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Using quantum-mechanical simulations based on density-functional perturbation theory, we address
the problem of stability of MgSiO3 perovskite to decomposition into MgO and SiO2 at pressures and
temperatures of the Earth’s lower mantle. We show that MgSiO3 perovskitesand its post-perovskite
phased is more stable than the mixture of oxides throughout the pressure-temperature regime of the
Earth’s mantle. Structural stability and lattice dynamics of phases in the system MgO-SiO2 are
discussed. ©2005 American Institute of Physics. fDOI: 10.1063/1.1869973g

I. INTRODUCTION

It is widely believed thatsMg,FedSiO3 perovskite is the
most abundant mineral in the Earth’s lower mantlesprobably
,75 Vol %d and in the Earth as a wholes,40 Vol %d. Cru-
cial to this statement is the thermodynamic stability of per-
ovskite relative to decomposition into the oxides MgO and
SiO2. This stability has been suggested in many studies,1–6

but has been doubted by some researchers.7–10The reason for
this experimental controversy could be due to the develop-
ment of large temperature gradients, deviatoric stresses, and
possible incongruent melting in some studies, or MgSiO3

perovskite may indeed have a limited field of stability rela-
tive to component oxides.

In fact, many ternary oxides and silicates break down
into simple oxides at high pressure. For instance, it is well
establishedsexperiment,11,12 theory13d that Al2SiO5 breaks
down into the mixture of Al2O3 and SiO2 above 11 GPa. A
more complicated picture is established for MgAl2O4

sexperiment,14,15 theory16d: MgAl2O4 spinel, stable at low
pressures, breaks down into MgO and Al2O3 at 15 GPa, but
at .25 GPa MgAl2O4 becomes stable in the calcium ferrite
sCaFe2O4d structure. If MgSiO3 perovskite were to decom-
pose into its component oxides, this would have dramatic
consequences for the structure and dynamics of the Earth.
First, there would be a seismic discontinuity splitting the
lower mantle into two different regions. Although several
small seismic discontinuities have been reported at various
depths within the lower mantlessee, e.g., Ref. 17d, all of
them are rather weak and might not be global. If decompo-
sition did take place, it could introduce a barrier to mantle
convection, a major factor for the dynamics of our planet.

Given the problems of performing high pressure and
temperature experiments, the use of the complementary
quantum-mechanical simulation approach is attractive. Early

Hartree–Fock-based calculations at 0 KsRef. 18d found that
MgSiO3 perovskite is thermodynamically more stable than
the oxides above 25 GPa. It was assumed, however, that
SiO2 is present in the stishovite structure, however, both
experiment19–23 and theory19,20,24–27showed that a series of
other SiO2 structures are stable above 50 GPa. Two interest-
ing technical details were reported:18 sid the calculations of
structural stability are extremely sensitive to the quality of
the Gaussian basis set used andsii d pure Hartree–Fock theory
is not sufficient for this problem, and an account of electron
correlation is needed.

The first attempt to include the effect of temperature and
post-stishovite polymorphs of silica on the stability of
MgSiO3-perovskite was undertaken in Ref. 28. The effects of
temperature were incorporated using lattice dynamics simu-
lations based on a parametrical interatomic potential. Con-
trary to Ref. 18, these authors claimed that at high tempera-
tures the decomposition of MgSiO3 perovskitesinto MgO
anda-PbO2-structured phase of SiO2d does occur, though at
higher pressures than in the experiments carried out by the
same group.8,9 From their calculations it appeared that de-
composition is favored by the entropy, but disfavored by the
enthalpy.

Calculations reported here are based on density func-
tional theory29,30 within the local density approximation31

and the generalized gradient approximationsGGAd,32 and
include electron correlation self-consistently, although still
approximately. The use of density-functional perturbation
theory33–36 allowed us to take into account thermal effects
within a quantum-mechanical framework, without the need
to use interatomic potentials or any other more approximate
methods. Finally, we also consider the effect of the estab-
lished high-pressure polymorphs of SiO2 sstishovite, CaCl2-,
a-PbO2-, and pyrite-structured phasesd and the phase dia-
gram of SiO2 sRef. 27d on the problem.

Recently, a post-perovskite phase of MgSiO3 was inde-
pendently discovered by two groups4,5 and confirmed in a
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separate experimental investigation.6 This phase is stable at
conditions of the D9 layer slowermost ,150 km of the
mantled. In calculations reported here we only consider di-
rectly the perovskite polymorph for MgSiO3. The main con-
clusion of this worksonly reinforced by the recently reported
stability of the post-perovskite phase at higher pressuresd is
that MgSiO3 sin perovskite and post-perovskite structuresd
remains thermodynamically stable with respect to decompo-
sition throughout the Earth’s lower mantle.

II. COMPUTATIONAL METHODOLOGY

Our static as well as lattice dynamics results were ob-
tained with the use of theABINIT code,37 a common project
of the Université Catholique de Louvain, Corning Incorpo-
rated, and other contributorssURL http://www.abinit.orgd,
based on pseudopotentials and plane waves. It relies on an
efficient fast Fourier transform algorithm38 for the conver-
sion of wave functions between real and reciprocal space, on
the adaptation to a fixed potential of the band-by-band con-
jugate gradient method,39 and on a potential-based
conjugate-gradient algorithm for the determination of the
self-consistent potential.40 Technical details on the computa-
tion of responses to atomic displacements and homogeneous
electric fields can be found in Ref. 35, and the subsequent
computation of dynamical matrices, Born effective charges,
dielectric permittivity tensors, and interatomic force con-
stants was described in Ref. 36. The local density approxi-
mation sLDA d sRef. 31d was used for the exchange correla-
tion. The pseudopotentials used are of the Troullier–Martins
type,41 fully nonlocal and including partial core
corrections;42 the core radii are 0.766 Å for Os1s2 cored,
1.105 Å for Si s1s22s22p6 cored, and 1.371 Å for Mg
s1s22s22p6 cored. The plane wave kinetic energy cutoff of
40 hartree enabled convergence to within 0.02–0.03 eV per
C atom for the total energy, more than an order of magnitude
better for the energy differences, and within 0.05 GPa for the
pressure. The Monkhorst–Pack43 meshes used for sampling
of the Brillouin zone were 43432 sfor MgSiO3 perovskite,
20 atoms in the unit celld, 43434 sfor a-PbO2- and pyrite-
structured phases of SiO2, 12 atoms in the unit celld, 434
36 sfor stishovite and CaCl2-structured phases of SiO2, 6
atoms in the unit celld, and 83838 sfor MgO, 2 atoms in
the unit celld. Lattice dynamical calculations relied on the
computed values of the dielectric constants, Born effective
charges, and short-range force constants calculated on 2
3232 grids for MgSiO3 perovskitesthis corresponds to a
full set of force constants in a supercell with 160 atomsd and
a-PbO2- and pyrite-structured phases of SiO2 sequivalent to
96-atom supercellsd, 23233 for stishovite and
CaCl2-structured phases of SiO2 sequivalent to 72-atom su-
percellsd, and 43434 for MgO sequivalent to a 128-atom
supercelld. Having both the long-rangesgiven by Born
charges and dielectric constantsd and short-range contribu-
tions to force constants, we constructed dynamical matrices
at very dense Brillouin-zone meshes, from the diagonaliza-
tion of which we obtained phonon densities of states and
vibrational thermodynamic functionssfor these, we typically
used,107 frequenciesd, e.g.,

F = E0 +E
0

vmax 1

2
"vgsvddv + kBT

3E
0

vmax

lnF1 − expS−
"v

kBT
DGgsvddv. s1d

One can easily obtain the Gibbs free energy

G = F + PV= F − S ]F

]V
D

T
V, s2d

sinceP=−s]F /]VdT. To perform differentiation, at each tem-
perature thermal contributions to the Helmholtz free energy

FIG. 1. High-pressure phase diagrams ofsad MgO, sbd SiO2, scd MgSiO3.
sad Theoretical results of Oganovet al. fblack line with solid circlessRef.
48dg and Strachanet al. fgray linessRef. 49dg, sbd Theory fsolid lines with
circles sRef. 27dg, experimentfsolid linessRefs. 22 and 23dg, interpretation
of shock-wave datafdashed linessRef. 50dg, scd TheorysRef. 5d and experi-
mentfcirclessRef. 51d, squaressRef. 5dg. Adapted from Refs. 5, 27, and 48.
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were fitted by third-order polynomials of volume, the static
E0sVd were fitted by the Vinet function.44,45 The approach
outlined above corresponds to the quasiharmonic approxima-
tion, i.e., phonon frequencies are assumed to be independent
of temperature at fixed volume. For MgO the effects beyond
this approximationscollectively known as intrinsic anhar-
monic effectsd have been studied in Ref. 46 usingab initio
molecular dynamics simulations; general analysis was pre-
sented in Ref. 47. Based on these studies, we expect that at
pressures and temperatures of interest intrinsic anharmonic
contribution to the free energy of decomposition is very
small relative to other terms.

III. RESULTS

Figure 1 shows the calculated phase diagrams of MgO,
SiO2, and MgSiO3 from our previous works.5,27,48 While
MgO does not exhibit polymorphism, both SiO2 and MgSiO3

undergo phase transitions in the pressure range of the Earth’s
mantle. These phase transitions are taken into account in our
present calculations.

To illustrate the accuracy of our simulations, in Table I
we give Vinet equation of state parameters of these phases in

comparison with experiment, and in Table II comparison be-
tween theoretical and experimental thermodynamic proper-
ties at ambient conditions. Figures 2–4 show phonon disper-
sion curves, which agree well with available experimental
data sdetailed comparison with experimental data for these
phases is discussed in Refs. 48 and 58–61—results of these
studies are very similar or identical to those reported hered.
Several features of these phonon dispersion curves are worth
mentioning.

s1d In noncubic phases, polar modes have discontinuities
at theG point.

s2d Structural pseudosymmetry of MgSiO3 perovskite
and of the CaCl2-type phase leads to pseudosymmetry of
phonon dispersions, e.g., inX-S-Y sections.

s3d None of the phases of SiO2 display soft modes at
zero pressure. Consequently, these phases may be quench-
able - except for the CaCl2-type phase, which becomes iden-
tical to stishovite at the point of second-order transition at 44
GPa and below. This would be especially interesting for not-
yet-synthesized pyrite-type SiO2, a potential superhard mate-
rial.

TABLE I. Equations of state of phases in the MgO-SiO2 system: theory and
experiment.

V0 sÅ3d K0 sGPad K08

MgO
Theorya 76.2 168.7 4.258
Expt.b 74.7 160.2 3.99

Stishovite
Theorya 46.3 318.3 4.373
Expt.c 46.9 312.9 4.8

a-PbO2 type phase of SiO2
Theorya 91.1 324.4 4.233
Expt. ¯ ¯ ¯

Pyrite-type phase of SiO2
Theorya 87.0 344.8 4.313
Expt. ¯ ¯ ¯

MgSiO3 perovskite
Theorya 163.3 261.4 4.032
Expt.d 162.3 259.5 3.69

aAll theoretical equations of state are in the Vinet formsRefs. 44 and 45d.
bThird-order Birch–Murnaghan equation of state at 300 KsRef. 52d.
cThird-order Birch–Murnaghan equation of state at 300 KsRef. 53d.
dThird-order Birch–Murnaghan equation of state at 300 KsRef. 54d.

TABLE II. Thermodynamic propertiessheat capacityCV and entropySd of phases in the MgO-SiO2 system: theory and experiments0 GPa,300 Kd.

MgO
periclase

SiO2

stishovite
MgSiO3

perovskite

Theory Expt. Theory Expt. Theory Expt.

CV sJ mol−1 K−1d 36.58 36.87a 41.3 42.2b 80.73 77.3
S sJ mol−1 K−1d 26.81 27.13a 24.6 25.9b 57.14 57.2c

aData of Ref. 55,CV recalculated from reportedCP.
bRecalculated using data from Ref. 56.
cData of Ref. 57,CV recalculated from reportedCP.

FIG. 2. Phonon dispersion curves of MgSiO3 perovskitesad at 0 GPa,sbd at
100 GPa. G=f0;0;0g, X=f1/2;0;0g, S=f1/2;1/2;0g, Y=f0;1/2;0g, Z
=f0;0;1g, T=f0;1/2;1/2g, R=f1/2;1/2;1/2g. sPbnmsettingd.
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The calculated Gibbs free energy of decomposition is
shown in Fig. 5. One can see that it increases with both
pressure and temperature and remains positive at allP-T
conditions of the lower mantle s1500–4200 K,
24–136 GPad. In other words, MgSiO3 perovskite is stable
to decomposition at all lower-mantle pressures and tempera-
tures and becomes increasingly more stable as pressure and
temperature increase.

It is well known that the LDA underestimates phase tran-
sition pressures, whereas the GGA tends to slightly overesti-
mate them.13,62 Furthermore, the use of pseudopotentials is
an approximation. To check the accuracy of our pseudopo-
tential LDA calculations, we have calculated the relative en-
thalpies of MgSiO3 perovskite and the MgO+SiO2 mixture
by using the GGA32 and the all-electron projector augmented
wave sPAWd method63,64 as implemented in the VASP
code.65 It is encouraging that the resultssFig. 6d of these
calculations are in excellent agreement with our pseudopo-
tential LDA calculationssFig. 5d.

In fact, just from the static enthalpy of decomposition
one could conclude that decomposition is unlikely. One
could estimate the entropy of decomposition from a simple
formula,66 which can be more generally written as

DS= ḡCV
DV

V
+ 3o

i

niR lnÎ ni

n0i
, s3d

whereḡ is the average Grüneisen parameters1.15±0.08 for
MgO and MgSiO3d perovskite,46,67,68 CV the isochoric heat
capacitys3nR in the classical quasiharmonic cased, R the gas
constant,DV/V the relative volume changes1.34% from our
ab initio calculations at 100 GPad, ni number of cations of
the ith type, andni /n0i ratios of their coordination numbers
in the final and initial states, respectively. From Eq.s2d, at
100 GPa we obtain the high-temperature entropy of decom-
position DS=−5.3 J mol−1 K−1, in excellent agreement with
ab initio estimatess−5.23 J mol−1 K−1d and suggesting that
vibrational entropy stabilizes perovskite against decomposi-
tion.

FIG. 3. Phonon dispersion curves of SiO2 polymorphs:sad stishovite at 0 GPa,sbd CaCl2-type phase at 70 GPa,scd a-PbO2 type phase at 0 GPa,sdd
a-PbO2 type phase at 100 GPased pyrite-type phase at 0 GPa. Stishovite:M =f1/2;1/2;0g, G=f0;0;0g, X=f1/2;0;0g, Z=f0;0;1g, A=f1/2;1/2;1/2g.
CaCl2-type phase:S=f1/2;1/2;0g, G=f0;0;0g, X=f1/2;0;0g, Y=f0;1/2;0g, Z=f0;0;1g, R=f1/2;1/2;1/2g. a-PbO2 type phase:G=f0;0;0g, X
=f1/2;0;0g, S=f1/2;1/2;0g, Y=f0;1/2;0g, Z=f0;0;1g, T=f0;1/2;1/2g, R=f1/2;1/2;1/2g. Pyrite-type phase:G=f0;0;0g, X=f1/2;0;0g, M
=f1/2;1/2;0g, R=f1/2;1/2;1/2g.
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IV. DISCUSSION

In our calculations we assumed completely ordered
structures. However, in SiO2 polymorphs at high-
temperatures Si atoms could be disordered over the octahe-
dral voids of the hexagonal close packing of oxygenssthe so
called Fe2N structure—Ref. 69d. Recently, Prakapenkaet
al.70 found this structure experimentally in SiO2 and GeO2,
but it was metastable. In any case, even the maximum pos-
sible entropy of disorder sin this case, kB ln 2
=5.76 J mol−1 K−1d is not nearly sufficient to destabilize per-
ovskite and reverse the sign ofDGdecomp<50 kJ mol−1 at
lower-mantle conditionsstemperatures of well over 8000 K
would be needed to achieve thisd. We conclude, therefore,
that at all pressure-temperature conditions of the Earth’s

lower mantle MgSiO3 perovskite is stable relative to decom-
position into oxides. Thus our conclusions support the ex-
perimental results of Refs. 1 and 3–6, but not those of Ref.
7–9. Serghiouet al.2 argued that decomposition could be due
to large temperature gradients in the experiments where de-
composition was observed, Murakamiet al.4 invoked the
possibility of melting, apparently meaning incongruent melt-
ing of the sample due to poor control of temperature and its
gradients. However, in thermodynamic equilibrium decom-
position would not occur.

For a multicomponent system like the Earth’s mantle,
one has additional thermodynamic parameters—the chemical
potentials of Mg2+ and of the major impurities, Fe3+, Al3+,
Fe2+. However, our results obtained for pure MgSiO3 should
be relevant to the lower mantle, where significant amounts of
Fe3+, Al3+, Fe2+ are incorporated into perovskite. Among the
impurity ions, only Fe2+ is expected to be partitioned into the
oxidessMgOd stabilizing the mixture of oxides against per-
ovskite. We note, however, that in perovskite with a compo-
sition realistic for the lower mantle,,65% of all Fe is
present as Fe3+, not Fe2+ sRef. 71d and partitioning of Fe3+

and Al3+ into perovskite should be much stronger than par-
titioning of Fe2+ into magnesiowüstite. For the latter, there
have been numerous experimental studiesse.g., Refs.
72–77d. Though consensus is still lacking, most of these
studies show some degree of preference of Fe2+ for magne-
siowüstite, butK is of the order of 1, consistent with the
finding of Ref. 78 that crystal field stabilization energies of
Fe2+ are nearly the same in MgSiO3 perovskite and magne-
siowüstite.

Since MgSiO3 is more stable than MgO+SiO2 and
Mg/Si.1 in pyrolite mantle, no free SiO2 is expected in the
bulk of the lower mantle. One might expect free SiO2 only in
silica-rich subducted slabs. In any case, recent theoretical27

and experimental22,23 studies show that SiO2 phases are un-
likely to be important mantle-forming minerals asP-T con-
ditions of phase transitions in SiO2 do not match any seismic
discontinuities known in the mantle.17 We conclude, there-
fore, that MgSiO3 polymorphs sperovskite and post-
perovskited in the lower mantle are stable with respect to
decomposition, and are likely to make up a significant pro-
portion of all lower mantle assemblages.

FIG. 4. Phonon dispersion curves of MgOsad at 0 GPa sbd at
100 GPa. Drawn along Gf000g-Xf1/2;1/2;1g /Xf1/2;1/2;0g-Gf000g
-Lf1/2;1/2;1/2g-Xf1/2;1/2;0g-Wf1/2;1/4;3/4g-Lf1/2;1/2;1/2g.

FIG. 5. Free energy of decomposition: MgSiO3→MgO+SiO2. Gray lines
show pressures of phase transitions in SiO2 at each temperature. Pseudopo-
tential LDA results. Thin solid lines separate regions of stability of different
SiO2 phases. All lines are guides to the eye.

FIG. 6. Enthalpy of decomposition: MgSiO3→MgO+SiO2. PAW GGA re-
sults. PAW potentials had the following parameters: 1s22s2 core sradius
1.058 Åd for Mg, 1s22s22p6 core s1.005 Å radiusd for Si 1s2 core sradius
0.804 Åd for O. The plane wave kinetic energy cutoff of 500 eV was used,
together with Brillouin zone sampling grids similar to those described in
Sec. II.
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