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The fate of MgSiO3 post-perovskite under TPa pressures is key information for understanding and modeling
interiors of super-Earths-type exoplanets and solar giants' cores. Here, we report a dissociation of MgSiO3

post-perovskite into CsCl-type MgO and P21/c-type MgSi2O5 at ~0.9 TPa obtained by first principles calcula-
tions. P21/c-type MgSi2O5 should dissociate further into CsCl-type MgO and Fe2P-type SiO2 at ~2.1 TPa. The
first dissociation should occur in all solar giants and heavy super-Earths, while the second one should
occur only in Jupiter and larger exoplanets. Both dissociations are endothermic and have large negative Cla-
peyron slopes. If the first dissociation should occur in the middle of a silicate mantle, it could promote mantle
layering. We provide essential thermodynamic properties of P21/c-type MgSi2O5 for modeling interiors of
super-Earths.
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1. Introduction

Since the discovery of MgSiO3 post-perovskite (PPV) at conditions
similar to those found near the core-mantle boundary (CMB) of the
Earth (Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya
et al., 2004), the fate of PPV under further compression has been a
puzzling question. The significance of this question has increased
greatly after several exoplanets with masses of a few to 10 M⊕ (M⊕:
Earth mass) were identified (Batalha et al., 2011; Beaulieu et al.,
2006; Charbonneau et al., 2009; Leger et al., 2009; Lissauer et al.,
2011; Mayor et al., 2009; Queloz et al., 2009; Rivera et al., 2005;
Udry et al., 2007). Several of these planets are expected to be Earth-
like, i.e., terrestrial, because of their estimated high densities. These
exoplanets are frequently referred to as super-Earths. Valencia et al.
calculated interior pressure–temperature profiles of super-Earths
with masses of 1 to 10 M⊕ (Valencia et al., 2006). Sotin et al. also cal-
culated them for super-Earths and for ocean exoplanets with 50% H2O
(Sotin et al., 2007). These calculations revealed that pressure and tem-
perature in these exoplanets should be considerably higher than those
in Earth, making the fate of MgSiO3 at higher pressures a question of
practical relevance for modeling these planets. In this context, MgSiO3

PPV was predicted by first principles to dissociate into CsCl-type MgO
and cotunnite-type SiO2 at∼1 TPa (Umemoto et al., 2006a). This predic-
tion was based on the assumption that MgSiO3 might dissociate into
MgO and SiO2. However, some experiments have recently reported
other types of dissociation in ABO3 perovskites – where A and B are
transition-metal atoms – into AO and AB2O5 (Okada et al., 2010; Wu
et al., 2009). These findings suggested the possibility that MgSiO3 PPV
might not dissociate directly into MgO and SiO2.

In the present paper, we predict the dissociation of MgSiO3 PPV
into CsCl-type MgO and P21/c-type MgSi2O5. To our knowledge, this
P21/c-type structure has not been identified experimentally in other
substances so far. Furthermore, P21/c-type MgSi2O5 is found to disso-
ciate into CsCl-type MgO and Fe2P-type SiO2 under further compres-
sion. We also discuss whether or not the first and the second
dissociations may occur in the cores of the solar giantsand in super-
Earths. Thermodynamic quantities essential for modeling interiors
of super-Earths are provided.

2. Computational method

Calculations were performed using the local-density approximation
(LDA) (Ceperley and Alder, 1980; Perdew and Zunger, 1981). All pseudo-
potentials were generated by Vanderbilt's method (Vanderbilt, 1990).
The valence electronic configurations and cutoff radii were the same as
used in (Umemoto et al., 2006a). The plane-wave cutoff energy was
400 Ry.Weused variable-cell-shapemolecular dynamics (Wentzcovitch,
1991; Wentzcovitch et al., 1993) for structural optimization under arbi-
trary pressure. Dynamical matrices were computed using density func-
tional perturbation theory (Baroni et al., 2001; Giannozzi et al., 1991).
We computed the vibrational contribution to the free energies within
quasiharmonic approximation (QHA) (Carrier et al., 2008; Wallace,
1972). k-point grid for electronic-structure calculations and q-point grid
for QHA were (6×6×2,12×12×10) for MgSiO3 PPV, (8×8×8,
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16×16×16) for CsCl-type MgO, (4×4×6,16×16×16) for Fe2P-type
SiO2, and (4×2×2,10×8×10) for P21/c-type MgSi2O5.

3. Results and discussion

To investigate the dissociation, we need to know potential high-
pressure forms of MgO, SiO2, and MgSi2O5. There are no experimental
studies for these oxides at extreme dissociation pressures. For MgO,
the high-pressure form is assumed to be CsCl-type. The calculated
pressure for the NaCl-type-to-CsCl-type transition is 0.53 TPa, consis-
tent with other first-principles calculations (Karki et al., 1997; Mehl
et al., 1988; Oganov et al., 2003; Wu et al., 2008). Very recently, the
Fe2P-type phase was predicted to be a post-pyrite phase of SiO2

beyond 0.69 TPa (Tsuchiya and Tsuchiya, 2011; Wu et al., 2011) at
lower temperatures.

To predict the stable phase of MgSi2O5, we start with the structure
of high-pressure CaGe2O5 (post-titanite) (Nemeth et al., 2007) with
space group Pbam. There are two types of germanium in this struc-
ture, one six-fold and one five-fold coordinated. Germanium octahe-
dra share edges and calcium atoms are eight-fold coordinated in
dicapped triangular prisms. Hence, post-titanite and PPV structures
have common features, despite having different number of atoms
per formula unit. Fig. 1(a) and (b) shows structures of Pbam-type
MgSi2O5 optimized at 0 and 1 TPa. Under compression, cation-oxygen
connectivity changes clearly; coordination number of Si2 increases
from 5 to 8. Pbam-type MgSi2O5 is dynamically unstable, since
there are soft modes with imaginary frequencies at Γ and Y points
(Fig. 2). Reoptimizations after applying atomic displacements corre-
sponding to each soft mode reveal that the soft mode at the Γ point
leads to the lowest-enthalpy structure (Fig. 1(c)). Across this trans-
formation, only the two-fold screw axis along the a axis and the b
glide plane perpendicular to the a axis remain. Then the symmetry
is reduced from Pbam to its subgroup, P21/b11. The P21/b11 setting
is not standard. Its symmetrically-equivalent standard setting is
P21/c (i.e., P121/c1). Hereafter, we refer to the new phase as P21/c
MgSi2O5. Besides this P21/c phase, we also considered the structures
of P-1-type and A2/a-type CaSi2O5 (Angel, 1997; Angel et al., 1996),
(a)

(d)

(b)

Fig. 1. Crystal structures of (a) Pbam-type MgSi2O5 at 0 GPa, (b) at 1 TPa, and (c) P21/c-ty
Yellow, blue, light blue, and red spheres denote Mg, Si1, Si2, and O atoms.
Bbmm-type MgTi2O5 (Yang and Hazen, 1998), C2/c-type V3O5

(Armbruster et al., 2009), and C2/c-type Fe1+ δTi2−δO5 (Wu et al.,
2009). Enthalpy calculations clarified that these phases are metasta-
ble with respect to the P21/c phase (Fig. 3). Therefore, the P21/c
phase is the most probable candidate form of MgSi2O5 at high
pressures. Structural parameters of the P21/c phase at 1 TPa are listed
in Table 1. Although the symmetry of this phase is monoclinic, β, the
angle between a and c axes, is very close to 90∘. Thus, the monoclinic
distortion from the Pbam orthorhombic cell is very small.

Nowwe have the necessary ingredients to discuss the dissociation
of MgSiO3 PPV. Fig. 4 shows MgSiO3 PPV should dissociate into CsCl-
type MgO and P21/c-type MgSi2O5 at 0.90 TPa. This dissociation pres-
sure is 0.21 TPa lower than that of the direct dissociation of MgSiO3

into MgO and SiO2. It is also seen that P21/c-type MgSi2O5 must disso-
ciate into CsCl-type MgO and Fe2P-type SiO2 at 2.10 TPa. Silicon coor-
dination numbers increase across both dissociations: 6 in MgSiO3

PPV, 7 and 8 in P21/c-type MgSi2O5, and 9 in Fe2P-type SiO2. Corre-
spondingly, volume reduces by 2.3% (0.5%) across the first (second)
dissociation. We did not find a transition to any post-PPV crystalline
phase with MgSiO3 formula unit. The U2S3-type phase, a potential
post-PPV candidate (Umemoto and Wentzcovitch, 2006, 2008),
always has higher enthalpy than those of aggregated dissociation
products. Dissociation pressures by PBE-type generalized-gradient
approximation (GGA) (Perdew et al., 1981) are 0.89 and 2.04 TPa
for the first and the second dissociation. They are slightly smaller
than LDA results, which contrasts with the usual tendency. The differ-
ences between LDA and GGA are small: about 1% (3%) for the first
(second) dissociation.

Fig. 5 shows the dissociation boundaries of MgSiO3 calculated using
the QHA. In the solar giants, MgSiO3 PPV should not survive. In Saturn,
Uranus, and Neptune, MgO and MgSi2O5 are expected to occur in their
dense cores. In Jupiter, MgSi2O5 should be dissociated into MgO and
SiO2. For super-Earths and ocean exoplanets with 1–10 M⊕, internal
pressure and temperature have been estimated (Sotin et al., 2007;
Valencia et al., 2006). According to these estimations and dissociation
phase boundaries, MgSiO3 PPV should survive in super-Earths with
masses smaller than ∼7M⊕. The first dissociation should occur only
(c)

pe at 1 TPa. (d) Bonglengths (Å) between cations and oxygens in P21/c-type MgSi2O5.
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Fig. 2. Phonon dispersion of Pbam-type MgSi2O5 at 1 TPa.

Δ

Fig. 3. Relative enthalpies of several candidates of MgSi2O5 with respect to the Pbam-
type phase. All candidates are dynamically unstable at 1 TPa. Arrows denote enthalpy
reduction by reoptimization after applying atomic displacements corresponding to
soft modes.

Δ

Fig. 4. Relative enthalpies of aggregation of CsCl-type MgO and P21/c-type MgSi2O5,
CsCl-type MgO and Fe2P-type SiO2, and U2S3-type MgSiO3 with respect to MgSiO3 PPV.
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in larger super-Earths, but not the second one. In ocean exoplanets,
the first dissociation may occur when their masses are larger than
∼8M⊕. Therefore, MgSiO3 PPV should dissociate into MgO and
MgSi2O5 in GJ876d (Rivera et al., 2005) but should not in CoRoT-7b
(Leger et al., 2009; Queloz et al., 2009), GJ1214b (Charbonneau et
al., 2009), Kepler-10b (Batalha et al., 2011), nor Kepler-11b (Lissauer
et al., 2011). Thermodynamic properties are fundamental for modeling
the internal state of these planets and they are provided up to 6000 K in
Table 2.

Both dissociations are endothermic, because their phase bound-
aries have negative Clapeyron slopes: −12 (−31) MPa/K at 5000 K
and −20 (−38) MPa/K at 10,000 K in the first (second) dissociation.
These can be explained by changes in vibrational density of states.
Table 1
Structural parameters of P21/c-type MgSi2O5. Wyckoff positions of all atoms are 4e:
(x,y,z), (−x,y+1/2,−z+1/2),(−x,−y,−z), and (x,−y+1/2,z+1/2).

(a,b,c) (Å)
β (∘)

(4.429,4.031,6.179)
89.68

Mg (0.5054, 0.6686, 0.0638)
Si1 (0.2580, 0.0699, 0.9916)
Si2 (0.9966, 0.0498, 0.6757)
O1 (0.2411, 0.1748, 0.2203)
O2 (0.2351, 0.8453, 0.8052)
O3 (0.2294, 0.0322, 0.5002)
O4 (0.5431, 0.1901, 0.9209)
O5 (0.0393, 0.6735, 0.5855)
Across both dissociations, while volume decreases Si–O bond lengths
and Si coordination numbers increase. Longer bonds lead to smaller
optic phonon frequencies and larger vibrational entropy. Therefore,
aggregated dissociation products have larger stability fields at higher
temperatures, resulting in a negative Clapeyron slope (Navrotsky,
1980). An endothermic phase transition can affect mantle dynamics
in exoplanets with silicate mantle. Dissociations with large negative
Clapeyron slopes in the middle of a silicate mantle can in principle
promote layering (Christensen and Yuen, 1985; Peltier and Solheim,
1992; Tackley, 1995). However, other factors, such as pressure and
temperature dependent properties, might conspire against layered
convection. Change of viscosity across the dissociation could also
affect significantly mantle dynamics in super-Earths (Karato, 2011;
van den Berg et al., 2010). Present results are just a starting point
for considering these effects.

The two-stage dissociation of MgSiO3 PPV reported here may also
help to solve open questions concerning the high-pressure behavior
of ABX3 compounds. The dissociation of NaMgF3 PPV, a low-pressure
analog of MgSiO3 was predicted to happen at ∼40 GPa (Umemoto
et al., 2006b), but it has not been observed experimentally. More-
over, there are inconsistencies between experiments; while (Martin
Fig. 5. Phase diagram showing the two-stage dissociation of MgSiO3 PPV. Red spots de-
note estimated pressure–temperature conditions at core-envelope boundaries in the
solar giants (Jupiter's condition, ∼4 TPa and ∼15,000? 20,000 K, is not shown here)
(Guillot, 2004). Brown and light blue squares represent pressure–temperature condi-
tions at CMB in terrestrial and ocean exoplanets (Sotin et al., 2007). Numbers in
squares indicate the planet mass in units of Earth mass (M⊕).Dashed phase boundary
is the metastable boundary of the direct dissociation of MgSiO3 into MgO and SiO2. A
dot-dashed line denotes the limit of validity of the QHA (Tsuchiya et al., 2005).



Table 2
Thermodynamic properties of P21/c-type MgSi2O5: density (ρ), thermal expansivity
(α), isothermal bulk modulus (KT), adiabatic bulk modulus (KS), constant-volume heat
capacity (CV), constant-pressure heat capacity (CP), and Grüneisen parameter (γ). Values
for the other phases will be available online at http://www.vlab.msi.umn.edu.

P
(TPa)

ρ
(g/cm3)

α
(10−5/K)

KT

(TPa)
KS

(TPa)
CV
(J/mol/K)

CP
(J/mol/K)

γ

1000 K
0.4 7.3418 0.5630 1.5000 1.5092 170.5582 171.5977 1.0827
0.6 8.2219 0.4354 2.0594 2.0689 164.1819 164.9443 1.0664
0.8 8.9616 0.3571 2.6027 2.6125 158.5342 159.1288 1.0503
1.0 9.6104 0.3033 3.1350 3.1448 153.4502 153.9319 1.0350
1.2 10.1943 0.2637 3.6587 3.6686 148.8213 149.2219 1.0209
1.4 10.7290 0.2332 4.1756 4.1854 144.5712 144.9111 1.0080
1.6 11.2249 0.2090 4.6868 4.6965 140.6441 140.9371 0.9963
1.8 11.6890 0.1894 5.1931 5.2028 136.9974 137.2533 0.9860
2.0 12.1267 0.1731 5.6951 5.7047 133.5976 133.8236 0.9770
2.2 12.5419 0.1595 6.1933 6.2028 130.4179 130.6194 0.9693

2000 K
0.4 7.2974 0.6306 1.4812 1.5012 191.6985 194.2906 1.0721
0.6 8.1826 0.5030 2.0390 2.0607 189.7636 191.7880 1.0604
0.8 8.9258 0.4241 2.5811 2.6041 187.9332 189.6029 1.0476
1.0 9.5772 0.3693 3.1124 3.1362 186.2020 187.6253 1.0348
1.2 10.1632 0.3287 3.6353 3.6597 184.5595 185.8004 1.0228
1.4 10.6997 0.2972 4.1515 4.1765 182.9956 184.0959 1.0116
1.6 11.1970 0.2719 4.6622 4.6876 181.5019 182.4901 1.0013
1.8 11.6624 0.2511 5.1680 5.1938 180.0710 180.9681 0.9920
2.0 12.1011 0.2337 5.6697 5.6958 178.6968 179.5184 0.9837
2.2 12.5173 0.2189 6.1677 6.1941 177.3742 178.1323 0.9763

3000 K
0.4 7.2508 0.6477 1.4628 1.4933 196.0335 200.1094 1.0701
0.6 8.1407 0.5195 2.0190 2.0523 195.1422 198.3657 1.0600
0.8 8.8872 0.4403 2.5598 2.5952 194.2889 196.9783 1.0479
1.0 9.5410 0.3854 3.0899 3.1270 193.4736 195.7906 1.0357
1.2 10.1289 0.3447 3.6120 3.6502 192.6930 194.7333 1.0240
1.4 10.6669 0.3130 4.1274 4.1667 191.9435 193.7695 1.0131
1.6 11.1655 0.2876 4.6374 4.6776 191.2219 192.8767 1.0029
1.8 11.6320 0.2667 5.1428 5.1837 190.5254 192.0405 0.9937
2.0 12.0718 0.2492 5.6441 5.6857 189.8517 191.2506 0.9854
2.2 12.4887 0.2344 6.1417 6.1840 189.1988 190.4997 0.9780

4000 K
0.4 7.2037 0.6563 1.4448 1.4854 197.5758 203.1239 1.0696
0.6 8.0982 0.5271 1.9993 2.0440 197.0693 201.4745 1.0602
0.8 8.8478 0.4474 2.5387 2.5864 196.5819 200.2710 1.0485
1.0 9.5039 0.3923 3.0678 3.1177 196.1143 199.3039 1.0365
1.2 10.0937 0.3513 3.5888 3.6405 195.6650 198.4833 1.0249
1.4 10.6332 0.3195 4.1035 4.1567 195.2322 197.7626 1.0140
1.6 11.1331 0.2940 4.6129 4.6674 194.8142 197.1145 1.0040
1.8 11.6006 0.2731 5.1177 5.1733 194.4097 196.5219 0.9948
2.0 12.0413 0.2555 5.6185 5.6752 194.0172 195.9731 0.9864
2.2 12.4591 0.2405 6.1158 6.1734 193.6359 195.4598 0.9790

5000 K
0.4 7.1563 0.6625 1.4270 1.4776 198.2912 205.3160 1.0695
0.6 8.0554 0.5321 1.9798 2.0357 197.9662 203.5521 1.0606
0.8 8.8081 0.4518 2.5179 2.5776 197.6524 202.3372 1.0491
1.0 9.4665 0.3963 3.0458 3.1084 197.3507 201.4071 1.0373
1.2 10.0581 0.3551 3.5659 3.6308 197.0603 200.6495 1.0258
1.4 10.5991 0.3232 4.0798 4.1467 196.7800 200.0069 1.0149
1.6 11.1002 0.2975 4.5885 4.6571 196.5089 199.4462 1.0048
1.8 11.5688 0.2765 5.0927 5.1628 196.2461 198.9467 0.9956
2.0 12.0104 0.2588 5.5931 5.6645 195.9908 198.4945 0.9872
2.2 12.4289 0.2438 6.0900 6.1627 195.7424 198.0800 0.9797

6000 K
0.4 7.1089 0.6676 1.4095 1.4699 198.6789 207.1911 1.0696
0.6 8.0125 0.5360 1.9605 2.0274 198.4533 205.2252 1.0610
0.8 8.7682 0.4551 2.4972 2.5688 198.2350 203.9178 1.0498
1.0 9.4289 0.3992 3.0240 3.0992 198.0247 202.9483 1.0380
1.2 10.0223 0.3578 3.5431 3.6212 197.8220 202.1813 1.0265
1.4 10.5647 0.3256 4.0562 4.1367 197.6261 201.5478 1.0157
1.6 11.0671 0.2999 4.5642 4.6468 197.4365 201.0084 1.0056
1.8 11.5367 0.2787 5.0679 5.1523 197.2526 200.5384 0.9963
2.0 11.9792 0.2609 5.5678 5.6539 197.0738 200.1217 0.9879
2.2 12.3985 0.2458 6.0643 6.1520 196.8997 199.7469 0.9804
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et al., (2006) reported a post-PPV transition to a “N-phase”, whose
structure has not been identified yet, other experiments showed
that the PPV phase remained stable (Grocholski et al., 2010; Hustoft
et al., 2008). The new dissociation found here might shed light on
this inconsistency. Very recently, MnTiO3 perovskite was reported
to dissociate into MnO and MnTi2O5 (Okada et al., 2010). Although
MnTi2O5 was expected to be orthorhombic, its detailed structure
has not been identified yet. As showed here, P21/c-type MgSi2O5

has a small monoclinic distortionfrom the orthorhombic cell. We
expect the structure of P21/c-type MgSi2O5 to be closely related to
that of MnTi2O5.
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