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Abstract

Aluminum is the fifth most abundant element in the Earth's mantle, yet its effect on the physical properties of the newly
found MgSiO3 post-perovskite (PPv), the major mineral of the Earth's Dʺ layer, is not fully known. In this paper, large-scale
ab initio simulations based on density functional theory (DFT) within the generalized gradient approximation (GGA) have
been carried out in order to investigate the substitution mechanism of Al3+ into PPv at high pressures. We have examined
three types of Al substitution in PPv: 6.25 mol% Al substitution via a charge-coupled mechanism (CCM), 6.25 mol% Al
substitution via oxygen-vacancy mechanism (OVM), and an oxygen-vacancy Si-free end member Mg2Al2O5. For both the
CCM and OVM, five models, where the Al atoms were put in different positions, were simulated at various pressures in the
range 10–150 GPa. Our calculations show that the most favorable mechanism is a charge-coupled substitution where Al3+

replaces the next-nearest-neighbor cation pairs in the PPv structure. The calculated zero-pressure bulk modulus of Al-bearing
PPv is 3.15% lower than that of the Al-free PPv. In agreement with previous works, we find that the incorporation of Al2O3

slightly increases the post-perovskite phase transition pressure, with the Al partition coefficient K=2.67 at 120 GPa and
3000 K.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Seismic studies [1–6] have shown that the region
above the CMB, called the Dʺ layer, contains strong
seismic anomalies (e.g. seismic discontinuity, anisotro-
py, and an anticorrelation between the shear and bulk
sound velocities). From the viewpoint of mineralogy and
petrology, the Earth's lower mantle is believed to be
composed mainly of Fe- and Al-bearing Pv, with about
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4–6 mol% Fe and 4–6 mol% Al [7,8]. Recent
experiments and theoretical calculations have shown
that MgSiO3 [9–11], Fe2O3 [12] and Al2O3 [13–16] will
undergo a phase transition to the post-perovskite struc-
ture under lower mantle conditions, making MgSiO3

post-perovskite (PPv) the main mineral phase of the Dʺ
layer. Several studies [17–19] concluded that the
incorporation of Al3+ into MgSiO3 would increase the
Pv–PPv transition pressure and, due to strong fraction-
ation of Al3+ between Pv and PPv, will lead to a
coexistence of Pv and PPv over a range of pressures.
Puzzlingly, Akber-Knutson et al. [17] predicted this
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Fig. 1. Calculated structures: pure MgSiO3–PPv (a), CCM (b), OVM (c) and the Mg2Al2O5–PPv structure (d).
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coexistence interval to be so large that the discontinuity
due to the Pv–PPv transition could become seismically
unobservable. Perhaps, this paradox can be resolved by
Table 1
Fractional atomic positions of substituted Al in 160-atom PPv supercells at

Mg2+→Al3+ Si4+→Al3+

CCM1 (0.575, 0.365, 0.461) (0.512, 0.486, 0.271)
CCM2 (0.575, 0.365, 0.461) (0.512, 0.236, 0.773)
CCM3 (0.575, 0.361, 0.463) (0.262, 0.485, 0.523)
CCM4 (0.576, 0.360, 0.464) (0.013, 0.236, 0.273)
CCM5 (0.576, 0.360, 0.464) (0.263, 0.986, 0.523)

Si4+→Al3+ Si4+→Al3+

OVM1 (0.262, 0.486, 0.523) (0.262, 0.236, 0.523)
OVM2 (0.262, 0.486, 0.523) (0.512, 0.486, 0.273)
OVM3 (0.262, 0.486, 0.523) (0.012, 0.736, 0.273)
OVM4 (0.262, 0.486, 0.523) (0.012, 0.736, 0.273)
OVM5 (0.262, 0.486, 0.523) (0.012, 0.736, 0.273)

The substitution sites were chosen by the distance of Al–Al.
considering coupled Fe3+–Al3+ substitutions. Our pre-
vious simulations [20] showed that the main impurities,
Al3+ and Fe3+, enter the PPv structure independently of
100 GPa

d (Al–Al) Å V (Å3)

2.57 1019.85
2.80 1019.85
3.60 1019.86
4.53 1019.92
5.67 1020.08

Oxygen vacancy d (Al–Al) Å V (Å3)

(0.244, 0.361, 0.468) 3.19 1020.35
(0.353, 0.515, 0.297) 3.19 1020.65
(0.244, 0.361, 0.468) 4.51 1021.60
(0.353, 0.515, 0.297) 4.51 1021.17
(0.421, 0.456, 0.499) 4.51 1021.28



Fig. 2. Enthalpy differences of Al-incorporated models for (a) OVM
and (b) CCM as functions of pressures relative to (a) OVM1 and (b)
CCM1, respectively.
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each other, forming separate [Al3+–Al3+] and [Fe3+–
Fe3+] cation pairs. This is quite different from the
preferred [Fe3+–Al3+] substitution in the MgSiO3

perovskite phase (Pv) [21–23] and allows one to separate
the effects of Al3+ and Fe3+ on properties of PPv.

Akber-Knutson et al. [17] found that CCM is more
favorable than OVM. They showed that while both 6.25
and 100 mol% substitution of PPv by Al2O3 via a CCM,
causes the zero-pressure volume (V0) to decrease, the
bulk modulus (K0) increases by 1.5% in the former case,
but decreases by 1.5% in the latter. This is opposite to
the results of Caracas and Cohen [18], whose GGA
calculations showed that 100 % substitution of PPv by
Al2O3 causes both V0 and K0 to increase, and LDA
calculations showed it to cause V0 to increase and K0 to
decrease. The Al substitution configuration adopted by
Akber-Knutson et al. [17] is not clear, although they
stated that several configurations were considered in
they work. Here, using large-scale ab initio simulations,
we performed a systematic study of the substitution
mechanism of Al3+ into PPv and the effects of Al3+ on
its physical properties using state-of-the-art computa-
tional methods. The aim of our study is to clarify the
microscopic details of the Al3+ substitution in PPv.

2. Computational methodology

Computations were performed using density func-
tional theory (DFT) as implemented in the VASP code
[24], within the generalized gradient approximation
(GGA) [25] for electron exchange-correlation. To treat
the interactions between the valence electrons and the
core, the projector augmented wave (PAW) [26,27]
method was used, which is a frozen-core all-electron
approach where the exact valence wavefunction is used
as opposed to the traditional pseudopotential methods,
used by Akber-Knutson et al. [17]. In all calculations,
the core region cut-off was 2.2 a.u. for Al (core
configuration 1s22s22p63s2), 2.0 a.u. for Mg (core
configuration 1s22s2), 1.5 a.u. for Si (core configuration
1s22s22p6), 1.52 a.u. for O (core configuration 1s2). For
all calculations we used a 160-atom large supercell (see
below), plane-wave cut-off of 500 eV and only the Γ-
point was used for the Brillouin zone sampling. The
basis set incompleteness errors are within 0.004 meV/
atom for the total energy and 0.1 GPa for the
compressional stresses, 0.5 GPa for the shear stresses,
respectively. Structural relaxation was done using the
conjugate-gradients method, until the total energy
changes were below 10−4 eV.

In our calculations, two Al3+ ions (6.25 mol% of Al3+)
were put in the 160-atom PPv supercells (Fig. 1a–c)
with the charge-coupled mechanism (CCM) Al3+→
AlMg

• +AlSi′ [28,29], where • and ′ superscripts represent
a positive or negative net charge on the site, respectively.
An alternative, the oxygen-vacancy mechanism (OVM)
2Al3+→2Si4++O2− , was also considered. Here, we
performed calculations using the same 160-atom PPv
supercell where two adjacent Si4+ ions are both replaced
by Al3+ ions, and the O2− ion between them is removed
to maintain charge balance. Such calculations were
performed for the whole range of lower mantle
pressures, at which all the atomic positions and cell
parameters were allowed to relax at static conditions
(0 K). In order to determine which atomic configuration
for Al-incorporation through OVM and CCM is
energetically favorable, we calculated five different
CCMs and five different OVMs changing their atomic
configuration. Earlier, Brodholt considered [28] Si-free
oxygen-vacancy end-member Mg2Al2O5 based on the
Pv structure and made by the substitution of all Si atoms
with Al and the removal of one in six oxygens from the
normal Pv structure. We simulated a similar end-member
for PPv also with the composition Mg2Al2O5 (Fig. 1d).



Table 2
Calculated Equation of State (EOS) parameters for all defect post-perovskites, pure MgSiO3 post-perovskite and MgO

V0 (Å
3, 0 GPa) K0 (GPa) K0′

[MgSiO3]PPv 167.50 204.99 4.20 GGA (this work) a

167.64 199.96 4.54 GGAb

162.86 231.93 4.43 LDAb

167.32 204 4.18 Theory c

Mg2Al2O5 187.67 132.09 3.96 GGA (this work) a

MgO 76.96 152.6 4.08 GGA (this work) a

76.2 168.7 4.26 Theory d

74.7 160.2 3.99 Expt.e

CCM1 167.88 200.64 4.26 GGA (this work) a

CCM2 167.99 198.53 4.31
CCM3 167.98 198.72 4.31
CCM4 167.96 199.36 4.29
CCM5 168.01 198.54 4.31
CCM (12.5 mol% Al3+) 167.16 207 4.13 Theory c

CCM (100 mol% Al3+) 167.12 201 4.29
OVM1 168.35 200.29 4.20 GGA (this work) a

OVM2 168.57 197.66 4.24
OVM3 168.72 198.55 4.21
OVM4 168.82 196.31 4.25
OVM5 168.78 196.90 4.24
a Third-order Birch–Murnaghan equation of state at 0 K.
b Vinet equation of state at 0 K [10].
c Theoretical third-order Birch–Murnaghan equation of state at 0 K [17].
d Theoretical Vinet equation of state at 0 K [31].
e Third-order birch–Murnaghan equation of state at 300 K [32].
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Previous simulations by Akber-Knutson et al. [17]
examined several atomic configurations of CCM and
OVM with a very high Al2O3 concentration: 6.25 mol%
(12.5 mol% of Al3+) and 100 mol% of Al2O3. Table 1
lists all the fractional atomic positions of substituted Al
atoms in MgSiO3–PPv at 100 GPa. The substitution
sites were chosen by the distance of Al–Al. Fig. 1 shows
the calculated supercells of MgSiO3–PPv (Al-free and
two models of aluminous post-perovskite by CCM and
OVM) and the Mg2Al2O5–PPv structure. The cell
vectors of that supercell are obtained from the cell
vectors of the standard Cmcm cell through the

transformation matrix: M ¼
4 0 0
0 2 0

0
@

1
A; the origin
2 0 1

of the coordinate system has been shifted in the supercell
by (1/4, 0, 0) after the transformation.

Fig. 3. Compressibility (V/V0) of the three defect end-member post-
perovskites together with pure MgSiO3–PPv. The insert is for better
visualization of V/V0 between 110 and 140 GPa.
3. Results

The enthalpy differences of all calculated OVMs
and CCMs relative to OVM1 or CCM1 are shown in
Fig. 2a and b, respectively. At all the lower mantle
pressures up to 150 GPa, model OVM1 is more
favorable than other OVM models, and model CCM2
is more stable than other CCM models.
Table 2 shows the calculated parameters of the
third-order Birch–Murnaghan equation of state (EOS)
for all defect post-perovskites, together with those for
pure MgSiO3–PPv and MgO. Difference with
previous work [17] on the effect of Al3+ substitution
in PPv probably comes from the different atomic
potentials PAW vs. pseudopotentials and the different



Fig. 4. Calculated enthalpy difference, ΔH, for the reaction in Eq. (1) as a function of pressure. Negative values indicate CCM is more energetically
favorable.
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optimization methods used in the simulations. Fig. 3
shows the compressibility of the three defect end-
member post-perovskites together with that of pure
MgSiO3–PPv. The Al–Al substituted CCM2 model
has a compressibility that is only slightly greater than
that of the pure PPv. The significantly greater
compressibility of Mg2Al2O5 shows that, when
present, oxygen vacancies will produce a strong
increase in the compressibility of alumina-rich PPv,
as in Pv [30].

To evaluate the stability of Al3+ incorporation into
MgSiO3 post-perovskite, we have considered several
reactions (at fixed x=6.25%):

MgðSi1�xA1xÞO3�x=2 þ x=2MgSiO3YðMg1�x=2Alx=2Þ
� ðSi1�x=2Alx=2Þ03 þ xMgO ð1Þ
Fig. 5. Calculated enthalpy difference,ΔH, for the reaction in Eq. (2) as a func
more favored than the more-compressible oxygen-vacancy-rich Mg2Al2O5 i
x=2 Mg2Al2O5 þ ð1� x=2ÞMgSiO3YðMg1�x=2Alx=2Þ
� ðSi1�x=2Alx=2ÞO3 þ xMgO ð2Þ

ð1� xÞMgSiO3 þ xAl2O3YðMg1�xAlxÞðSi1�xAlxÞO3

ð3Þ

ð1� xÞMgSiO3Pv

þ ðMg1�xAlxÞðSi1�xAlxÞO3PPvYð1� xÞMgSiO3PPv

þ ðMg1�xAlxÞO3Pv ð4Þ

Eqs. (1) and (2) represent the transformation (from
left to right) from oxygen-vacancy (OVM) substitution
to charge-coupled (CCM) substitution. MgO is consid-
ered to be in excess, as is probably the case in the Earth's
lower mantle. We calculated the reaction enthalpy ΔH
tion of pressure. Negative values suggest that normal post-perovskite is
n the Earth's lower mantle and the Dʺ layer.



Fig. 6. Al–Al coupled substitution enthalpy difference between perovskite and post-perovskite. This reaction is shown in Eq. (4). Negative values
indicate greater solubility of Al2O3 in perovskite.
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as a function of pressure between 10 GPa and 150 GPa,
the results are shown in Fig. 4 for Eq. (1) and Fig. 5 for
Eq. (2). The reaction enthalpy ΔH is negative for both
reactions at these pressures. This means that Al3+ ions
should go into PPv through the CCM at all pressures up
to 150 GPa. This is different from the case of Pv, where
as suggested by Brodholt [28] the OVM could be
favored below 30 GPa.

Eq. (3) presents the feasibility of the Al3+ ion
substitution into PPv via CCM. In order to compare the
stability of Al3+ in Pv and PPv, we calculated the
differences between the reaction enthalpies ΔH for Eq.
(3) between Pv and PPv. The result (reaction enthalpy of
Eq. (4)) as a function of pressure is shown in Fig. 6 and
demonstrates that Al strongly prefers to enter Pv, even
though Al2O3 will adopt post-perovskite structure above
130 GPa [13–16]. Coupled [Fe3+–Al3+] substitutions in
Pv [21–23] further enhance fractionation of Al into Pv
[21]. The Al partition coefficient (K=exp(−ΔH/KbT)) is
Fig. 7. Effect of chemical impurities 6.25 mol% Al3+ on the Pv–PPv phase
CCM2 coupled PPv.
K=4.25 between Pv and PPv for the Fe-bearing system,
K=2.67 for Fe-free system at 120 GPa and 3000 K. The
partition coefficient for Fe-free system obtained here is
consistent with the previous work [19], where K=2.27
was found at 120 GPa and 4000 K.

Fig. 7 shows the effect of incorporation of 3.125 mol
% of Al2O3 on the Pv–PPv phase transition pressure for
the most favorable substitution mechanism. The addi-
tional Al2O3 (6.25 mol% of Al3+) slightly increases
(∼5 GPa) the transition pressure relative to pure
MgSiO3. This result is consistent with findings of
Akber-Knutson et al [17], Caracas and Cohen [18] and
Ono and Oganov [19].

4. Conclusions

We have performed large-scale density functional
calculations to investigate in detail (1) the substitution
mechanism of Al3+ ions in PPv, (2) the compressibility
transition pressure. From nearest CCM coupled Pv to the next nearest
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of aluminous post-perovskite in the lower mantle, (3)
the Al partitioning between Pv and PPv, and (4) the
effect of Al2O3 on the PPv phase transition pressure. We
considered 10 configurations, 5 for the OVM and 5 for
the CCM, and an additional Si-free end-member
Mg2Al2O5, at various pressures spanning the range of
the lower mantle, form 10 GPa to 150 GPa. These
calculations show that CCM2, in which the next nearest
pair of Mg2+ and Si4+ is replaced by two Al3+ ions,
should be more favorable than other CCMs and OVMs
throughout lower mantle pressures. This result is quite
different from the Al substitution configuration in Pv,
where the nearest pair configuration is most favorable,
crystallographic reasons of this difference deserve a
separate investigation. The calculated bulk moduli of the
aluminous PPv are slightly lower than those of Al-free
PPv. Al2O3 much easier goes into Pv than PPv, even
though Al2O3 will adopt the PPv structure above
130 GPa. The incorporation of Al2O3 slightly increases
the PPv phase transition pressure. As our previous work
has shown the substitutions of Al3+ and Fe3+ are
independent of each other in PPv, unlike in Pv.
Therefore, the effects of these impurities on PPv can
be decoupled and studied separately. While the effects
of Al3+ are rather small for properties studied here,
further theoretical and experimental work is needed to
understand better the effects of Fe3+ impurities.
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