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With the guidance of first-principles phonon calculations, we have searched and found several metastable
equilibrium sites for substitutional ferrous iron in MgSiO3 perovskite. In the relevant energy range, there are
two distinct sites for high-spin, one for low-spin, and one for intermediate-spin iron. Because of variable d-
orbital occupancy across these sites, the two competing high-spin sites have different iron quadrupole
splittings (QS). At low pressure, the high-spin iron with QS of 2.3–2.5 mm/s is more stable, while the high-
spin iron with QS of 3.3–3.6 mm/s is more favorable at higher pressure. The crossover occurs between 4 and
24 GPa, depending on the choice of exchange-correlation functional and the inclusion of on-site Coulomb
interaction (Hubbard U). Our calculation supports the notion that the transition observed in recent
Mössbauer spectra corresponds to an atomic-site change rather than a spin-state crossover. Our result also
helps to explain the lack of anomaly in the compression curve of iron-bearing silicate perovskite in the
presence of a large change of quadrupole splitting, and provides important guidance for future studies of
thermodynamic properties of this phase.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lower mantle, located between the depth of about 600 km and
2890 km, with pressures and temperatures varying from ∼23 to
135 GPa and ∼1900 to 4000 K, is the largest region of the Earth's
interior. Twomajor constituents of this region are ferropericlase, (Mg,
Fe)O, and iron- and aluminum-bearing magnesium silicate perov-
skite, (Mg,Fe)(Si,Al)O3, with ∼35 vol.% and ∼62 vol.%, respectively.
The valence and spin state of iron directly affect the transport, elastic,
and rheological properties of the host phase, as reviewed by Lin and
Tsuchiya (2008) and Hsu et al. (in press).

Ferrous iron (Fe2+) has six 3d electrons. Its spin state can thus be
high-spin (HS), S=2, intermediate-spin (IS), S=1, or low-spin (LS),
S=0, where S denotes for the quantum number of total spin. While
the pressure-induced spin-state crossover in ferropericlase observed
experimentally (see Lin and Tsuchiya (2008) for a comprehensive
review) has been confirmed to be a HS-to-LS crossover by first-
principles calculations (Cohen et al., 1997; Sturhahn et al., 2005;
Tsuchiya et al., 2006), its detailed mechanism in (Mg,Fe)(Si,Al)O3 still
remains controversial. This is mainly due to the complexity of the

iron- and aluminum-bearing perovskite. For example, the fraction and
the site occupancy of ferric iron is still not well characterized.

Various experimental techniques have been used to study the spin-
state crossover in perovskite, including X-ray emission spectroscopy
(XES) (Badro et al., 2004; Li et al., 2004), X-ray absorption near-edge
spectroscopy (XANES) (Narigina et al., 2009), and Mössbauer
spectroscopy (MS) (Jackson et al., 2005; Li et al., 2006; Lin et al.,
2008; McCammon et al., 2008). The satellite peak intensity in XES
spectra is used to estimate the average spin magnetic moment of iron
(Badro et al., 2004; Li et al., 2004). These XES spectra show great
similarity in the evolution with increasing pressure, but they were
interpreted differently. A two-step spin-state crossover (a sudden
change from pure HS to a HS/LSmixture at 70 GPa followed by sudden
change from the HS/LS mixture to pure LS at 120 GPa) was suggested
by Badro et al. (2004), while the broad crossover was attributed to the
existence of IS iron by Li et al. (2004). There were also different
interpretations of the Mössbauer spectra in different studies, even
though their main results were similar. Using the samples with 10% of
iron, two types of ferrous iron with different quadrupole splittings
(QS) were found (Jackson et al., 2005; Li et al., 2006). As the pressure
increases, the population of ferrous ironwith lowerQS (2.0–2.8 mm/s)
decreases while the population of ferrous iron with higher QS (3.4–
3.5 mm/s) increases. However, Jackson et al. (2005) suggested both
ferrous iron remain at HS state in the 0–120 GPa range, while Li et al.
(2006) suggested spin-state crossover could occur in the ferrous iron.
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In an attempt to properly interpret these experiments, several
calculations for ferrous iron inperovskite havebeenperformed, but they
are not always in agreement with each other. The HS-to-LS transition
pressure in static calculations strongly depends on the choice of
exchange-correlation functional. In general, the generalized-gradient
approximation (GGA) gives a transition pressure higher than the local
density approximation (LDA) by about 50 GPa (Bengtson et al., 2008;
Caracas and Cohen, 2007; Hofmeister, 2006; Stackhouse et al., 2007;
Umemoto et al., 2008; Zhang and Oganov, 2006), as have been seen in
other systems as well (Tsuchiya et al., 2004; Yu et al., 2007; Yu et al.,
2008). Despite such a discrepancy, these calculations do have one thing
in common: HS-to-IS crossover is not observed, irrespective of the
exchange-correlation functional used in the calculation.

By combining MS and XES spectra, an entirely different spin-state
crossover scenario was proposed recently (Lin et al., 2008; McCam-
mon et al., 2008). Similar to other studies adopting MS, two types of
ferrous iron were also found, one with QS of 3.5–4.0 mm/s, the other
with QS of 2.4 mm/s. McCammon et al. (2008) showed that for
pressures lower than ∼30 GPa, the low-QS iron dominates; starting at
∼30 GPa, the population of high-QS iron increases with pressure at
the expense of the low-QS iron. In this study, the high-QS iron was
suggested to be in IS state. A HS-to-IS crossover was thus proposed,
and it was suggested ferrous iron remains in the IS state in the 30–
110 GPa range. It should be pointed out that a high QS in iron does not
necessarily imply an IS state. For example, iron in almandine is not in
the IS state but still has QS N3.5 mm/s (Murad and Wagner, 1987). A
crossover in the 30–87 GPa range is also observed in XANES (Narigina
et al., 2009). Indeed the observed transition pressure agrees with MS
spectra, but the spin state of iron cannot be determined from the
XANES spectra either.

The nuclear charge distribution in 57Fe is not spherical. Its
multipole expansion has non-vanishing high-order moments. The
nuclear quadrupole moment interacts with the electric field resulting
from the electrons around the nucleus. The QS is directly proportional
to the product of the nuclear quadrupole moment and the electric
field gradient (EFG) at the center of the nucleus (Chen and Yang,
2007; Petrilli et al., 1998). In (Mg,Fe)SiO3 perovskite, iron substitutes
for magnesium in the large 8–12 coordinated cage. It is conceivable
that iron might find metastable sites, in addition to the lowest energy
site, within the large Mg cage. At each site, the ligand field (and
electron charge distribution) is different. Such a difference, even if
small, can cause significant differences in the EFG and thus lead to
very different QSs, irrespective of spin state. Therefore, interpretation
of the spin state on the basis of QSs observed in MS spectra is not
unambiguous. At different equilibrium sites, iron in the same spin
state may still have different QS.

One of the objectives of this work is to elucidate the dependence of
QS on the equilibrium position of iron. The search for possible
equilibrium sites of iron in the perovskite cage was carried out by
investigating first the vibrational modes with imaginary frequencies
in a hypothetical cubic perovskite structure of (Mg0.75Fe0.25)SiO3 with
20 atoms per unit cell. This procedure was used previously in a similar
search for sites of iron in the LS state (Umemoto et al., 2008). Because
such a structure is unstable, several zone center modes with
imaginary frequencies can be found. The atoms in the cubic perovskite
were then displaced according to the unstable eigenmodes, followed
by a structural optimization. The resulting iron site may be in a stable,
metastable, or unstable equilibrium position. An unstable equilibrium
site will have further imaginary phonon frequencies, and further
structural optimizations must be performed. This procedure is
repeated until all phonon frequencies are real. In this way, several
metastable atomic structures for ferrous iron in the perovskite cage
can be found, and each one of them can lead to a distinct QS. In a
recent work (Bengtson et al., 2009), the dependence of QS on the iron
site was also demonstrated. The difference between our work and
Bengtson et al. (2009) will be discussed later.

Theon-site Coulomb interaction is usually not negligible in transition
metal oxides. In addition to standard density functional theory (DFT)
method, the calculations using DFT+U method are also presented in
this paper. Instead of treating the Hubbard U as a fitting parameter, we
calculated U by first principles. The first-principles Hubbard U is spin-
and structure-dependent, as has been shown in many previous
calculations (Cococcioni and de Gironcoli, 2005; Hsu et al., 2009;
Tsuchiya et al., 2006) and shall be also shown in this work. The effect of
Hubbard U on transition pressure and QS will be demonstrated.

This paper is organized as follows. In Section 2, we describe details
of the calculations. In Section 3, we detail the procedure used to search
for equilibrium sites and discuss how the QS is affected. Since the
results are sensitive to the iron concentration and the electronic
structure method, both pseudopotential and all-electron methods are
used. In Section 4, the dependence of transition pressure on iron
concentration, exchange-correlation functional, and on-site Coulomb
interaction is discussed. In Section 5 we state our conclusions.

2. Computational details

Our structural optimizations are performed using damped variable
cell shape molecular dynamics (Wentzcovitch et al., 1993), and the
phonon calculations are based on density functional perturbation theory
(DFPT) (Baroni et al., 2001). Both features are included in the QUANTUM-

ESPRESSO package (Giannozzi et al., 2009). Both the LDA andGGA (Perdew
et al., 1996) are adopted. TheHubbardU is determined from the LDA and
GGA ground states using linear response theory (Cococcioni and de
Gironcoli, 2005). The pseudopotentials of Fe, Si, and O are generated by
Vanderbilt's method (Vanderbilt, 1990) with valence electronic config-
urations of 3s23p63d6.54s14p0, 3s23p1, and 2s22p4, and core radii (for all
quantum numbers l) of 1.8, 1.6, and 1.4 a.u., respectively. The
pseudopotential of Mg is generated by von Barth–Car's method. Five
configurations, 3s23p0, 3s13p1, 3s13p0.53d0.5, 3s13p0.5, and 3s13d1, are
used,with decreasingweights 1.5, 0.6, 0.3, 0.3, and0.2, respectively. Core
radii for all quantum numbers l are 2.5 a.u. The energy cutoff is 40 Ry for
the wave function and 160 Ry for the charge density. When performing
structural optimization, 4×4×2 and 2×2×2 k-point grids are used for
20- and 40-atom cells, respectively. The structural optimizations are
terminated when interatomic forces are smaller than 2×10−4 Ry/a.u.
Finer k-point grids (4×4×4) are used in the calculations of density of
states (DOS) for 40-atom cells. The compression curves are fitted to the
3 rd-order Birch–Murnaghan equation of states. The EFGs are calculated
using the augmented plane wave+local orbitals (APW+lo) method
(Madsen et al., 2001) implemented in the WIEN2k code (Blaha et al.,
2001). They are converted to the QS values using iron nuclear
quadrupole moment Q=0.16 barn (Petrilli et al., 1998). It should be
noted that slightly larger Q values are discussed in literature, and using
Q=0.18 barn would increase all calculated QS by 13%.

3. Atomic structure and quadrupole splitting

We started our search of the HS iron equilibrium sites in
(Mg0.75Fe0.25)SiO3 20-atom cells (25% of iron concentration) using
GGA. As shown in Umemoto et al. (2008), the GGA equilibrium
volume of HS (Mg0.75Fe0.25)SiO3 is 286.24 a.u.3/f.u. (1144.97 a.u.3 per
20-atom cell). A hypothetical cubic perovskite cell with equal volume
was generated, and its phonon frequencies and zone center normal
modes were calculated. Among its seven distinct soft modes, three of
them can lead to stable perovskite structures, directly or indirectly, as
detailed below. These three structures (at 0 GPa) are shown in Fig. 1,
where the bigger (yellow) spheres at the center of each panel
represent iron, the smaller (green) spheres representmagnesium, and
the numbers in parenthesis are the respective QSs of iron nuclei.

The HS state with QS of 3.3 mm/s is produced directly from the
mode with the lowest negative energy (imaginary frequency
ω= i375.56 cm−1). This mode corresponds to the out-of-phase
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rotation of the Si–O octahedra about the [100] direction of the cubic
perovskite. In fact, the atomic structure of this HS state is the same as
the one presented in Umemoto et al. (2008). The HS state with QS of
2.3 mm/s is produced by the mode with imaginary frequency
ω= i120.42 cm−1. This mode, instead of octahedral rotation, corre-
sponds to a horizontal displacement of magnesium and Si–O
octahedral array along the xy plane. The atomic structures of these
two HS states show great resemblance, including the position of
magnesium and the tilting of the Si–O octahedra. The main difference
between them is the position of iron. By moving the iron from the site
that produces QS of 3.3 mm/s along the [100] and [010̅] directions
sequentially (not exactly the [110̅] direction) and performing
structural optimization after such displacing, the HS state with QS of
2.3 mm/s can be produced. In both states, the irons lie on the
horizontal mirror plane. It should be mentioned that the QS of
2.3 mm/s is obtained from (Mg0.875Fe0.125)SiO3 (12.5% iron concen-
tration) instead of (Mg0.75Fe0.25)SiO3. This is because in WIEN2k, the
HS iron with QS of 2.3 mm/s can be stabilized only in (Mg0.875Fe0.125)
SiO3. In QUANTUM-ESPRESSO, both types of HS states can be stabilized in
both iron concentrations, and their atomic and electronic structures
are not sensitive to the iron concentration.

The HS state with QS of 2.1 mm/s is produced by a two-step
procedure. Applying the phonon mode with imaginary frequency
ω= i371.37 cm−1 to the cubic perovskite followed by a structural
optimization produces an unstable structure with one soft mode
ω= i262.64 cm−1. Applying this soft mode to the present unstable
structure lead to the metastable structure with QS of 2.1 mm/s. From
the octahedral tilting shown in Fig. 1, we can clearly see the effect of
the two rotations associated with this structure.

The LS states are also obtained by the guidance of the phononmodes
with imaginary frequencies in cubic LS (Mg0.75Fe0.25)SiO3 (unit-cell
volume 1137.75 a.u.3). In contrast with the HS case, none of the soft
phononmodes can directly produce the final structures shown in Fig. 1.
Indeed, the imaginary mode corresponding to the Si–O octahedral

rotations about the [100] direction (ω= i368.67 cm−1) produces a
structure that resembles the atomic structure of HS state with QS of
3.3 mm/s. However, one imaginary phonon frequency can still be found
in this LS state. Thismode corresponds to the displacement of iron along
the [001] direction. Therefore, the LS iron with QS of 0.8 mm/s is not on
thehorizontalmirrorplane. Theother two LS states are producedby two
different octahedral rotations, as can be seen in Fig. 1.

Zero pressure volumes and energies of all these states are shown in
Table I. The HS states with QS of 2.3 and 3.3 mm/s have similar
volumes and energies. The HS state with QS of 2.3 mm/s has larger
volume, and its energy is lower than that of HS state with QS of
3.3 mm/s by 1.8 mRy/Fe (24.3 meV/Fe). This energy difference is
larger than that presented in Bengtson et al. (2009), most likely due to
the difference in the atomic structure obtained in both calculations, as
shall be discussed in the next paragraph.

The two competing HS states deserve a closer look. Fig. 2 shows the
atomic arrangements around iron in these two states. The [01̅0]
direction is pointing out of the paper. In both cases, irons lie on the xy
mirror plane, as can be seen from the fact that oxygens above and
below the mirror plane are equidistant from iron. On the contrary, in
Bengtson et al. (2009), the positions of both HS irons are not exactly
on xy mirror plane. By displacing the HS iron with QS of 3.3 mm/s
from its equilibrium site along the [001] and [010̅] directions
sequentially to the equilibrium site that causes a QS of 2.3 mm/s,
two of the Fe–O distances increase strongly (0.26 Å), one decreases by
0.12 Å, and others barely change.

As described earlier, the QS of iron nucleus is not determined by
the spin state, but by the asymmetry of electron charge distribution
around the iron nucleus. Because of the different Fe–O arrangements
(as shown in Fig. 2), the ligand fields around the two HS iron sites
differ as well. This changes the d-orbital occupancies of iron and
determines their respective EFGs. In Figs. 3 and 4, the total density of
states (DOS) and the projected density of states (PDOS) of the two
competing HS states in (Mg0.875Si0.125)SiO3 at 0 GPa are plotted. Both
HS states are semiconducting with an energy gap slightly larger than
0.1 eV. The difference is mainly on the PDOS of iron. For HS irons, the
spin-up electrons occupy all five d-orbitals, and their contribution to
the EFG is negligible because the charge distribution is essentially
spherical. The EFG results primarily from the spin-down electrons.
The main EFG component Vzz depends on the orbital occupancy based
on Vzz∝eð2nxy−nyz−nxz−2nz2 + 2nx2−y2 Þ= r3 (Chen and Yang, 2007),
where nxy, nyz,…, denote for the occupancy of orbitals dxy, dyz,…,
respectively, and they can be calculated by integrating PDOS over
energy. This expression of Vzz indicates that electrons occupying dxy,
dx2−y2 , or dz2 orbitals contribute twice as much to the EFG as the dxz or
dyz electrons. The spin-down occupancies in the HS iron with QS of
3.3 mm/s are nx2−y2≈0:47 and dxy≈0.62, while the HS iron with QS of
2.3 mm/s has spin-down nyz≈0.97. The other orbitals have negligible
occupancies. This difference in the d-orbital occupancy is the origin of
the different QSs of the HS iron at different sites.

Fig. 1. The atomic structures of the HS and LS (Mg0.75Fe0.25)SiO3 perovskite at 0 GPa
viewed along the [001] direction. Numbers in the parentheses are quadrupole splittings
(QS) (in mm/s) of the iron nucleus in each configuration. The bigger (yellow) spheres at
the center of each panel are iron, the smaller (green) spheres are magnesium. The main
difference between the two competing HS states (with QS of 3.3 and 2.3 mm/s) is the
equilibrium position of iron. See Table 1.

Table 1
The unit-cell volumes (V) and relative energies (ΔE) of (Mg0.75Fe0.25)SiO3 in various
states at 0 GPa. Numbers in parentheses are the corresponding QSs of iron nuclei.

HS (3.3) HS (2.3) HS (2.1) LS (0.8) LS (0.2) LS (1.7)

V (a.u.3/Fe) 1144.97 1147.13 1163.60 1137.75 1166.39 1171.99
ΔE (mRy/Fe) 0 −1.8 51.9 85.2 53.6 194.1

Fig. 2. Local atomic configurations around iron in the two competing HS states at 0 GPa.
Numbers in parentheses are the QSs (in mm/s) of iron. Numbers next to oxygens are
Fe–O distances (in Å). While irons are on the xy mirror plane in both cases, the Fe–O
distances (and the resulting ligand fields) are different. The [01 ̅0] direction is pointing
outward to the paper.
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The approach to find stable IS iron sites in perovskite is different
from that of finding HS and LS sites. The reason is, IS iron cannot be
stabilized in the hypothetical cubic perovskite, and this hinders the
phonon calculation. Without the guidance from the soft phonon
modes, an alternative approach was adopted. We displaced iron from
the HS equilibrium sites on the mirror plane along the [001] direction
(P1 symmetry) and performed structural optimization subsequently.
The atomic structures of the two competing HS states were used as
the starting configuration, and the same IS site was obtained. The
magnetic moment of iron can be stabilized to S=1 spontaneously
without applying any constraint when P≥30 GPa. Therefore, results
for IS irons are reported only above 30 GPa. The IS state can be
stabilized using both pseudopotential and all-electron methods. The
atomic structure of the IS state presented in this manuscript is the
same as the one presented in Umemoto et al. (2009).

The QSs of iron nuclei in the three HS, three LS, and one IS states at
different pressures are shown in Fig. 5. They are not very sensitive to
pressure. Below 120 GPa, HS irons have QSN2.0 mm/s, while LS and IS
irons have QSb2.0 mm/s. In our calculation, the atomic structures of
the two competing HS states remain distinct in the 0–120 GPa range,
but become indistinguishable at 150 GPa. In Bengtson et al. (2009), the
two HS states become indistinguishable at 60 GPa. At 30 GPa the IS
state cannot be stabilized with 25% iron concentration. The QS of IS
iron at 30 GPa is obtained with 12.5% of iron while at other pressures
with 25% of iron.

4. Exchange-correlation functional, Hubbard U, and
transition pressure

The enthalpies of (Mg0.75Fe0.25)SiO3 in various spin states with
various iron nuclear QS are plotted in Fig. 6, where the enthalpy of the
HS state with QS of 3.3 mm/s is used as a reference. It is quite obvious

that among the three LS and three HS states, only the LS state with QS
of 0.8 mm/s and the two competing HS states with QS of 2.3 and
3.3 mm/s are relevant. These three states are referred to as LS, low-QS HS
and high-QS HS, respectively, in the rest of the paper. The other three
states associated with two octahedral rotations are in a higher energy
range. In the entire pressure range investigated, the IS state has
greater enthalpy than the LS, low-QS, and high-QS HS states. Neither
HS-to-IS nor HS-to-LS crossover occurs. A transition between the two

Fig. 3.Density of statesofHS(Mg0.875Fe0.125)SiO3withQSof 3.3 mm/s at 0 GPa. Theenergy
gap is a little bit larger than 0.1 eV. Spin-down electrons occupy dxy and dx2−y2 orbitals.

Fig. 4. Density of states of HS (Mg0.875Fe0.125)SiO3 with QS of 2.3 mm/s at 0 GPa. The
energy gap is a little bit larger than 0.1 eV. Spin-down electrons occupy dyz orbital.

Fig. 5. Quadrupole splitting of iron nucleus versus pressure. Numbers in the
parentheses are the QS at 0 GPa. The QS of IS iron at 30 GPa and the HS iron with
2.3 mm/s are obtained using 12.5% iron concentration.

22 H. Hsu et al. / Earth and Planetary Science Letters 294 (2010) 19–26
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competing HS states occurs at 12 GPa. For pressures below 12 GPa, the
low-QS HS iron is favored, while the high-QS HS iron is favored above
12 GPa. In the 0–60 GPa range, the low-QS HS state has lower energy
than the high-QS HS state. The greater volume of the former
contributes to enthalpy crossing (ΔH=ΔE+PΔV) at 12 GPa. For

lower iron concentrations, the effect of the PΔV term is less significant,
and the transition pressure increases, as shall be seen later in the
results for 12.5% of iron.

In situ X-ray diffraction reveals that iron-bearing perovskite
compress anisotropically. The Pbnm b-axis is anomalously robust
comparedwith the a- and c-axes. This difference in axial compressibility
was suggested to be a signature of the stabilization of IS state in the
perovskite cage (McCammon et al., 2008). However, as shown in Fig. 7,
the b-axis of both HS (Mg0.75Fe0.25)SiO3 and MgSiO3 are much less
compressible than the a- and c-axes. Anisotropic compressibility is not
related to the stabilization of the IS state or to the HS-to-IS crossover.
Throughout the low- to high-QS crossover, anisotropy remains
essentially unchanged. As already shown in Fig. 1, only the iron position
changes in the 8–12 coordinated cage, while the other atomic positions
remain essentially unchanged. Thismight hinders the detection the iron
displacement using in situ X-ray diffraction. The change in iron position
might be more readily detected by XANES experiments.

To demonstrate the dependence of transition pressure on iron
concentration and on-site Coulomb interaction, both DFT and DFT+U
calculations were performed for (Mg0.875Fe0.125)SiO3 (12.5% of iron).
Fig. 8 shows the HubbardU of iron in (Mg0.875Fe0.125)SiO3 obtained from
the GGA and LDA ground states. For all spin states, the Hubbard U
decreaseswith volume. The HubbardU obtained from LDA is larger than
that obtained from GGA by 0.1–0.2 eV at any given unit-cell volume. In
both cases, the LS iron has the largest U, while the two HS iron have the
smallest (and almost the same)U. This is different from the (Mg,Fe)O, in
which the HS Fe has larger Hubbard U than the LS iron (Tsuchiya et al.,
2006). Such a discrepancy may be resolved when the Hubbard U is
determined in a more rigorous self-consistent approach. In this
approach, the Hubbard U is determined from the linear response of a
series ofDFT+Uground states (with a series of trialUvalues) to the local
perturbation until a consistent result is achieved (Kulik et al., 2006).

Fig. 9 shows the relative enthalpies of LS, IS, and low-QS HS with
respect to high-QS HS (Mg0.875Fe0.125)SiO3 in GGA(+U) and LDA
(+U) calculation. In GGA, the crossover between the two competing
HS states occurs at 24 GPa, similar to the experimental result in
McCammon et al. (2008). Agreeing with (Mg0.75Fe0.25)SiO3, neither
HS-to-LS nor HS-to-IS crossover occurs. After the Hubbard U is
applied, the relative enthalpies of IS and LS states with respect to HS
states increases significantly. Since LS iron has the largest U, its
enthalpy is shifted further than that of the IS iron. This is the reason
why LS iron is less favorable than the IS iron in GGA+U. Although the

Fig. 6. The enthalpies of (Mg0.75Fe0.25)SiO3 in various spin states with various iron
nucleus QS, where the enthalpy of the HS state with QS of 3.3 mm/s is used as a
reference. The crossover between the two competing HS states occurs at 12 GPa.
Neither HS-to-IS nor HS-to-LS crossover occurs in the entire 0–150 GPa range.

Fig. 7. Axial compressibilities of the two competing HS (Mg0.75Fe0.25)SiO3 structures. Both cases show strong anisotropic compressibilities. The Pbnm b-axis is less compressible than
the a- and c-axes.
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IS iron is more stable than the LS iron in GGA+U, HS-to-IS crossover
still does not occur. The two competing HS state persist in the
presence of U, and the crossover occurs at 15 GPa.

The calculated iron nuclear QS is also affected by the inclusion of
Hubbard U. The calculated QSs of the two competing HS irons become
2.4 and 3.5 mm/s when the Hubbard U evaluated from the GGA

Fig. 8. Hubbard U of iron in (Mg0.875Fe0.125)SiO3 perovskite obtained from the GGA and LDA ground states at different volumes. For all spin states, U decreases with volume. The two
types of HS Fe have the same U.

Fig. 9. Relative enthalpies of LS, IS, and low-QS HS (Mg0.875Fe0.125)SiO3 with respect to the high-QS HS state. The crossover from low- to high-QS HS state occurs at 24, 15, 7, and 4 GPa
in GGA, GGA+U, LDA, and LDA+U, respectively. HS-to-IS crossover does not occur. HS-to-LS crossover occurs at 100 GPa in LDA, and it does not occur in lower-mantle pressure
range when GGA, GGA+U, or LDA+U is adopted.
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ground state (2.9 eV at 0 GPa) is adopted. To further investigate the
effect of Hubbard U on QS, we also calculated the QSs using U=5.8 eV
as a test. The QSs increase to 2.5 and 3.6 mm/s, respectively. In short,
the computed QS values are in better agreement with experiments
(Jackson et al., 2005; Li et al., 2006; McCammon et al., 2008) when the
Hubbard U is included.

In LDA and LDA+U, the enthalpy crossing between the two HS
states occurs at 7 and 4 GPa, respectively, as shown in Fig. 9. Again, the
HS-to-IS crossover does not occur. The transition pressure obtained
using LDA is lower than that obtained using GGA. This can be
rationalized by the fact that LDA tends to underestimate the “static”
volume at a given pressure while GGA tends to overestimate. In LDA,
the low-to-high-QS enthalpy crossing occurs at 7 GPa. The static
volumes of the low- and high-QS HS states at this pressure are 2122
and 2121 a.u.3/Fe. In GGA, the two competing HS states with these
volumes correspond to 20 GPa, in agreement with the calculated
transition pressure of 24 GPa.

In our calculations, we considered the simplest case, the uniformly
distributed ferrous irons in ferromagnetic state. In experiments, the
spatial distribution of iron may not be uniform and their magnetic
moments may not be ferromagnetically aligned. However, it appears
that the effect of disorder on the QSs is small, since our calculations
reproduce experimental QSs quite well. The site-change pressure
might vary locally with atomic ordering, as shown in Umemoto et al.
(2008), for the case of spin-transition pressures, but this pressure also
varies from method to method. An assessment of the true effect of
ordering is indeed important but not an easy task given the sensitivity
to methodology utilized. Therefore, we do not study different atomic
configurations in this work. We restrict ourselves to demonstrating
that the phenomenon of site change and the QSs associatedwith these
sites is independent of the method of calculation. Even with the
simplest atomic configuration, our calculations still showed the
complexity of (Mg,Fe)SiO3. The LDA calculation agrees with the XES
data interpreted by Badro et al. (2004), where HS-to-LS crossover can
happen at about 100 GPa. The GGA and GGA+U calculations
reproduce the measured QS in Jackson et al. (2005), Li et al. (2006),
and McCammon et al. (2008), and also show agreement with the
crossover from the low- to high-QS observed in these experiments.
None of the calculations supports the HS-to-IS interpretation
proposed by McCammon et al. (2008), and three of them (GGA,
GGA+U, and LDA+U) support the interpretation by Jackson et al.
(2005), namely, ferrous iron stay in HS state in 0–120 GPa. The
calculation of XES spectra, especially the Kβ peak and its satellite Kβ′,
can be expected to provide a more conclusive result. However, the Kβ
peak, associated with 1 s hole filled by a 3p electron, is dominated by
atomic multiplet effects, and such spectroscopy can hardly be
described by any single-electron theory, for example, DFT. Neverthe-
less, we can still expect that the two competing HS irons may lead to
different Kβ′ intensities, due to their different d-orbital occupancies.

5. Conclusion

Using unstable zone center phonon modes of the cubic iron-
bearing magnesium silicate perovskite as guidance, several equilib-
rium sites for ferrous iron in the perovskite cage of MgSiO3 were
found. Their energies are grouped in two different ranges, based on
the tilting of Si–O octahedra. In the relevant (lower) energy range,
there is one site for low-spin, one for intermediate-spin, and two for
high-spin iron. The position of magnesium and the tilting of Si–O
octahedra in these two HS states are essentially the same. The main
difference is the equilibrium position of iron.

The quadrupole splittings (QS) at the iron nuclei and enthalpies of
all equilibrium structures were calculated. In all cases, the QSs are not
very sensitive to pressure. Due to different d-orbital occupancies
caused by different ligand fields at different sites, the iron at the two
HS sites have very different QSs, i.e., 3.3–3.6 and 2.3–2.5 mm/s. These

two HS states compete energetically. The enthalpy crossing from the
low- to high-QS HS states occurs in the 4–24 GPa range, depending on
the iron concentration, the choice of exchange-correlation functional,
and the inclusion of on-site Coulomb interaction (Hubbard U). The
atomic structures of these two HS states show great resemblance. This
makes it difficult to detect the change in iron position through the
low- to high-QS crossover in X-ray diffraction.

Within the entire investigated pressure range, the HS-to-IS
crossover is never observed, regardless of the iron concentration
(12.5% and 25%), the exchange-correlation functional (LDA and GGA),
and the inclusion of Hubbard U. The computed QSs of the two HS irons
agreewith the QS observed inMössbauer spectra, while the computed
QS of IS iron (1.4 mm/s) does not. Our calculations therefore support
the notion that the crossover around 30 GPa observed in Mössbauer
spectra is more likely to be an atomic-site change rather than a spin-
state transition.
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