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Abstract

Here we present an ab initio investigation of the pressure induced behavior of MgGeO3s- and
NaMgFs-perovskite (PV), traditional low-pressure analogs (LPAs) of MgSiO3-PV. The latter is an
exceedingly important system in planetary sciences displaying novel phases and phase reactions
under pressure that are impractically high and still challenging to experiments. Specifically, we
investigate the possibility of MgGeO3 and NaMgFs to display at lower pressures the novel phases,
I42d-type AoBXy and P2p/c-type AB2X5, and dissociation/recombination transitions displayed
by MgSiO3 above ~500 GPa, alone or in the presence of its binary compounds, MgO and SiOs.
We find that, although neither MgGeOs nor NaMgF3 are perfect LPAs of MgSiOs, they are useful
for several reasons: i) both display the post-PV transition observed in MgSiOs-PV; ii) starting
at ~20 GPa the Na-Mg-F system produces a novel P2;/c-type NaMgoF5 phase by dissociation of
NaMgF3 or by its compression with MgFs. Instead, the Mg-Ge-O system produces a I42d-type
MgoGeOy by dissociation of MgGeQOjs or by its compression with MgO starting at ~200 GPa. Such
pressures are routinely accessible in laser-heated diamond-anvil cells today; iii) like MgSiOg, both
systems ultimately dissociate into the binary AX and BXs compounds, confirming this trend in
ternary systems first predicted in MgSiO3. We also predict potential metastable phase transitions
into a GdaSs-type structure in MgGeOs and into a UsSs-type structure in NaMgF3. Metastable
polymorphic transitions may occur more easily than dissociation/recombination reactions under

insufficiently heated compression.



I. INTRODUCTION

Computational materials discovery and design have been particularly abundant at high
pressures. Ab initio methods are predictive and it is considerably less challenging than doing
it experimentally. Early successful discoveries in mineral physics gave great impetus to this
field [1-3] and propelled the development of materials discovery methods (e.g., Refs. [4-9]).
Prediction and experimental confirmation of novel important chemistries (e.g., Refs. [10-
13]) and novel electronic states (e.g., Refs. [14-16]) at high pressures and of near room
temperature superconductivity at 2 Mbar [17-19] are among the latest achievements in this
field. These discoveries were impactful because there was great experimental /theoretical
synergy that concretely advanced the research front. However, important computational
predictions at extreme pressures cannot be easily addressed experimentally.

This is particularly true about planetary materials where the range of pressures and tem-
peratures of practical interest can reach tens of Tera Pascals (TPa) (hundreds of Mbar) and
10*-10% K. Experimental techniques have advanced tremendously in recent decades [20-24]
but most of the pressure-temperature range of planets larger than Earth are still challenging.
For this reason, studies of “low-pressure-analogs” (LPAs) of key high pressure phases have
been a common practice in mineral physics. Such analog materials are expected to display
similar phase relations and structure-property relations as the experimentally inaccessible
high-pressure forms. Today, in this age of exoplanetary discoveries, the search for LPAs is
more active than ever. A multitude of exotic planets with unprecedented compositions are
being discovered at a fast pace causing a scientific boom in planetary astronomy. Modeling
and understanding of these planetary interiors depends fundamentally on the discovery of
novel planet forming phases and computations of their properties at extreme conditions.

An especially significant set of unconfirmed mineral physics predictions concerns the
nature of “post-post-perovskite” (post-PPV) transitions in MgSiOs. PPV-MgSiO3 has the
CalrOs-structure (space group: Cmem) and is the highest pressure form of this major mantle
silicate known to exist in the Earth. It should exist in the Earth’s mantle beyond ~2,600
km depth where the pressure is ~125 GPa and temperatures higher the 2,500 K. Between
660 and 2,600 km depths, MgSiO3 exists in the Pbnm orthorhombic perovskite structure -
bridgmanite (Bm). Bm is the most abundant phase on Earth and is responsible for up to

~50% of its volume.



Terrestrial-type exoplanets, like Earth, have mantles dominated by silicates and oxides.
Among them, large terrestrial exoplanets, frequently referred to as “super-Earths”, with
masses up to ~13 Earth masses (Mg) (or less than Uranus/Neptune masses), are arguably
the most interesting exoplanets for their similarities with Earth. Pressures can reach ~2.5
TPa in their mantles. A series of predictions of post-PPV phase transitions in MgSiO3
and other stoichiometries in the Mg-Si-O system have been made and confirmed by several
calculations [8, 25-28]. There is no lack of theoretical consensus on these predictions and
the implications for the internal structure of these planets are profound. Planetary mod-
eling using these predictions is also advancing quickly [29, 30], but without experimental
confirmation these predictions are still speculative. They start at ~0.5 TPa and proceed
to the full dissociation of MgSiOj3 into the elementary oxides MgO and SiOs at ~3 TPa at
room temperature. At ~10,000 K these transition pressures are not much lower, starting at
~0.3 TPa and full dissociation occurring at ~2.2 TPa. More importantly, these transitions
produce new crystal structures not yet seen in other compounds, as far as we know. Given
the fundamental importance of these phase transitions to planetary sciences, it is critically
important to identify LPAs of MgSiO3 or, more generally, of the Mg-Si-O system.

NaMgF';-perovskite (PV) - neighborite - and MgGeO3-PV have lent themselves as LPAs
of MgSiO3 in multiple occasions. They both display the PV-PPV transition like MgSiO3
[31-33]. Furthermore, their binary constituents, NaF /MgO and MgF;/GeO,, also display
similar pressure induced behavior as MgO and SiO, [34, 35]. This is essential because
predicted post-PPV transitions in MgSiO3 involve dissociation or re-combination reactions
of MgSiO3 with its binary oxides.

Using ab initio methods, here we investigate the ability of MgGeO3; and NaMgF3 to
produce at much lower pressures the novel phases and phase transitions predicted by com-
pression of MgSiO3 to extreme pressures expected in the interiors of super Earths. Next
section briefly describes the methods used. Section III describes the predicted post-PPV
transitions in the Mg-Si-O system identified so far and the crystal structures involved. Sec-
tion IV presents results on the Mg-Ge-O and Na-Mg-F systems and discusses the similarities
and differences with the Mg-Si-O system. In the final section we summarize our results and

conclusions.



II. COMPUTATIONAL METHODS

Calculations were performed using the local-density approximation [36] to density-
functional theory. For all atomic species, Vanderbilt-type pseudopotentials [37] were gen-
erated. The valence electron configurations and cutoff radii for the pseudopotentials were
2522p%3st and 1.6 a.u. for Na, 25?2p%3s? and 1.6 a.u. for Mg, 2s22p° and 1.6 a.u. for F,
45%4p'3d"° and 1.6 a.u. for Ge, and 2s?2p* and 1.4 a.u. for O, respectively. Cutoff energies
for the plane-wave expansion are 60 Ry and 70 Ry for Na-Mg-F and Mg-Ge-O systems,
respectively. k-point meshes for calculations in all phases were sufficiently dense to achieve
energy convergence within 1 mRy per formula unit (f.u.). For structural optimization un-
der arbitrary pressures, we used the variable-cell-shape damped molecular dynamics [38, 39].
Dynamical matrices were calculated at various wave-vectors using density-functional pertur-
bation theory [40, 41]. Force constant matrices were obtained to build dynamical matrices
at arbitrary q vectors. The vibrational contribution to the free energy was calculated using
the quasi-harmonic approximation (QHA) [42] using the gha software [43]. Also, g-point
meshes were sufficiently dense to achieve energy convergence within 1 mRy/f.u. All calcu-

lations were performed using the Quantum-ESPRESSO software [44].

III. THE Mg-Si-O SYSTEM

Several ab initio computational studies have addressed transitions involving PPV in the

Mg-Si-O system [2, 3, 8, 25-28]. The predicted transitions are:
1) MgSiOs (PV) — MgSiO; (PPV) at ~0.08 TPa,
2) MgSiO3 (PPV) — Mg,SiOy (142d-type) + MgSipO5 (P2;/c-type) at ~ 0.75 TPa,

3) Mg,SiO4 (142d-type) + MgSinOs (P2 /c-type) — MgySiOy (I42d-type) + SiOy (FeyP-
type) at ~1.3 TPa, and

4) MgySiO, (I42d-type) + SiOy (FeyP-type) — MgO (B2-type) + SiOy (FeyP-type) at ~3.1
TPa.

These pressures were obtained with static ab initio LDA calculations which underestimate

transition pressures by several GPa. All crystal structures involved are indicated in Fig.



1 along with their cation coordinations. The GdsSs-type and UsSs-type structures are
also relevant because they might be observed experimentally more easily as metastable
polymorphs than the dissociated phases. They have been identified as potential high pressure
forms of ABXj3 compounds as well [27, 45].

Transition 1) was found in 2004 and revolutionized understanding of Earth’s deep mantle
[1-3]. Transition 2) is the predicted breakdown of PPV into Mg-rich and Si-rich polymorphs
8, 28]. These phases have not yet been identified in other materials. However, the structure
of I42d-type Mg,SiOy is related to that of Zn,SiO4-1I [46]. While the cation arrangements in
Z15Si04-1T are identical to those of I42d-type Mg,SiOy4, the anion arrangement differs. Mg
and Si in 742d-type Mg,SiO, are eightfold coordinated, while Zn and Si atoms in Zn,SiOy-I1
have tetrahedral coordination. In transition 3) the Si-rich polymorph breaks down into SiO,
plus the Mg-rich polymorph [8, 28]. The latter has a very broad stability field and is the
last ternary phase before the breakdown into the binary oxides at 3.1 TPa as in transition
4) [8]. Ref. [28] shows that the last breakdown should occur at ~2.3 TPa, a rather lower
pressure than Ref. [8], leading to the crossing of the two phase boundaries of the transitions
3) and 4) at a temperature above ~6,000 K. Consequently, Ref. [28] proposes a dissociation
of MgsSi04 into MgSisO5 and MgO above ~6,000 K, instead of the transition 3).

It happens that the Mg/Si abundance ratio varies within and across planetary mantles and
MgSiOj3 can coexist with different amounts of MgO or SiO, and their co-existing behavior
under pressure should also be addressed. The relevant phases of MgO and SiOs are also
indicated in Fig. 1. When MgSiO3 PPV coexists with Bl-type MgO or pyrite-type SiOs,

the following recombination reactions occur [27]:
5) MgSiO3 (PPV) + MgO (Bl-type) — MgySiO4 (742d-type) at 0.49 TPa and
6) MgSiO3 (PPV) + SiOy (pyrite-type) — MgSisO5 (P21 /c-type) at 0.62 TPa.

These recombination reactions are unexpected. Mg,SiO,4 polymorphs dominate the Earth’s
mantle up to 23 GPa, when its spinel form, ringwoodite, breaks down into MgSiO3-PV and
Bl-type MgO. This post-spinel transition produces a major seismic discontinuity at 660
km depth and defines the upper boundary of the Earth’s lower mantle. The recombination
of MgSiO3 with MgO in 5) and with SiO, in 6) at higher pressures are both surprising
since the trend with pressure is clearly toward dissociation into binary oxides. Despite

the lack of experimental confirmation, these phase transitions are already being used to
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model the internal structure and dynamics of Super-Earth type planets [29, 30]. Therefore,
experimental confirmation of these transitions and phases in LPAs has become quite a

pressing issue. These transitions are concisely depicted in Fig. 2.

IV. RESULTS AND DISCUSSION

In this study we investigated the relevant structures identified in the Mg-Si-O system and
indicated in Fig. 1. They are PV (Pbnm), PPV (Cmem), UySs-type (Pnma, isostructural
with SbySs-type), and GdaSs-type (Pnma, isostructural with LasSs-type) for ABXs-type
compounds. The last two structures are important polymorphs of MgSiO3 and of other
ABXj3 compounds, more generally [47]. For AX-type compounds (MgO and NaF) we in-
cluded Bl-type and B2-type structures. For BX, (GeOs and MgFs) we included pyrite-type
(Pa3), cotunnite-type (Pnma), and Fe;P-type (P62m) structures. These are the most im-
portant phases in such binaries that combine with the PV or PPV phases at high pressures
[27]. For ABX, (MgeGeO4 and NagMgF,) and AByX5 (MgGesOs and NaMgyF5) stoi-
chiometries we included the same I42d-type MgySiOy and P2;/c-type MgSip,O5 structures
8, 26, 28]. None of these phases display soft phonon modes in the reported pressure ranges
as shown in Figs. S1 and S2 in the Supplemental Material [48], enabling us to compute
free energies and predict high temperature phase boundaries using the quasiharmonic ap-
proximation. All of these phases have nonmetallic band structure with considerably large
band gaps (Figs. S3 and S4 in the Supplemental Material). As expected, band dispersions

increase under compression.

A. The Mg-Ge-O system

First, we address the elementary oxides. MgO undergoes the B1-B2 phase transition [49]
at 502 GPa, consistent with several theoretical predictions (e.g., Refs. [25, 50-53]). Our
present calculations indicate that pyrite-type GeOs undergoes successive phase transitions
to a cotunnite-type structure (257 GPa) followed by an FesP-type structure (534 GPa), in
agreement with a previous study [54]. Therefore, GeO, is not an exact analog of SiOy but
it is not too different either. SiOy undergoes a direct pyrite to FesP-type transition at low

temperatures [55, 56]. The sequence of transitions in GeOs is only seen in SiO5 above ~2,500



K [56].

Under pressure, MgGeOs (PPV) is predicted to dissociate into GeOs (pyrite) and
MgyGeO, (142d) at 175 GPa (see Fig. 3(a)). The Mg coordination number is 8 before
and after the transition but the coordination polyhedra are quite different (Fig. 1). This
behavior means that MgGeOy skips transition 2) seen in the Mg-Si-O system. Transition 2)
is only a metastable transition in MgGeOjs (see Fig. 3(a)). After the dissociation, pyrite-
type GeO, transforms to a cotunnite-type phase (257 GPa) and to an Fe,P-type phase (534
GPa). Dissociation of Mg,SiOy into the elementary oxides is not observed in our calculations
up to 800 GPa. The small free energy difference of 3-4 meV /f.u. between MgGeO3 (PPV)
and MgO (B1) + GeO, (pyrite) at 125 GPa (Fig. 3(a)) increases to 23 and 58 meV /f.u.
at 0 and 1,000 K, respectively, after inclusion of vibrational effects. Therefore, this direct
dissociation of the PPV phase into simple oxide is unlikely to materialize experimentally.

When MgGeO3 (PPV) coexists with MgO (B1), they recombine into MgyGeOy (142d) at
173 GPa (Fig. 3(b)). Simple extrapolation of enthalpy differences suggests that dissociation
of MgsGeOy into MgO (B2) and GeOs (FeyP-type) might occur at ~3 TPa. When MgGeOs
(PPV) coexists with GeOy (pyrite), still no recombination into MgGe,O5 occurs (Fig. 3(c)).
Only the dissociation of MgGeOg3 shown in Fig. 3(a) occurs followed by transitions in GeOs.

Dissociation and recombination reactions as predicted here are often kinetically inhibited.
For example, an X-ray diffraction experiment in MgGeO3 PPV under pressure [57] reported
no phase transitions up to 201 GPa at temperatures as high as ~1,600 K. This pressure is
quite higher than the dissociation pressure predicted here at ~175 GPa, suggesting kinetic
inhibition even at such high temperatures. Higher temperatures and longer observation
times might be required to produce the dissociation of MgGeQOgs. If this does not happen,
MgGeO3 PPV may transform to the GdsSs-type phase at 268 GPa, similarly to the case
of MgSiOj3 [27]. The U,Ss-type phase, another candidate metastable post-PPV polymorph,
has higher enthalpy than GdsS;-type (Fig. 3(a)) and should not be the preferred metastable
phase.

Since all phases indicated in Fig. 3 are dynamically stable displaying no soft phonon
modes in the relevant pressure ranges, we were able to compute high temperature phase
diagrams using the quasiharmonic approximation (Fig. 4). The dissociation and recombi-
nation phase boundaries have negative Clapeyron slopes, which is typical for phase tran-

sitions accompanied by increases of coordination numbers and bond-lengths along with an



overall decrease of phonon frequencies (Fig. S1 in the Supplemental Material). The possible
metastable PPV to GdsSs-type phase boundary has a positive Clapeyron slope at lower
temperatures turning into negative above ~2,000 K. This positive Clapeyron slope with
increased coordination numbers below ~2,000 K is an exception. This is caused by the up-
ward shift of acoustic phonon frequencies across the PPV-GdsyS; transition which dominates
the vibrational energy at lower temperatures. Above ~2,000 K, the effect of the downward
shift of high frequency optical modes dominates, leading to the negative Clapeyron slope.

Zero-point-motion (ZPM) decreases the static transition pressures slightly.

B. The Na-Mg-F system

NaF is an LPA of MgO, undergoing the B1-B2 transition at 27 GPa [34]. MgFy is
frequently seen as an LPA of SiOy and GeO,. It has the rutile-type structure at ambient
pressure and undergoes a series of pressure induced transitions similar to those in SiOy and
GeOs: rutile-type to CaCly-type at 9.1 GPa, to pyrite-type at 14 GPa, and to cotunnite-type
at 36 GPa [35]. The latter occurs in GeOs, but only at higher temperature in SiOy [55, 56].
NaMgF'; underdoes the PV-PPV transition at 19.4 GPa [32]. As previously reported [58],
our calculated transition pressures are in good agreement with measurements.

Here we predict that after the PV-PPV transition at 18 GPa, NaMgFs; PPV dissociates
into Bl-type NaF + P2;/c-type NaMgyF5 at 29 GPa, followed by the full dissociation of
NaMg,F5 into binary fluorides, B2-type NaF + cotunnite-type MgFy, at 71 GPa (Fig. 5(a)).
If NaMgF3 PPV coexists with pyrite-type MgFs, they combine into P2;/c-type NaMgyF'5
at 22 GPa (Fig. 5(c)). This recombination pressure is lower than the PPV dissociation
pressure (29 GPa). Therefore, the stability field of the PPV phase shrinks when it coexists
with MgF,. The I42d-type NapgMgF4 phase is dynamically stable above 20 GPa, but it
is metastable throughout the entire pressure range examined here (Fig. 5(b)) and is not
involved in any of the post-PPV phase transitions. This feature contrasts with the behavior
of the Mg-Ge-O system, which stabilizes the A;BX,-type phase instead of the AB;X5-type.
If the dissociations is kinetically inhibited, We predict that NaMgFs; PPV should transform
to the metastable UySs-type phase at 43 GPa (Fig. 5a). This transition also occurs in Al,Os
[59], where A and B cations are the same, and contrasts with the behavior in MgGeOg, where

the GdaS3-type phase is the energetically favored metastable phase. Ref. [60] also predicted



a UySs-type phase to be metastable with respect to the dissociation products, while Ref. [61]
reported a metastable GdyS3-type phase as post-PPV. The latter study did not investigate
the UyS3-type phase.

The experimental high-pressure behavior of NaMgF3; PPV has been controversial. No
dissociation was reported up to ~70 GPa by Ref. [62], who could not resolve a post-PPV
“N-phase”, or by Ref. [63]. However, a very recent XRD experiment [64] reported the fol-
lowing sequence of phase transitions: NaMgF; PV — NaMgF; PPV — U,Ss-type NaMgF;
— B2-type NaF + P2;/c-type NaMgsF5 — B2-type NaF + cotunnite-type MgFs. Exper-
imentally the dissociation was found only upon heating to very high temperatures. This
behavior and the presence of the UyS3-type phase suggests kinetic inhibition of the pre-
dicted dissociation transition. The experimental transition pressure to the UySs3-type phase
at room temperature was reported to be 58 GPa, agreeing with our LDA predicted value,
46 GPa at 300 K; this degree of underestimation of transition pressure is typical of the LDA
calculations [65]. Although our predictions are qualitatively consistent with the experiment
in Ref. [64], we should note a non-negligible difference in dissociation pressures between the
experiments and the calculations. Ref. [64] reported high temperature (>2,000K) dissocia-
tions into NaMgsF5 and NaF and into NaF and MgF, at pressures beyond ~90 GPa and
~160 GPa, respectively. These dissociation pressures are much higher than our predicted
values which still suggest the presence of hysteresis in the experiments. Further investiga-
tions will be necessary both computationally and experimentally to elucidate the origin of
this discrepancy. From the computational viewpoint, anharmonic contributions to the free
energy might also shift the transition pressure. This effect was not considered here and is
beyond the scope of the present study, but should be investigated in the future.

Thermodynamic phase boundaries involving these phases in the Na-Mg-F system are
shown in Fig. 6. As in the Mg-Ge-O system, ZPM decreases slightly the dissocia-
tion/recombination pressures. As in MgSiO3 and MgGeQ3, dissociation and recombination
have negative Clapeyron slopes, while the PV-PPV and the metastable PPV-U;Ss-type
transitions have positive slopes. The stability field of the PPV phase is rather small and
closes at 1,300 K. When NaMgF'3 and MgF, coexist, the PPV stability field shrinks closing
at ~500 K. At higher temperatures, the PV phase directly dissociates or combines with
MgF,. It should be noted that we have not considered the cubic phase of NaMgks PV,
a high temperature and low pressure form of NaMgF3; PV [66] stabilized by anharmonic



effects. As such, phase boundaries of the PV phase at high temperatures might be affected

by anharmonicity.

V. SUMMARY AND CONCLUSIONS

This ab initio study shows that neither MgGeO3 nor NaMgF'; are perfect low-pressure-
analogs (LPAs) of MgSiOj3 as far as post-PPV transitions are concerned. However, at lower
pressures achievable routinely in diamond anvil cells, both compounds produce the new
types of phases, I42d-type AyBX, and P2;/c-type AByXj5, predicted in MgSiO3z at very
high pressures. Lower transition pressures in these systems than MgSiO3 can be attributed
to cation sizes: for the A site, the ionic radius of Na (r,4) is larger than that of Mg; as for
the B site, Ge and Mg ionic radii (rp) are larger than that of Si. The preference for different
high pressure phase assemblages is related with different r4/rp ratios in these systems.
The Mg-Ge-O system produces MgoGeOy by dissociation of MgGeOg or by its simultaneous
compression with MgO. The Na-Mg-F system produces NaMg,F'5 by dissociation of NaMgF
or by its simultaneous compression with MgF,. As in MgSiOs, both systems ultimately
dissociate into the binary AX and BX, compounds. This full dissociation in the Na-Mg-F
system is expected at ~80-90 GPa, while in the Mg-Ge-O it is not expected up to ~3 TPa.

When compared with experimental data, our results suggest the possibility of kinetically
inhibited transitions in both systems. MgGeOs3 could display a metastable transition from
the PPV to the Gd,Ss3-type phase, while NaMgF; might display a metastable transition
to the UsSs-type phase. The latter is also predicted as a stable phase by compression of
PPV-Al,0O3 at ~0.37 TPa [59].

Despite the differences, MgGeO3 and NaMgF; are useful LPAs of MgSiOj3 for several rea-
sons. Confirmation of the present predictions would lend further credibility to the pressure
induced behavior of MgSiOs, an extremely challenging system to investigate experimentally
because of the extreme pressures involved (>500 GPa). In addition, these systems may be
useful for future study of effects of secondary but important alloying elements (Fe, Al, and
so forth) which must play an important role in super-Earths whose mantles should consist
of Fe- and Al-bearing Mg-Si-O systems. Furthermore, they are good systems for the explo-
ration and further understanding of metastable phase transitions caused by kinetic inhibition

of dissociation and recombination transitions upon cold compression/decompression. This
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exercise can facilitate future experimental explorations at more challenging pressures and

temperatures in the fundamentally important system in planetary sciences — Mg-Si-O.
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FIG. 1: Crystal structures investigated in the present study. Yellow and blue spheres or polyhedra
denote A and B cations and coordinations. Red small spheres denote anions X. The numerals
indicates coordination numbers of cations A and B. In the ABX3 PV and PPV structures, A and
B ions are located in approximately bicapped triangular prisms and octahedra. In GdsSs-type
and UyS3-type ABX3, both A and B ions are located in bicapped triangular prisms. For BXs, the
structural unit is octahedra in the pyrite-type phase and a tricapped triangular prism. In P2;/c
AB.Xj5, the A acations are at the center of tricapped triangular prisms. There are two kinds of

the B cations; they are at the center of capped triangular prisms and tricapped triangular prisms.
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FIG. 2: Pressure-induced post-PPV phase transitions predicted in the Mg-Si-O system as indicated
in (a) reactions 1) to 4), (b) reaction 5), and (c) rection 6) [1-3, 8, 27, 28]. The indicated transition
pressures were obtained using the static LDA and ultrasoft pseudopotentials especially generated
for these high pressure calculations [25]. LDA is known to underestimate transition pressures by

~5-10 GPa in the Mg-Si-O system [3, 25].
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FIG. 3: Relative static enthalpies of (a) aggregation of possible dissociation products of MgGeOs
and other polymorphs (UaSs-type and GdaSs-type) of MgGeO3 with respect to MgGeOs PPV, (b)
aggregation of possible dissociation products of MgaGeQOy with respect to I42d-type MgoGeOy,
and (c) aggregation of possible dissociation products of MgGeaOs with respect to P2p/c-type
MgGesOs.
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FIG. 4: Phase boundaries of pressure-induced phase transitions in (a) MgGeOs, (b) MgGeOs and
MgO and (c¢) MgGeO3 and GeOq, both cases with the molar ratio of 1:1. In (a), the red dashed

line denotes the metastable phase boundary between PPV and GdsSs-type.
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and other polymorphs (UsSs-type and GdaSs-type) of NaMgFs with respect to NaMgFs PPV, (b)
aggregation of possible dissociation products of NagMgF, with respect to 142d-type NasMgFy, and

(c) aggregation of possible dissociation products of NaMgoF5 with respect to P21 /c-type NaMgsaFs.
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FIG. 6: Phase boundaries of pressure-induced phase transitions in (a) NaMgF3, (b) NaMgF3 and
NaF and (c¢) NaMgF3 and MgFs, both with the molar ratio of 1:1. Below 1,000 K, panel (a)
is identical to that reported by [67]. In (a), the red dashed line denotes the metastable phase
boundary between PPV and U,;Ss-type phase. For the sake of simplicity, we omit low-pressure
phases of MgFy below pyrite-type and an experimental phase boundary of NaMgFg perovskite

between orthorhombic and cubic phases [66].
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