for the different sizes are given in Figure 4.12. The smallest
cell size gives a much higher melting temperature while the cells with 80 and 180 atoms gives
melting temperatures that are closer in value. Although the 80- and 180-atom cells give melting
temperature within standard errors of each other, there is an indication that the 80-atom cell
melts at slightly lower temperature. The melting curve is constrained with cells consisting of 80
atoms. The melting curve based on the determinations at 42, 70 and 120 GPa is constrained
using 80-atom cells. The uncertainties are clearly large, and larger cell sizes would ideally be
advantageous.
P = 120 GPa
7000

Temperature (K)

6000

5000

4000
40

80

120

160

200

Number of atoms

Figure 4.12. Relation between 40-, 80-, and 180-atom
simulation cell sizes and melting temperature at 120 GPa.
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Figure 4.13 shows what the initial simulation box looked like and two examples on how they
looked after a few ps when it was either completely solidified or completely liquified. For the
solid phase there are two examples, where one show the polyhedral drawn around the silicate
atoms, indicating that the solid phase ends up with an orthorhombic structure.

Interface

Solid

Li

qu

id

Liquid

l
So
id

Figure 4.13. Shows the initial configuration and two ending configurations.The simulation starts with a
simulation cell consisting of 50/50 solid and liquid, and ends up as either pure solid or pure liquid. The example
is from MgSiO3 at 120 GPa and 180 atoms.
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4.3. Ca-perovskite, CaSiO3
For Ca-perovskite, we performed simulations by using the two-phase small-size method in the
NPT ensemble, carried out in SLUSCHI. The simulation cells contained 80 atoms at pressures
of 42, 70 and 120 GPa. A summary of the results are presented in Table 4.4. The error estimates
for the 42 and 70 GPa determinations are large and the 80-atom cell size is probably hampered
by cell size effects and do not capture the collective degrees of freedom of melting close to the
true melting temperature and is therefore insufficient for Ca-perovskite, as for bridgmanite.

Table 4.4. Summary of the Ca-perovskite simulations using 80-atom cells.

Pressure (GPa)

Tm (K)

nMD

42

4200 +/- 1000

5

70

6000 +/- 1000

17

120

7480 +/- 123

28

All the small-cell simulation started with 50/50 solid and liquid. Figure 4.14 show what the
initial simulation cell looked like and two examples on how they looked after a few ps when it
was either completely solidified or completely liquefied.
Interface
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Figure 4.14. Shows the initial
configuration at 0 t and after a
few ps. The simulation starts
with a simulation cell consisting
of 50/50 solid and liquid, and
ends up as either pure solid or
pure liquid. The example is from
CaSiO3 at 70 GPa.

To get a better understanding for whether or not the results from this study are reliable, further
tests in larger boxes should be performed. A good start would be to investigate the effect of cell
size by running simulations in the lowermost pressure range of Ca-perovskite stability, at 14-15
GPa, where the melting curve has been documented by multianvil experiments (Gasparik et al.,
1994).
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5. Discussion
5.1. Traditional large-size coexistence method
When performing traditional large-size coexisting simulations consisting of both solid and
liquid, the phases have to coexist for a long time, i.e. a much longer time than the equilibration
time. For MgO (and FeO), I found that only 4-5 ps was sufficient since the system equilibrated
rapidly, usually within 1 ps. For bridgmanite, this is not the case. Di Paola and Brodholt (2016)
pointed out that systems with relatively high silica contents can appears to have stable solidliquid boundary hundreds of degrees above the melting temperature. Therefore, the system has
to run for a few hundred ps near the melting temperature to be sure that the temperature it ends
up at is actually the true melting temperature (Di Paola and Brodholt, 2016). So, unless the
system has been running for a long time, the obtained melting temperature is too high. The
drawback with long simulation times, is the possibility that the total energy is drifting
according to equation 2.9. If the drift in total energy is too large, this could have an effect
on the melting temperature. With shorter simulations, this drift is a smaller problem, but it
can be partially controlled in the larger systems by restarting the simulation frequently.
The way that the solid-liquid interface in the simulation cell is prepared may also have an
important influence on the melting temperature. As explained in section 2.4.2, there are two
common approaches to prepare it, using either the Alfé technique or the gluing technique. The
advantages of preparing it with the Alfé technique are that the atomic bonds are physically
realistic and that the simulation can also be run in the NVE ensemble without the need for a
thermostat to stabilize it during equilibration. The drawback of using the Alfé technique is that it
is computationally more expensive and that it takes longer time to prepare the interface between
the solid and the liquid. The gluing technique is computationally cheaper and easier to use, but
requires an ensemble with a thermostat to help stabilizing the boundary during equilibration.

5.2. Two-phase small-size method
The melting temperature calculated using a two-phase small-size method is more sensitive to
how the phase boundary has been prepared compared to the large-size coexisting method.
Therefore, all the solid-liquid interfaces in the two-phase small-size simulations cells have been
designed using the Alfé technique.
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It is also worth bearing in mind that since the melting temperature is much more sensitive to
the initial configuration in the small cell calculations than in the large cell simulations, it is
necessary to run more MD simulations starting from different random initial configurations to
get a reliable statistical distribution. As an example to illustrate this, the two-phase small-size
NVT simulations for periclase with 144 atoms. The same 10 initial configurations were
launched at temperatures of 5500, 5600, 5700 and 6000 K. Of these simulations, there were two
initial configurations were all the simulations ended up as a solid and two initial configurations
were all the simulations ended up as liquid.
Another weakness that might hamper small-cell simulations is that the amount of solid bulk
become too small because there is too much interface in the simulation box. If there is too little
solid in the cell, then the potential energy of the system might be too high, causing the
simulation cell to melt at too low temperatures. So, when working with small cells it is
important to minimize the area of the solid-liquid interface. The simulation cells are therefore
designed with axis length of 2:1:1 and axis angles of 600, 900 and 900, respectively (Hong and
van de Walle, 2016), as illustrated in Table 3.1. The interface between solid and liquid is
perpendicular to the longest axis, given the smallest possible interface compared to the amount
of bulk solid or liquid. However, even though the cell is prepared with the best possible shape, it
still has to contain a minimum number of atoms to get a reliable result. The tests performed for
periclase and bridgmanite showed that the cell size effect on periclase is smaller than for
bridgmanite, so when working with more complicated systems, more atoms are naturally
needed.

5.3. Melting curve of periclase
The melting curve for periclase is presented in Figure 5.1, and represents results from both
traditional large-size coexistence simulations and two-phase small-size simulations. For the 432atom cells the solid-liquid interface was designed with the Alfé technique, and the results are
represented with green squares. The two-phase small-size calculations are represented with
green circle (NPT ensemble) and star (NVT ensemble), while the results from the simulation
with too small cell size (40 atoms) are neglected in this figure. The melting curve covering the
26-200 GPa pressure range derived from large-size coezistence simulations extends the first
principles MD-based melting curve determinations of Alfé (2005) from 135 to 200 GPa and lies
slightly higher than the latter melting curve. The temperature difference between these two
curves decreases from 650 K at 26 GPa, via 420 K at 36 GPa to 300 K at 110 GPa. The
decreasing difference from 12.6 to 3.9 % in the 26-110 GPa range can mostly be ascribed to the
electronic entropy contribution, which was included in the Alfé (2005) study but is ignored in my
large-size coexisting calculations.
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This study (Large-size coexisting simulations)
This study (Two-phase small-size simulation in NPT)
This study (Two-phase small-size simulation in NVT)
Alfé (2005, LDA and electronic entropy)
Zerr and Boehler (1994)
Belonoshko and Dubrovinski (1996)
Vocadlo and Price (1996)
Cohen and Zong (1994)
Strachan et al. (2001)
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Figure 5.1. Modified from Alfé (2005) with the results from this study of periclase implemented in the graph.
The large-size coexisting simulations consisted of 432 atoms and was carried out in the NVE ensemble using
GGA without electronic entropy. The two-phase small-size simulations consisted of 144 atoms and was carried
out in either the NVT (green star) or the NPT (green circle) ensemble using GGA with electronic entropy. The
four melting points from the 432-atom cell simulations are connected with a manually fitted green curve.

In 2005, Alfé studied the difference in melting temperature between GGA (with either PBE
or PW91) and LDA for periclase. His results showes that GGA gives a slightly lower
melting temperature than LDA and that the difference between GGA and LDA is reduced
at higher pressures, from ~540 K at zero pressure to ~100 K at 136 GPa. By using this
information, it is assumed that the GGA results from this study should be slightly lower than
Alfé’s LDA results, which are plotted as a heavy solid line in Figure 5.1. However, this does
not explain why my melting temperature lies higher than the Alfé result. In the same
study, Alfé (2005) also investigated the effect of electronic entropy, and found that the
melting temperature could be lowered by as much as 500 K at zero pressure. The band gap,
which is ~7 eV (Taurian et al., 1985) at zero pressure, decreases with pressure, and I
therefore assume that the influence of electronic entropy on melting will decrease with
pressure. My simulations performed with the large-size coexistence method does not include
the electronic entropy, and that is why my results are higher.

5.3.1. Periclase at 36 GPa
Figure 5.1 includes the three different melting point determinations at 36 GPa. The results from
the large cell (432 atoms) simulation give a higher melting point than the small-cell solid-liquid
coexistence results. Instead of lying below the LDA results of Alfé (2005), as expected,
the melting point determined by the large-size coexistence simulation using GGA is about
500 K higher. The reason for this is probably related, as discussed above, to the electronic
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entropy contribution included in the Alfé (2005) curve. Based on the results from Alfé (2005),
the derived melting temperature is assumed to be lowered by up to 300 K. A melting
temperature of 5800 K at 36 GPa is still slightly too high in comparison with the Alfé (2005)
results, but in good agreement with the results from Vocadlo and Price (1996) and Ohta et al.
(2012), who determined the melting temperature of periclase from MD simulations based
on empirical potentials. Another effect that could possibly contribute to the elevated
melting temperature relative to the Alfé (2005) curve at 36 GPa is drift in total energy. The total
drift in these calculations (~10-4 eV/atom/ps), which is larger than the maximum value
suggested by Kresse and Hafner (1993) (~10-3 eV/atom/ps), and we therefore had to restart
the calculations every 3 ps. We now investigate if this as a possible source to the
difference between my calculations and that of Alfe (2005): When the simulation is
restarted, the total energy sometimes have, for example, a small increase (as seen on e.g.
Figure 4.2), reflecting the drift away from the Born—Oppenheimer surface. If the kinetic
energy is higher after restarting the calculations, then it would affect the melting temperature.
We note from Figure 4.2 that the jump in the total energy is much smaller than the fluctuations
in the kinetic energy.
The difference in melting temperature between the two 144-atom cell simulations at 36 GPa
is 655 K (Figure 5.1). The melting points of 5025 and 5680 K were derived by using the
NPT ensemble with an electronic entropy distribution (using the SLUSCHI software) and a
NVT ensemble without electronic entropy contribution, respectively. SLUSCHI
chooses automatically the NPT ensemble and electronic entropy contribution as default, and
this may easily explain some of the melting temperature differences. Simulations in NVT does
not give a specific melting point but a melting «band». A melting band implies that for every
fixed V, the melting points/curves can be calculated by varying the energy, which are linked
to the initial velocities (Alfè, 2005). In this study, the initial velocities are given by the
Maxwell-Boltzmann distribution. Compared with other results, the small-cell simulations are
in better agreement with the results derived with empirical potentials by Strachan et al.
(1999) than all other findings.

5.3.2. Periclase at 26, 110 and 200 GPa using the Alfé technique
As the result from the large-size coexistence simulation at 36 GPa, the results at 26 and 110 GPa
in the NVE ensemble (Figure 5.2) are also a bit higher than the melting curve predicted by Alfé
(2005). The difference between Alfé (2005) and my result is larger at 26 GPa than at 110
GPa with ~680 K and ~300 K, respectively (Figure 5.2). The electronic entropy contributes
less at higher pressures than at lower pressures, and this might be an explanation for the
smaller difference. The simulation at 110 GPa was only run for about 4 ps and was still in
coexistence when it was terminated (due to time limitations). Even though it is a bit short
to get a fully reliable melting temperature, it is reasonable to assume that it is close to
the melting temperature
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since the phase boundary between solid and liquid was apparently not drifting when it was
terminated.

Experiments
Du and Lee, 2014
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Figure 5.2. Modified from Du and Lee (2014) to include my result for periclase at 200 GPa. The figure contains
both experimental and theoretical studies. The input figure is modified from Alfé (2005) and includes the results
from this study at 26, 36 and 110 GPa. Large cells are referring to cells consisting of 432 atoms, small cells are
referring the cells containing 144 atoms and run in either the NPT or the NVT ensemble.

The simulation of periclase at 200 GPa was running for almost 23 ps and was still in coexistence
when it was terminated, i.e. it did not end up as a single phase. However, if we assume that it
has fully equilibrated, the predicted melting temperature is 9440 K at 200 GPa. This melting
temperature, shown in Figure 5.2 (modified from Du and Lee, 2014), lies between the melting
curves of Belonoshko et al. (2010) and Boates and Bonev (2013), which are both determined
computationally, by using the Z-method and comparing Gibbs free energy, which will be
discussed below.
Boates and Bonev (2013) performed first-principles molecular dynamics of periclase for
temperatures and pressures up to 600 GPa and 20000 K using GGA. They used supercells
consisting of 216 atoms (solid or liquid), i.e. they do not have simulation cells with solid and
liquid in coexistence. Then compared the Gibbs free energy in liquid and solid to determine
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the melting curve. Their results at 200 GPa is 10400 K, which is about 1000 K higher than the
200 GPa result from my study.
Belonoshko et al. (2010) derived a melting curve by performing molecular dynamics
simulations by using both a coexistence cell, the Z-method at pressures of 50 and 60 GPa,
and phonon-based thermodynamic calculations for higher pressures. In the Z-method, the
simulation box is gradually heated until it melts based on NVE molecular dynamics simulations.
Belonoshko et al. (2010) checked the reliability of their results by performing one simulation
at a volume within the pressure range proposed by Alfé (2005). My result is ~550 K higher and
is therefore closer to that of Boates and Bonev (2013). The melting curve of
Belonoshko et al. (2010) is expanded to higher pressures than that of Alfé (2005), but
with a low and nearly linear dT/dp Clapeyron slope of 10 K/GPa in the 136-250 GPa
range, corresponding to the upper pressure range of the B1 structure. Beyond the B1-B2
transition (the NaCl-CsCl structural transition) at about 250 GPa (the B1-B2-melt triple
point) the dT/dp slope increases to 13 K/GPa. The main difference between the melting
curve presented by Belonoshko et al. (2010) and my green curve in Figure 5.1 is the dT/dp
slope and curvature in the 136-200 GPa range. Without any phase transitions in this
pressure range, a linear curve with an abrupt decrease in dT/dp slope at 36 GPa (upper end
of the Alfé (2005) melting curve) seem physically unlikely. Whereas the increasing dT/dp
at about 250 GPa is easily explained by the B1-B2 transition in MgO, the generally more
compressible nature of melts compared to solids would favor a melting curve with convex
shape towards the melt field also at pressures exceeding 250 GPa. The extension of the MgO
melting curve to 200 GPa by MD-DFT simulations adds a higher pressure benchmark,
which will be useful in the future studies of candidate materials in the cores of Jupiter,
Saturn, Uranus and Neptune, as well as in «super-Earths» (Tsuchiya and Tsuchiya, 2011;
McWilliams et al., 2012) observed by e.g. the Kepler telescope.

5.4. Melting curve of bridgmanite
The melting curve for bridgmanite is presented in Figure 5.3 and represents the results from the
simulations derived with the two-phase small-size method in the NPT ensemble with
cells containing 80 atoms, which gives approximately the same melting temperature as the 180atom cell that was only performed at a single pressure.
The melting curve from my study is higher than that of Stixrude and Karki (2005), which is
based on DFT-LDA simulations using 80-atom cells consisting of either solid or liquid, but
not in coexistence, and their melting temperature was derived by integrating over the
Clausius-Clapeyron slope. Stixrude and Karki (2005) also tested the effect of 160-atom
cells and different initial configurations but found that the computed properties were
unchanged within
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statistical uncertainties. Compared with the cell-size effect tested in my study, this emphasizes
that when working with two-phase simulations cells of bridgmanite, it should be large enough to
have at least 80 atoms in both liquid and solid and contain an interface, giving an estimated cell
size of around 180 atoms in total. In general, the results from my study are in best agreement
with the molecular dynamics simulations performed by Liu et al. (2011). At 42, 70 and 120
GPa, the results from the small-cell simulations in NPT are ~50 K lower, ~200 K
higher and approximately at the same temperature, respectively, as Liu et al. (2011).

Di Paola and Brodholt, 2016 (Oganov et al’s fitting)
Di Paola and Brodholt, 2016 (Matsui’s fitting)
This study

Figure 5.3. Modified from Di Paola and Brodholt (2016) with the results from this study implemented in the
graph. The results that are plotted here were constrained with the small-cell simulation method and cell sizes of
80 atoms. The three melting points from the 80-atom cell simulations are connected with a manually fitted green
curve.

5.4.1. Bridgmanite at 42, 70 and 120 GPa
Zerr and Boehler (1993) performed laser-heated diamond anvil cell experiments up to 63 GPa
and established a melting curve with a dT/dp slope of 60 K/GPa at 22 GPa and 40 K/GPa at 60
GPa. They extrapolated these results with three different fittings, Lindemann law (Lindemann,
1910), Kraut and Kennedy (K&K, Kraut and Kennedy, 1966) fit and the Simon equation
(Simon et al., 1929). These extrapolations gave melting temperatures between 7000 and 8500 K
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at 130 GPa, depending on which melting formula for extrapolation they used. These
extrapolated melting temperatures are much higher than those from most other studies, even if
their lower pressure results (20-50 GPa) are in reasonable agreement with other studies. The
laser-heated diamond anvil cell experiments performed by Shen and Lazor (1995) in the
pressure range of 20-40 GPa are in good agreement with the results from Zerr and Boehler
(1993) in that pressure range (Figure 5.3). Liu et al. (2011) performed molecular dynamics
simulations in the NPT ensemble combined with pair potentials in the pressure rage of 0-136
GPa, and their results are in good agreement with the upper part of the results from Zerr and
Boehler (1993) at 42 GPa. The melting curve based on the ab initio calculations from Stixrude
and Karki (2005), obtained by integration over the Clausius-Clapeyron equation, as well as the
shock-wave experiments by Mosenfelder et al. (2009) is slightly lower than those of Zerr and
Boehler (1993) and Liu et al. (2011). Our result at 42 GPa are in good agreement with these
results as it lies at about the same temperature as Zerr and Boehler (1993), ~50 K lower than Liu
et al. (2011) and ~60 K higher than Mosenfelder et al. (2009) and Stixrude and Karki (2005).
At 70 GPa, our melting temperature lies ~240 K above Liu et al. (2011) and ~215 K below the
Kraut and Kennedy (K&K) extrapolation from the experimental results of Zerr and Boehler
(1993) (Figure 5.3). The Kraut and Kennedy relation (Kraut and Kennedy, 1966) is a linear
approximation and should only be used as an interpolation formula. Kennedy and Vaidya (1970)
reported that the linear K&K relation gives a good agreement for the experimental results on
metals, but for melting curves for ionic crystals and silicates that have a concave shape, the
extrapolation with the K&K relation will overestimate the melting temperature (Poirier, 2000).
Compared with the result from Stixrude and Karki (2005), my result give a higher melting
temperature of ~430 K.
Results from molecular dynamics calculations reported in Di Paola and Brodholt (2016) using a
combination of empirical and ab initio methods at 120 GPa was found to be slightly lower than
5000 K. This is the lowest melting temperature estimate for bridgmanite at lowermost mantle
conditions, reported so far. Studies from Mosenfelder et al. (2009), Stixrude and Karki (2005)
and Liu et al. (2011) predicted the melting temperature at 120 GPa to be higher than those of
Di Paola and Brodholt (2016), with temperatures of 5000, 5200 and 5500 K,
respectively. The melting temperature at 120 GPa from my study has the best agreement with
the highest of these, i.e. Liu et al. (2011), but it lies within the uncertainties of that of Stixrude
and Karki (2005).
As illustrated, the results carried out with 80-atom cell simulations with coexisting solid and
melt run in the NPT ensemble are in good agreement with other studies within the 42-120 GPa
pressure range. However, Di Paola and Brodholt (2016) mentioned that very long
simulations times for systems containing silica is warranted due to slow diffusion of atoms. To
check if the two-phase small-size method managed to capture this slow diffusion, the
average simulation time of one 80-atom bridgmanite simulations at 42 GPa was
compared with the average
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simulation time of one 144-atom periclase simulation at 36 GPa. The conclusion was that it
takes at least twice the time to melt or solidify a simulation cell containing silica compared to
periclase. Therefore, one explanation for the long simulation time needed for bridgmanite could
in part be due to the slow diffusion of silica near the melting temperature, and if this is correct,
then the small-cell coexistence method would be a very useful tool when using molecular
dynamics to determine the melting temperatures for systems containing silica. However,
a drawback is that near the melting temperature the collective degrees of freedom may not be
encapsulated in the small cells and the melting temperature might be too high.
The current study confirms that the melting curve of bridgmanite is likely to have a positive dT/
dp slope throughout the entire mantle, even if the slope decreases and slowly tends towards zero.
The 70 GPa melting point has considerable error bars and the slope is therefore not very well
constrained. Whereas the new melting curve is relatively parallel to that of Mosenfelder et al.
(2009) in the 70-120 GPa range, the melting curves of Stixrude and Karki (2005) and Liu et al.
(2011) are less curved. A melt-solid neutral buoyancy level is therefore unlikely to occur for the
composition MgSiO3 within the pressure range of the Earths mantle, although the MgSiO3based study of Petitgirard et al. (2015) indicates that bridgmanite density is only about 2 %
higher than the melt or glass density in the entire 70-136 GPa pressure range. The strongly
elevated Fe/Mg-ratio of peridotitic melt coexisting with bridgmanite and ferropericlase in the
lower half of the lower mantle will therefore make the melt denser than bridgmanite above 80
GPa, i.e. in the entire lower half of the lower mantle (Tateno et al., 2014; Pradhan et al., 2015).
In peridotitic melt, the KD value (=(Fe/Mg)bm/(Fe/Mg)melt) is about 0.13 at 70 GPa and about
0.07 at 120 GPa. Even ferropericlase will float in peridotitic melt at pressures exceeding
110-120 GPa or below about 2400 km depth.
The large positive dp/dT slope of the post-bridgmanite transition implies that post-bridgmanite
is very unlikely to become a liquidus phase within the pressure range of the Earth´s mantle.
According to the ab initio investigations by Tsuchiya and Tsuchiya (2011), post-bridgmanite
undergoes dissociation to metallic (Mg,Fe)O with the B2 (CsCl) structure and SiO2 with a
cotunnite (PbCl2) structure at about 900 GPa. At 1.2-1.3 TPa, the silica phase assumes a Fe2P
structure. These dissociation reactions would occur within the range of the interiors of Jupiter
and Saturn, but not Uranus and Neptune. Ca-perovskite dissociates directly to metallic CaO
(B2-strucutred) and silica with the pyrite or cotunnite structures at 550-600 GPa. At such
conditions the distinction between silicate mantles and metallic cores become blurred, due to the
metallization of the oxides (e.g. McWilliams et al., 2012). Extensive mutual Fe-MgO and FeFeO solubility (e.g. Wahl and Militzer, 2015) might also contribute to a gradual transition
between a rocky mantle and a Fe-rich core inside Jupiter, Saturn, Uranus, Neptune and extrasolar planets.
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5.5. Melting curve for Ca-perovskite
The melting curve for Ca-perovskite from the small-cell coexistence method with 80 atom cells
at pressures of 42, 70 and 120 GPa is shown in Figure 5.4 together with melting curves form
other experimental (Gasparik et al., 1994; Shen and Lazor, 1995; Zerr et al., 1997) and
theoretical (Wang et al., 2001; Gupta, 2009; Liu et al., 2010) studies. Wang et al. (2001) used a
thermodynamic model to locate the melting curve of Ca-perovskite through the lower mantle
pressure range. The melting curve of Liu et al. (2010), based on MD using classical potentials, is
the only previous atomistic simulation determination of Ca-perovskite melting. From these
studies, a good compatibility with the laser-heated diamond anvil cell experimental results from
Zerr et al. (1997) was found for the melting temperatures up to 43 GPa, while the melting points
from experimental results from Shen and Lazor (1995) are significantly lower (Figure 5.4).

This study
Liu et al, 2010

Figure 5.4. Melting curve of Ca-perovskite from this study (green line) and previous investigations. Theoretical
studies: Liu et al. (2010), Wang et al. (2001) and Gupta (2009). Experimental studies: Zerr et al. (1997), Gasparik
et al. (1994) and Shen and Lazor (1995). In addition, the figure contains three melting curve extrapolatinos of the
Zerr et al. (1997) experimental data, using the Lindemann (L), the Kraut Kennedy (KK) and Simon (S) fits. The
manually fitted green melting curve (this study) is anchored to the multianvil-based melting curve at 14-15 GPa
(Gasparik et al., 1994) and my new 120 GPa result which has relatively small error bars. The curve is close to the
upper and lower error bar ranges of the 42 and 70 GPa determinations, respectively.

The melting temperature determination based on the 80-atom cell simulations at 42, 70 and 120
GPa is the only DFT-MD investigation of Ca-perovskite melting, but the results are probably too
low since the cells consists of too little bulk solid and too much boundary. On the other hand,
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collective degrees of freedom is possibly not captured in the 80-atom cell. Although the
agreement between the 80-atom and the 180-atom cell for bridgmanite is encouraging.
The uncertainties for the 42 and 70 GPa melting temperatures are about +/- 1000 K since the
calculations did not fully converge due to time limitations, the 120 GPa melting temperature is
considerably more accurate (+/- 123 K). The 42 GPa melting temperature is fully consistent with
the melting curves of Liu et al. (2010) and Zerr et al. (1997). The 70 and 120 GPa
determinations, however, support a melting curve positioned 900-1300 K above the Liu et al.
(2010) curve. The manually fitted melting curve (green color, Figure 5.4) proposed here is
therefore anchored by the Gasparik et al. (1994) melting curve at 14-15 GPa and the most
accurate 120 GPa determination. It has a steeper dT/dp slope, intersects the Liu et al. (2010)
curve at 25 GPa and is 930 and 1260 K above at 70 and 120 GPa, respectively. The new melting
curve puts important constraints on the thermal stability of Ca-perovskite in the lower part of the
lower mantle.
Compared with bridgmanite, Ca-perovskite, in which the larger Ca-ion occupies the large A-site,
has a more ideal perovskite structure, reflected in a high-temperature cubic ("P m 3̄m) or lowtemperature tetragonal (I4/mcm) symmetry. The ideal and symmetric perovskite structure is
presumably reflected by the high thermal stability and lack of a post-perovskite transition. It is
also noteworthy that Ca-perovskite is the first liquidus phase in natural (multicomponent) basalt
compositions in the lower mantle (Andrault et al., 2014; Pradhan et al., 2015). The indications
of especially high thermal stability of Ca-perovskite in the lower half of the lower mantle may
significantly influence the liquidus phase relations in the ternary system CaO-MgO-SiO2
(Figure 1.6). The two eutectics corresponding to model peridotite (the bm-pc-cpv eutectic) and
model basalt (the bm-silica-cpv eutectic) may be significantly displaced towards the MgO-SiO2
join with increasing pressure, as shown in Figure 1.6.

56

6. Conclusion
The melting curves for periclase, bridgmanite and Ca-perovskite were determined by direct ab
initio MD methods using two different complimentary methods. That is the traditional large-size
coexistence method and the two-phase small-size method, where the melting temperature is a
determined by statistical distribution of the number of boxes that melts and liquified.
The extremely high melting temperature of periclase (3250 K at 1 bar, Ronchi and Sheindlin,
2001) and the high dT/dp slope of the melting curve make experimental melting studies
exceedingly challenging. The few experimental studies, characterized by diverging results, are
limited to the 0-40 GPa range. First principles atomistic simulations is therefore a very suitable
approach to investigate the melting of the simple MgO compound. The current results from 432atom cell simulations are consistent with the carefully determined melting curve of Alfé (2005)
and extend his curve up to 200 GPa. My simulations establish the melting curve through the
temperatures of 5780, 6100, 8000 and 9440 K at 26, 37. 110 and 200 GPa, respectively. The
Alfé (2005) curve is slightly lower than my curve (650, 420 and 300 K at 26, 37 and 110 GPa,
respectively), mainly because Alfé included the contribution of electronic entropy, which was
not included in my study. Therefore, the comparison between my results and Alfé allows us to
quantify the contribution of electronic entropy on the melting temperature.
Most of the previous melting curve determinations for bridgmanite, both theoretical and
experimental, are in good agreement towards the multianvil experimental results of Ito and
Katsura (1992) of about 2850 K at 25 GPa. The results from Stixrude and Karki (2005),
Mosenfelder et al. (2009), Di Paola and Brodholt (2016) and the present study based on 80-atom
cell simulations are all broadly consistent with each other and with the multianvil experimental
results at 25 GPa. At 120 GPa, the melting curve pass through 5440 K (this study, and that of
Liu et al., 2011), 5240 K (Stixrude and Karki, 2005), 5000 K (Mosenfelder et al., 2009) and
4920 K (Di Paola and Brodholt, 2016). The present curve and that of Mosenfelder et al. (2009)
are parallel, with the same curvature and dT/dp slope in the 70-130 GPa range. The Stixrude and
Karki (2005) curve coincides with the Mosenfelder et al. (2009) in the 25-70 GPa range but is
more linear in the 70-130 GPa range, with a dT/dp slope that decreases less with increasing
pressure.
With the exception of Shen and Lazor (1995), the melting curve for Ca-perovskite derived in
previous studies are anchored in the 14-15 GPa multianvil experimental data of Gasparik et al.
(1994). The laser-heated diamond anvil cell experiments of zerr et al. (1997) in the 16-43 GPa
range established a nearly linear melting curve with a dT/dp slope of only 60 K/GPa in this
range, in contrast to a slope of 171 K/GPa at 15 GPa, based on Gasparik et al. (1994). The
theoretical studies of Wang et al. (2001) and Liu et al. (2010) is in agreement with the relatively
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flat Zerr et al. (1997) melting curve. The melting temperature determinations from 80-atom cell
simulations at 42, 70 and 120 GPa from this study, however, indicate that the melting curve for
Ca-perovskite is 930 and 1260 K higher than the Liu et al. (2010) curve at 70 and 120 GPa,
respectively. The present curve, anchored in the 15 GPa melting temperature of Gasparik et al.
(1994), results in an initial dT/dp slope of about 90 K/GPa in the 15-20 GPa range and melting
temperatures of about 6000 K at 70 GPa and 7500 K at 120 GPa. This high thermal stability of
Ca-perovskite relative to bridgmanite may be explained by the more ideal and symmetric crystal
structure (cubic and tetragonal at high and low temperature, respectively) when the larger Cacation is incorporated in the large A-site. The role of Ca-perovskite as the first liquidus phase in
basaltic compositions through most of the lower mantle (Andrault et al., 2014; Pradhan et al.,
2015) and its continued stability range to 550-600 GPa at 1000-10000 K (Tsuchiya and
Tsuchiya, 2011) are other reflections of the wide temperature and pressure stability range. The
high thermal stability of Ca-perovskite (cpv) have also important implications for the mostly
unexplored ternary CaO-MgO-SiO2 system, where the two eutectics (pc-bm-cpv and bm-silicacpv) representing peridotitic and basaltic model compositions might be positioned relatively
close to the MgO-SiO2 join in the 80-136 GPa pressure range.
The present study has extended the melting curve for periclase (in the B1 or NaCl structure) to
200 GPa. This is an important benchmark for the melting temperature within the upper half of
the B1 pressure regime, extending to about 360 GPa near the melting range (McWilliams et al.,
2012). My new constraints on the bridgmanite melting curve are in general agreement with
recent ab initio and experimental shock-wave data (Stixrude and Karki, 2005; Mosenfelder et
al., 2009; Liu et al., 2011; Di Paola and Brodholt, 2016) and confirms that the dT/dp slope
remains positive through the entire pressure range of the Earth’s mantle.
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7. Further studies
Eutectic melting relations in binary and ternary systems
Periclase, bridgmanite and Ca-perovskite are the three most important one-component end
members in the lower mantle (24-136 GPa) model system CaO-MgO-SiO2. Although their
individual melting curves set the stage fro the melting relations of multicomponent systems, a
natural next step is to locate, in terms of composition and temperature, the invariant (probably
eutectic) points along the connecting binary joins, and ultimately within the ternary systems.
Partly established and partly speculative phase relations in the system CaO-MgO-SiO2 is shown
in Figure 1.6 (R.G. Trønnes, unpublished). The MgO-SiO2 join has already been investigated by
multianvil experiments up to 26 GPa combined with thermodynamic modelling by Liebske and
Frost (2012), LH-DAC experiments by Ohnishi et al. (2017) and ab inito atomistic and
thermodynamic computations by de Koker et el. (2013). These results, shown in Figure 1.7, set
the stage for an ab initio atomistic and experimental investigations to locate the eutectics
involving pc-bm-cpv and bm-silica-cpv (Figure 1.6). I performed some exploratory
investigations of the melting relations along the bm-cpv jpin, but limited time and computational
resources prevented the completion of this work in terms of this thesis. Ab initio computational
studies of the MgO-CaO and CaO-SiO2 binaries at 24-136 GPa would also provide valuable
baseline data for the ternary system.

Melting, metallization and mutual solubility between core alloy and
oxides at super-Earth conditions
Further atomistic studies of the melting relations and metallization in the system CaO-MgOSiO2 involving considerably higher pressures (up to a few TPa) would provide insights into the
mineral properties and dynamics of the outer giant planets in our Solar system and in
neighboring stellar-planetary systems. Investigations of the mutual solubilities between Fedominated metallic alloys and the components FeO, MgO, CaO and SiO2 at high temperature
and at pressures ranging from the core regime of small planets (e.g. Mars-size) to giant planets
would help us to understand planetary accretion and metal segregation from a hot silicate
magma ocean in the terrestrial inner planets to our Solar system, as well as the possible blurred
distinction between silicate mantles and cores in giant planets.

Improved approaches to atomistic simulations of melting in the
system MgO-CaO-SiO2
The tests performed for periclase and bridgmanite showed that the cell size effect on periclase is
smaller than for bridgmanite, so when working with more complicated systems, more atoms is
also needed. For Ca-perovskite, the same number of atoms was used as for bridgmanite, but the
cell might be to small for Ca-perovskite. Therefore, more testing with both smaller and larger
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cells are needed to find the best cell size for Ca-perovskite. It would also be interesting to test
some larger cells for periclase (e.g. about 300-400 atoms) as well as something between 48 and
144 atoms. For bridgmanite, it would be good to test a cell size in between 80 and 180 atoms to
see if 80 atoms is actually enough and also obtain smaller error bars on the cell with 180 atoms.
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Appendix
Appendix 1: Wüstite, FeO
Wüstite was running at two pressures, 23 and 33 GPa, but due to extremely long simulation
times partly due to slow convergence of wave-function sue to iron+U, it did finish in time for
the deadline. For the simulation at 23 GPa, it was running for almost 2 months using about
10000 CPU hours, but gave only 1.4 ps of statistics. At 33 GPa, the simulation ran for 40 days
using ~75500 CPU hours, which gave about 1.2 ps of statistics. Temperature, pressure and
energy as a function of time is illustrated in Figure A1 and A2 for 23 GPa and 33 GPa,
respectively.
Even though neither of them ended up as a single phase, it is possible to give an estimate of the
predicted melting temperature based on the equilibration time obtained from the periclase
simulations. For the periclase simulation at 22 GPa, the simulation cell froze within 1 ps at 5000
K while the calculated melting temperature is 5770 K. At 23 GPa for wüstite, it looked like the
simulation cell was almost solid, since the simulation box contain approximately 80 % solid and
20 % liquid after 1.4 ps at 1800 K. Therefore, it would be expected that the simulation is ~400 K
lower than the actual melting temperature, which would give a estimated melting temperature of
2200 K. Du and Lee (2014) did experiments on the melting temperature of FeO, and at 27 GPa,
they found a melting temperature of 2500 K, and a melting temperature at 23 GPa would be
expected to be a bit lower. The estimate at 23 GPa will therefore be in good agreement with the
results from Du and Lee (2014).
For the simulation at 33 GPa, the simulation has been running for 1.2 ps and the temperature has
been apparently constant at 2000 K after the equilibration. Based on results from Du and Lee
(2014), the simulation cell should solidify within the next ps since it is about 700 K below the
melting temperature.
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Figure A1. Pressure, temperature and energy variations for 1.4 ps of a 432-atom cell simulation of FeO at 23
GPa. Abbrevations: Ek: Kinetic energy, Ep: Potential energy and Etot: Total energy.
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Figure A2. Pressure, temperature and energy variations for 1.2 ps of a 432-atom cell simulation of FeO at 33
GPa. Abbrevations: Ek: Kinetic energy, Ep: Potential energy and Etot: Total energy.
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Appendix 2: Ensemble effect on the gluing technique
In the 720-atoms bridgmanite cell, the solid-liquid interface was prepared by using the gluing
technique. When running the bridgmanite cell at 53 GPa with initial velocities of 5800, 4500,
4000, 3800 and 3500 K in the NVE ensemble, it even melted at 3500 K within 1 ps. Therefore,
the ensemble was changed to NVT, and at 44 GPa it was still in coexistence after 3 ps

50
40
0

0.8

1

1.2

1.4

1.6

Temp. (K)
0.4

0.6

0.8

1

1.2

1.4

600
400
0.2

0.4

0.6

0.8

1

1.2

1.4

-4200
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

-3400
-3600
-3800
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

40
30

0

0.5

1

1.5

2

2.5

3

0.5

1

1.5

2

2.5

3

0.5

1

1.5

2

2.5

3

0.5

1

1.5

2

2.5

3

0.5

1

1.5

2

2.5

3

6000
2000

600
400
200
0

1.6

-4000

50

0

1.6

EK
(eV/supercell)

0.2

EP
(eV/supercell)

EK
(eV/supercell)

0.6

4000

0
Ep
(eV/supercell)

0.4

6000

0

ETot
(eV/supercell)

0.2

8000

Pressure (GPa)

60

ETot
(eV/supercell)

Temp. (K)

Pressure (GPa)

During the first ~0.2 ps of the simulations in the NVE ensemble (Figure A3) there were a large
increase in pressure, temperature and kinetic energy and a decrease in the potential energy, while
the total energy was constant. In the NVT (Figure A4) ensemble during the first 0.2 ps, there
were large fluctuations in the temperature, pressure and energy (kinetic, potential and total
energy). For the simulations in the NVE ensemble, the system did not manage to stabilize (it
melted within 1.5 ps), but for the system ran in the NVT ensemble, the system stabilizes by
decreasing the total energy.
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Figure A3. Pressure, temperature and energy variations
for the first 1.5 ps for the NVE simulation consisting of
a 720-atom bridgmanite cell. Abbrevations: Ek: Kinetic
energy, Ep: Potential energy and Etot: Total energy.

73

Figure A4. Pressure, temperature and energy variations for
the first 3 ps for the NVT simulation consisting of a 720atom bridgmanite cell. Abbrevations: Ek: Kinetic energy, Ep:
Potential energy and Etot: Total energy.

