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ABSTRACT 

Electronic spin-pairing transitions of iron and associated effects on the physical 

properties of host phases have been reported in lower-mantle minerals including 

ferropericlase, silicate perovskite, and possibly in post-perovskite at lower-mantle 

pressures. Here we evaluate current understanding of the spin and valence states of 

iron in the lower-mantle phases, emphasizing the effects of the spin transitions on the 

density, sound velocities, chemical behavior, and transport properties of the lower-

mantle phases. The spin transition of iron in ferropericlase occurs at approximately 50 

GPa but likely turns into a wide spin crossover under lower-mantle temperatures. 

Current experimental results indicate a continuous nature of the spin crossover in 

silicate perovskite at high pressures, but which valence state of iron undergoes the spin 

crossover and what is its associated crystallographic site remain uncertain. The spin 

transition of iron results in enhanced density, incompressibility, and sound velocities, 

and reduced radiative thermal conductivity in the low-spin ferropericlase, which 
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should be considered in future geophysical and geodynamic modeling of the Earth’s 

lower mantle. Our evaluation of the experimental and theoretical pressure-volume 

results shows that the spin crossover of iron results in a density increase of 3-4% in 

ferropericlase containing 17-19% FeO. Here we have modeled the density and bulk 

modulus profiles of ferropericlase across the spin crossover under lower-mantle 

pressure-temperature conditions and showed how the ratio of the spin states of iron 

affects our understanding of the state of the Earth’s lower mantle. 

 

Keywords: Spin transition; Lower mantle; Mineral physics; Ferropericlase; Silicate 

perovskite
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1. Introduction 

Earth’s lower mantle is the most voluminous layer of the Earth and consists of 

~33% ferropericlase [(Mg,Fe)O] and ~62% aluminous silicate perovskite [Al-

(Mg,Fe)SiO3], together with ~5% calcium silicate perovskite (CaSiO3), based on a 

pyrolitic compositional model (Ringwood, 1982). Recent studies also show that 

silicate perovskite transforms to a post-perovskite structure just above the core-mantle 

region, the D" layer (e.g., Murakami et al., 2004; Oganov et al., 2004; Tsuchiya et al., 

2004). Although the Earth’s lower mantle was thought to be relatively pristine 

seismically and geochemically compared to the transition zone and the D” layer, a 

range of geophysical evidence indicates that seismic and geochemical heterogeneities 

exist in the mid-lower mantle (e.g., Kellogg et al., 1999; van der Hilst and Kárason, 

1999; Trampert et al., 2005). It was thought for decades that of particular importance 

to such heterogeneities are the chemical variation of iron and temperature fluctuation 

in the lower mantle. The surprising discovery of the electronic high-spin (HS) to low-

spin (LS) transition (spin-pairing transition) of iron in the lower-mantle phases and its 

associated effects, however, challenges this classical view and shows that the Earth’s 

interior is more complex than previously thought (e.g., Lin et al., 2007a). 

The enormous nuclear binding energy of iron gives rise to its universal natural 

abundance, and as such, iron (Fe) is the most abundant 3d transition metal in the 

Earth’s interior. Although the exact composition of the lower mantle is still under 

investigation (Mattern et al., 2005), current consensus for its iron abundance and 

valence states is that iron exists mainly in ferrous iron (Fe2+) with a concentration level 

of approximately 20% in ferropericlase, whereas iron exhibits two main valence states, 

Fe2+ and ferric iron (Fe3+), with a concentration level of approximately 10% in silicate 
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perovskite. The ferric iron content in silicate perovskite strongly correlates with the 

concentration of Al (McCammon, 1997).  

Because of the partially filled 3d-electron orbitals, the electronic valence and spin 

states of iron in its host phases have been reported to vary under lower-mantle 

conditions. Of particular importance to the geophysics and geochemistry of the lower 

mantle are the associated physical and chemical properties of the valence and spin 

states of iron in the lower mantle minerals (e.g., Burns, 1993; McCammon, 2006). In 

particular, electronic spin-pairing transitions of iron that were proposed decades ago 

(e.g., Fyfe, 1960; Gaffney and Anderson, 1973; Ohnishi 1978; Sherman, 1988, 1991, 

1995) have been recently detected in the lower-mantle minerals including 

ferropericlase, silicate perovskite, and possibly in post-perovskite at high pressures 

(e.g., see Lin et al. (2007a) for a brief summary). Here we evaluate the nature of the 

spin transition and its associated effects on the physical properties of the deep-mantle 

phases such as the density, sound velocities, chemical behavior, and transport 

properties. Because the effects of the spin transitions on the density and 

incompressibility of ferropericlase have been relatively well studied theoretically and 

experimentally, we have calculated the density and bulk modulus profiles of 

ferropericlase across the spin crossover at high pressures and temperatures. These new 

results provide further insights into the nature of the spin transition and its 

consequences in the state of the lower mantle. 

 

2. Electronic spin transition of iron in the lower-mantle minerals  

The 3d electrons of iron can occupy differently degenerate sets of 3d orbitals, 

namely the triplet t2g-like and doublet eg-like orbitals in the case of the sixfold, 
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octahedrally coordinated iron in ferropericlase. The occupation of the 3d orbitals is 

defined by the surrounding environment of the iron atom which is influenced by 

factors such as the bond length, crystallographic site, pressure, and temperature (some 

of these parameters can be interconnected). Under ambient conditions in silicates and 

oxides, it is energetically favorable for the 3d electrons to occupy different orbitals 

with the same electronic spin, that is, the high-spin state with four unpaired electrons 

and two paired electrons in Fe2+ (spin quantum number (S) = 2), for example. In this 

case, the hybridized t2g-like and eg-like orbitals of the sixfold coordinated iron are 

separated by the crystal field splitting energy (Δ), which is lower than the electronic 

spin-pairing energy (Λ). The crystal field splitting energy with respect to the spin-

pairing energy is, however, very sensitive to the energy change associated with 

pressure, temperature, and/or composition. The increase of the crystal field splitting 

energy with respect to the spin-pairing energy under high pressures can eventually 

lead to the pairing of the 3d electrons of the opposite spin, that is, the low-spin state 

with all six 3d electrons paired in Fe2+ (S = 0). The scheme of the crystal field splitting 

energy relative to the spin-pairing energy, however, becomes rather complex through 

crystallographic site distortion and electronic band overlap where occupancy 

degeneracy may be lifted (e.g., Burns, 1993) such as in silicate perovskite and post-

perovskite, making modeling of the experimental data and theoretical treatment of the 

spin transition rather complicate (e.g., Tsuchiya et al., 2006a,b). 

 

2.1 Electronic spin transition of iron in ferropericlase 

Pressure-induced electronic spin-pairing transitions of iron in ferropericlase have 

been reported using X-ray emission spectroscopy  (Badro et al., 2003; Lin et al., 
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2005a, 2006a, 2007b), conventional and synchrotron Mössbauer spectroscopy 

(Speziale et al., 2005; Gavriliuk et al., 2006; Kantor et al., 2006, 2007; Lin et al., 

2006a), X-ray diffraction (Fei et al., 2005; Lin et al., 2005a; Speziale et al., 2005), 

optical absorption (Goncharov et al., 2006; Keppler et al., 2007), nuclear resonant 

inelastic X-ray scattering (Lin et al., 2006b), and classical and novel theoretical 

calculations (Sturhahn et al., 2005; Persson et al., 2006; Tsuchiya et al., 2006a,b) 

(Table 1, Figs. 1-4). Comparison of the derived fractions of the high-spin and low-spin 

states shows that the spin transition of iron starts to occur at approximately 40 to 50 

GPa and 300 K, though the exact width of the transition varies significantly and 

appears to depend on the techniques used to probe the transition (Gavriliuk et al., 

2006; Kantor et al., 2006, 2007; Lin et al., 2005a, 2006a,b, 2007b; Speziale et al., 

2005; Vankó and de Groot, 2007) (Fig. 1, Table 1). 

Here we briefly describe the underlying physics behind these experimental 

techniques used to probe the spin transition in order to help explicate current 

experimental results. In synchrotron X-ray Kβ emission spectroscopy, the presence of 

the satellite peak (Kβ’) arises from the 3p-3d electronic exchange interaction and is 

characteristic of the high-spin state of iron whereas the absence of the satellite peak 

indicates the occurrence of the low-spin state (Fig. 3) (e.g., Badro et al., 2003; Lin et 

al., 2005a). However, the intensity of the satellite peak is a complex function of many 

factors, from which the average spin number might be extracted when, for example, 

used with the crystal-field theory (Badro et al., 2004, 2005; Li et al., 2004, 2006). To 

quantitatively derive the average spin number and the fraction of the high-spin and 

low-spin states, the integrated absolute difference (the IAD analysis) method is 

developed, which integrates the absolute values of the difference spectra and compares 
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these integrals to that obtained on the references. Results show that the derived IAD 

values linearly correlate with the spin quantum number independently derived from 

Mössbauer experiments and provide a reliable method for determining the fraction of 

the spin states in ferropericlase (Vankó et al., 2006; Vankó and de Groot, 2007; Lin et 

al., 2007b). These analyses generally agree with the integrated intensity of the satellite 

Kβ’ peak (Vankó and de Groot, 2007; Lin et al., 2007b). As an additional line of 

evidence for the electronic spin-pairing transition of iron, an energy decrease of 1.5 to 

1.6 eV in the main Kβ peak was also observed in ferropericlase at pressures where the 

spin transition was detected by other methods (Fig. 2) (Lin et al., 2006a, 2007b), while 

no significant energy shift was observable at pressures away from the spin transition.  

      Conventional and synchrotron Mössbauer studies show that the quadrupole 

splitting (QS) disappears and the isomer shift (IS) drops significantly at approximately 

50 GPa in ferropericlase, consistent with the high-spin to low-spin electronic transition 

of iron in the sample (Speziale et al., 2005; Gavriliuk et al., 2006; Kantor et al., 2006, 

2007; Lin et al., 2006a); however, the reported width of the spin transition varies 

significantly from a narrow width in a synchrotron Mössbauer study (Lin et al., 2006a) 

to a very wide range in a conventional Mössbauer study (Kantor et al., 2006) (Table 1, 

Fig. 1). The discrepancy in these results may arise from different experimental 

conditions, such as the sample size, thickness, hydrostaticity in the sample chamber, 

and the beamsize of the X-ray source (Gavriliuk et al., 2006; Lin et al., 2007b). In 

particular, a very large sample and X-ray beamsize were used in traditional Mössbauer 

measurements (Kantor et al., 2006), likely resulting in a wide range of the spin 

transition. We note that X-ray emission and Mössbauer spectroscopies probe processes 

occurring in the inner electronic shell (in X-ray emission) or the nucleus of the iron 
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atom (in Mössbauer) as indicators of the electronic spin transition which occurs in the 

outermost 3d orbitals of the iron atom. 

Optical absorption spectroscopy has also been used to study the spin transition in 

ferropericlase, as the technique may directly probe the energy separation of the 3d 

orbitals involved in the transition (Goncharov et al., 2006; Keppler et al., 2007). The 

absorption spectra of ferropericlase, corresponding to the crystal field bands, changes 

significantly between 50 to 65 GPa, consistent with the spin transition at high 

pressures. Other high-pressure techniques such as X-ray diffraction and nuclear 

resonant inelastic X-ray scattering spectroscopy are also used to probe the associated 

effects of the spin transition on the volume and partial phonon density of states 

(PDOS) of ferropericlase (Lin et al., 2005a; Speziale et al., 2005; Lin et al., 2006b). 

These results will be discussed in more details in the “Effects of the spin transition” 

and “Geophysical implications and conclusions” sections. 

Classical and novel theoretical calculations also provide new insights into the 

nature of the spin transition in ferropericlase (Sturhahn et al., 2005; Persson et al., 

2006; Tsuchiya et al., 2006a,b). In particular, recently developed formalism using 

local density approximation (LDA) with an internally consistent Hubbard energy (U) 

(Cococcioni and de Gironcoli, 2005) has enabled much more reliable first principles 

studies on electronic structures of the strongly correlated Fe-O bonding (Tsuchiya et 

al., 2006b). Here, the on-site Coulomb interaction between the 3d electrons, which is 

characterized by the Hubbard energy, is determined at each given volume and iron 

concentration based on an internally consistent method, while it is determined 

empirically in the usual LDA+U calculations (e.g., Persson et al., 2006). Most 

noticeably, recent theoretical predictions indicate that the electronic spin-pairing 
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transition of iron in ferropericlase occurs over a very narrow range of pressure at room 

temperature but turns to a macroscopically isosymmetric spin crossover with an 

extended transition pressure of approximately 30 to 50 GPa at the lower-mantle 

temperatures (Sturhahn et al., 2005; Tsuchiya et al., 2006a). The spin crossover arises 

from the condition where the thermal energy at high temperatures and pressures is 

sufficient to overcome the energy difference between the high-spin state and low-spin 

state. Such a spin crossover is also expected to be a general phenomenon occurring in 

silicate perovskite and perhaps in post-perovskite at high pressures and temperatures. 

Theoretical results also show that the intermediate spin state with two unpaired 

electrons (S=1) is likely unstable at the pressure-temperature conditions of the lower 

mantle (Tsuchiya et al., 2006a). 

Classical concept of the Clausius–Clapeyron phase transition boundary which 

typically considers the entropy and volume differences between two different phases 

(Badro et al., 2005; Lin et al., 2005a; Li et al., 2006; Hofmeister, 2006) can not be 

simply applied to understand the occurrence of the spin crossover phenomenon at 

lower-mantle pressure-temperature conditions, because the spin crossover involves a 

mixture of the high-spin and low-spin states over an extended pressure-temperature 

range (Tsuchiya et al., 2006a). Since certain assumptions are needed to understand the 

magnetic and electronic contributions to the energy difference between relevant spin 

states in theoretical calculations of the spin crossover (Sturhahn et al., 2005; Tsuchiya 

et al., 2006a), the natural width of the spin crossover of iron in the lower-mantle 

phases remains to be investigated experimentally (Lin et al., 2005b). 

 

2.2 Electronic spin states of iron in silicate perovskite and post-perovskite 
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Iron in perovskite and perhaps in post-perovskite exists in the ferrous and/or ferric 

states and can possibly occupy one of two crystallographic sites, the large 

dodecahedral site and the small octahedral site (McCammon, 1997, 2006). Although 

the exact site occupancy of ferrous and ferric iron between these two sites is poorly 

characterized under high pressures, recent studies indicate that Fe2+ mainly occupies 

the large dodecahedral site (the A site) whereas Fe3+ together with lesser amounts of 

Fe2+ occupies the smaller octahedral site (the B site) (McCammon, 1997).  

Electronic spin-pairing transitions of Fe2+ and/or Fe3+ have also been reported to 

occur in iron-bearing silicate perovskite and perhaps in post-perovskite using X-ray 

emission spectroscopy (Badro et al., 2004, 2005; Li et al., 2004), synchrotron 

Mössbauer spectroscopy (Jackson et al., 2005; Li et al., 2006), and theoretical 

calculations (Cohen et al., 1997; Li et al., 2005; Zhang and Oganov, 2006; Stackhouse 

et al., 2006, 2007), though these transitions appear to be more complex than that in 

ferropericlase likely due to the low-symmetry oxygen ligand field in perovskite and 

post-perovskite. While X-ray emission studies suggest a two-step transition at ~70 

GPa for Fe2+ and 120 GPa for Fe3+ in (Mg0.9,Fe0.1)SiO3 (Badro et al., 2004, 2005) or a 

gradual transition for Fe2+ alone, or concurrently with Fe3+, in Al-bearing and  Al-free 

perovskite (Li et al., 2004, 2006), high-pressure synchrotron Mössbauer studies 

indicate a continuous transition of Fe3+ (instead of the dominant Fe2+) based on the 

deviation of the derived isomer shifts of Fe3+ relative to Fe2+ (Jackson et al., 2005). On 

the other hand, theoretical calculations on silicate perovskite show that Fe2+ remains in 

the high-spin state under lower-mantle pressures and only Fe3+ in the Mg site 

undergoes the electronic spin transition which strongly depends on the Al content of 

the system (Li et al., 2005; Zhang et al., 2006); however, concurrent reports show that 
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Fe2+ undergoes a spin transition between 130-145 GPa (Stackhouse et al., 2007). The 

transition pressure is reported to increase with increasing Al content in silicate 

perovskite (Li et al., 2005; Zhang et al., 2006; Stackhouse et al., 2007) (Table 2). 

Pictures for the spin and valence states of the post-perovskite phase at the 

conditions of the D” layer are least clear. Based on the high-pressure X-ray emission 

spectra and simple crystal-field theory, it was suggested that Fe2+ in the dodecahedral 

and octahedral sites and Fe3+ in the octahedral sites are all in the low-spin state in post-

perovskite at 145 GPa (Table 3); however, no direct structural identification of the 

sample in the post-perovskite phase has been provided in the study (Badro et al., 

2004). On the other hand, ab initio simulations for the post-perovskite show that Fe3+ 

on the Mg site and all Fe2+ are in the high-spin state, while Fe3+ on the Si site is in the 

low-spin state (Stackhouse et al., 2006; Zhang and Oganov, 2006). Alternatively, 

theoretical calculations predicted a disproportion of Fe2+ into metallic iron and Fe3+ in 

perovskite as well as in post-perovskite (Zhang et al., 2006). However, the standard 

density functional theory (DFT) formalisms used in these studies for perovskite and 

post-perovskite, such as the local density approximation (LDA) and generalized 

gradient approximation (GGA), are well-known to fail to reproduce many-body effects, 

and thus relative energies, in the strongly correlated systems (e.g., Tsuchiya et al., 

2006b). More sophisticated methods including internally consistent LDA+U are 

expected to provide much more reliable results for understanding the electronic spin 

and valence states of iron in perovskite and post-perovskite. 

It is noteworthy to emphasize that X-ray emission spectroscopy probes the overall 

intensity of the Kβ emission line but does not necessarily differentiate individual 

contributions of the Fe2+ and Fe3+ species to the satellite intensity. Crystal-field theory 
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with assumed site occupancies is thus used to interpret the X-ray emission spectra, 

though site occupancy of the Fe2+ and Fe3+ species in perovskite and post-perovskite 

remains poorly understood under high pressures (Badro et al., 2004; Li et al.,  2004, 

2006). Compared to the X-ray emission spectra of the high-spin and low-spin 

ferropericlase (Lin et al., 2005a), Al-bearing perovskite still exhibits observable 

satellite peak intensity up to 100 GPa and, in Al-free perovskite, to 145 GPa (Fig. 3). 

Furthermore, the energy shift of the Kβ main peak, which can be used as an additional 

line of evidence for the spin transition (Lin et al., 2006a, 2007b), is only shifted by 

0.75 eV to 1.0 eV in silicate perovskite by pressures as high as 145 GPa-much less 

than that of ferropericlase (Fig. 2) (Badro et al., 2004; Li et al., 2004; Lin et al., 2005a, 

2007b). The residual intensity of the satellite peak and the lesser energy shift of the 

main Kβ peak indicate that the spin transition of iron in perovskite is likely incomplete 

or only occurs in one of the valence species in current high-pressure experimental 

results at 300 K. Some of the discrepancy discussed above likely arises from the use of 

the simplified crystal field theory to interpret the experimental data for the complex 

crystal structure of perovskite and post-perovskite with multiple valence states and 

crystallographic sites, together with lattice distortion. Interpretation of these 

experimental data could be further complicated by the fact that silicate perovskite is 

known to be unstable under ambient conditions and tends to become amorphous under 

non-hydrostatic compression or by intense irradiation of the synchrotron X-ray. Site 

occupancy and charge substitution mechanism all need to be understood to better 

address the spin and valence states of iron in perovskite and post-perovskite. 

 

3. Effects of the spin transitions 
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The geophysical relevance of the electronic spin transition is its effects on the 

physical and chemical properties of the lower-mantle phases. Here we evaluate the 

consequences of spin transitions on properties of the lower-mantle phases, mainly in 

ferropericlase, because the reported transitions for perovskite and perhaps post-

perovskite are still under debate and appear to be more complex than those in 

ferropericlase and their associated effects remain largely unknown. 

 

3.1 Density, incompressibility, and sound velocities 

Addition of FeO into MgO is well-known to increase the density and unit cell 

volume in the high-spin ferropericlase under ambient conditions (e.g., Jacobsen et al., 

2002). The electronic spin-pairing transition, however, results in a smaller ionic radius 

of iron (Shannon and Prewitt, 1969) and thus a bulk volume reduction of 3-4% in 

ferropericlase containing 17-19% iron as seen in high-pressure X-ray diffraction 

studies (Fei et al., 2005; Lin et al., 2005a; Speziale et al., 2005) and theoretical 

calculations (Tsuchiya et al., 2006a,b) (Figs. 4,5). The volume reduction across the 

spin-pairing transition for an FeO6 octahedron is about 8% in (Mg0.8125,Fe0.1875)O in 

theoretical calculations (Tsuchiya et al., 2006a,b). The low-spin ferropericlase with 

various iron contents shows similar unit cell volume to that of pure MgO (Fei et al., 

2005; Lin et al., 2005a), indicating that the low-spin FeO6 octahedron is similar in size 

to the MgO6 octahedron. The spin transition thus enhances the compositional effect of 

the addition of FeO on the density of (Mg,Fe)O; the volume collapse of 3-4% across 

the spin transition is equivalent to 4-5% variation in iron content in ferropericlase 

(Figs. 4,5).  
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Since a priori knowledge of the ratio of the spin states is required to model the 

compression behavior, namely isothermal bulk modulus (KT) and its pressure 

derivative (KT’), of the high-spin and low-spin states, X-ray diffraction data should be 

used with recent Mössbauer and X-ray emission results with the known pressure range 

of the spin transition in order to better derive the equation of state (EoS) parameters 

for the high-spin and low-spin states (Lin et al., 2005a, 2006a, 2007b) (Figs. 1,4). 

Alternatively, one can use the equation of state of the high-spin state, which is 

relatively well known, as a reference for deriving the volume and density variation of 

the compressed ferropericlase across the spin transition (Figs. 4,5). Results show that 

density of (Mg0.83,Fe0.17)O starts to deviate from that of the high-spin (Mg0.83,Fe0.17)O 

reference at ~43 GPa and reaches a maximum variation of  ~2.8% at ~60 GPa in the 

X-ray diffraction data, consistent with the spin transition pressures observed in recent 

Mössbauer and X-ray emission studies (Figs. 1,4,5) (Lin et al., 2006a, 2007b). Such 

analysis allows relatively reliable choice of the pressure range for evaluating the 

volume and incompressibility changes associated with the spin transition (Figs. 4,5). 

Based on these analyses, the K0T for the low-spin ferropericlase derived from fitting 

the experimental data above 61 GPa (Lin et al., 2005a; Figs. 4,5) is 205 (+16) GPa 

with V0LS/V0HS of 0.936 (+0.067) and an assumed K0T’ of 4, as compared to previously 

reported values of K0T  of 245 (+21) GPa with an assumed K0T’ of 4 and  V0LS/V0HS of 

0.904 (+0.016) (Lin et al., 2005a). These analyses show that the bulk modulus 

increases by 6.3% and the bulk sound velocity increases by 1.5% across the high-spin 

to low-spin transition. The density increase of approximately 2.8% in (Mg0.83,Fe0.17)O 

is equivalent to the effect of adding about 4% FeO into MgO (e.g., Jacobsen et al., 

2002), whereas a density increase of about 4.2% is predicted in theoretical calculations 
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(Tsuchiya et al., 2006a) (Fig. 5). Evidence for the spin crossover may also lie in the 

shockwave data of ferropericlase as a continuous volume reduction of a few percent 

was observed in (Mg0.6,Fe0.4)O and (Mg0.9,Fe0.1)O at around 120 GPa (Vissiliou and 

Ahrens, 1982; Zhang and Gong, 2006). 

The effect of the spin transition on the volume reduction of silicate perovskite and 

post-perovskite remains to be studied experimentally, though theoretical calculations 

show that the volume reduction is approximately 0.5% in silicate perovskite with a 

geophysically relevant composition (Stackhouse et al., 2007). Such smaller volume 

reduction is understandable because of the lesser amount of iron and likely gradual 

spin crossover behavior in perovskite.  

     The electronic spin-pairing transition of iron is also found to influence the  sound 

velocities, and thermodynamic and vibrational properties of ferropericlase under high 

pressures and room temperatures (Lin et al., 2006b, 2007), but its effects on the 

properties of silicate perovskite are shown to be relatively small (Stackhouse et al., 

2007). Compressional (Vp) and shear wave (Vs) velocities and their pressure 

derivatives rise dramatically across the spin transition of iron in (Mg0.75Fe0.25)O above 

50 GPa (Lin et al., 2006b). These effects of the spin transition on the incompressibility 

and sound velocities of (Mg,Fe)O at lower-mantle pressures are in contrast to what is 

predicted from studies of the pure MgO and high-spin ferropericlase. In particular, the 

effect of the spin transition on the sound velocities can partially offset the effect of the 

addition of iron in the lower-mantle minerals (Lin et al., 2006b), affecting the 

evaluation of the lower-mantle chemical heterogeneities.  

 

4.2 Chemical Behavior 
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      The volume reduction and change in the electronic configuration across the spin 

transition of iron mentioned above may in turn affect the chemical behavior, namely 

the partition coefficient of iron, in the lower-mantle phases. Because of the difference 

in the effective ionic radius between the high-spin and low-spin octahedral Fe2+, for 

example, iron would favorably occupy the low-spin site with lower volume in order to 

minimize the Gibbs free energy of the system (Tsuchiya et al., 2006a). It is proposed 

that the spin transition would thus promote partitioning of iron into ferropericlase 

relative to perovskite and would result in a compositionally distinct layer with iron 

enriched in ferropericlase at depths below the mid-lower mantle (Badro et al., 2003, 

2005); however, such conjecture is not supported by recent experimental studies which 

show that the partition coefficient of iron between ferropericlase and perovskite under 

lower-mantle conditions remains almost constant (Mao et al., 1997; Andrault et al., 

2001; Kesson et al., 2002; Murakami et al., 2005; Kobayashi et al., 2006). We propose 

that the spin crossover with a continuous nature (Sturhahn et al., 2005; Tsuchiya et al., 

2006a) readily explains why no significant change in iron partitioning between 

ferropericlase and perovskite occurs in a pyrolitic and olivine composition under 

lower-mantle pressure-temperature conditions. It is noteworthy that the basis for the 

thermodynamic calculations on the partition coefficient of iron between ferropericlase 

and perovskite (Badro et al., 2003, 2005) requires the knowledge on the energy 

changes associated with the spin transition which remain largely unknown, and 

calculated partition coefficient can vary by several orders of magnitude with changes 

in volume and spin-pairing energies (Badro et al., 2003, 2005), making this type of 

evaluation practically unreliable (Lin et al., 2005a). In light of the observed effect of 

the spin transition on the volume reduction in ferropericlase, the use of the 
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extrapolated unit cell parameters of ferropericlase and perovskite to determine the 

partition coefficient of iron between these phases at high pressures and temperatures 

(Mao et al., 1997) has become unreliable without the knowledge of the thermal 

equation of state including the spin crossover (Fig. 6).  

A significant change in the iron partitioning is reported to occur across the 

perovskite to post-perovskite phase transition (Murakami et al., 2005; Kobayashi et al., 

2005; Synmyo et al., 2006; Zhang and Oganov, 2006) and post-perovskite may 

accommodate very high proportions of  Fe3+ with  Fe3+/ΣFe ratio on the order of 0.65 

(Synmyo et al., 2006); however, whether or not post-perovskite is enriched in iron 

relative to perovskite and how much more Fe3+ was introduced in the pressure-quench 

process of the sample are still under debate  (Murakami et al., 2005; Kobayashi et al., 

2005; Synmyo et al., 2006). Experimental and theoretical evidence also shows 

decomposition of ferrous iron in perovskite and post-perovskite into metallic iron and 

ferric iron (Frost et al., 2004; Kobayashi et al., 2006; Zhang and Oganov, 2006). 

It appears that for the low iron concentrations expected in the lower mantle the 

spin transition has a continuous nature, like a second order transition, involving a 

mixed population of the high-spin and low-spin states (Tsuchiya et al., 2006a,b). 

Under certain circumstances, such as high iron concentration, it is still unclear if the 

spin transition would result in a binary loop; that is, the separation of two distinct 

phases with different compositions. This may have been suggested by some 

experiments (Dubrovinski et al., 2000) but not confirmed by others (Lin et al., 2003; 

Kondo et al., 2004).  

 

4.3 Transport and rheological properties 
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Because of the partially filled 3d-electron orbitals that exhibit a band gap in the eV 

range, the presence of Fe strongly affects the radiative component of the thermal 

conduction (e.g., Burns, 1993) and the electrical conductivity (e.g., Dobson et al., 

2000) of the mantle minerals. For example, the six 3d electrons of Fe2+ occupy the 

triplet t2g-like orbitals in the low-spin ferropericlase which differ significantly in the 

electronic configurations from that of the high-spin ferropericlase (Tsuchiya et al., 

2006a,b).  

High-spin iron displays crystal field absorption bands in the near-infrared range in 

oxides and silicates (e.g., Burns, 1993, Shen et al., 1994). Increasing iron 

concentration in the lower-mantle ferropericlase and silicate perovskite enhances 

optical absorption and hence reduces radiative thermal conductivity (e.g., Burns, 

1993). The spin transition of iron in ferropericlase at approximately 60 GPa is reported 

to further enhance the optical absorption in the mid- and near-infrared spectral range, 

whereas the absorption edge at the ultraviolet region is reduced (Goncharov et al., 

2006; Keppler et al., 2007). The spin-pairing transition is estimated to reduce the 

radiative thermal conductivity of ferropericlase by about 15% (Keppler et al., 2007) or 

more (Goncharov et al., 2006) at ~60GPa and room temperature, and such effect may 

be further enhanced when other impurities and defects such as Fe3+ are present. 

Considering the spin crossover of iron with elevated lattice thermal conductivity under 

lower-mantle conditions, it remains to be seen if the effect of the spin transition on the 

radiative thermal conductivity would significantly affect the mode of the mantle 

convection in the lower mantle (Hofmeister, 1999; Matyska and Yuen, 2006; Naliboff 

and Kellog, 2006). The absorption band in perovskite was reported to shift towards 
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shorter wavelength (blue shift) as a result of the spin transition (Badro et al. 2004), as 

opposed to the red shift in ferropericlase (Tsuchiya et al., 2006a,b). 

Other effects of the spin transition on the electrical conductivity, viscosity, 

diffusivity, and rheology, including lattice preferred orientation, of the lower-mantle 

phases all remain to be understood. In particular, the relatively low creep strength and 

large elastic anisotropy of ferropericlase, as the second most dominant constituent of 

the Earth’s lower mantle, are believed to play very important roles in the viscosity, 

dynamics, and seismic anisotropy of the lower mantle (Karato, 1989; Forte and 

Mitrovica, 2001; Yamazaki and Karato, 2002; Long et al., 2006). Recent high-pressure 

results already showed that the low-spin ferropericlase is stiffer and has higher shear 

modulus than the high-spin ferropericlase (Lin et al., 2005, 2006a). Such changes may 

indicate that the viscosity and rheology of the low-spin ferropericlase likely differs 

from that of the high-spin ferropericlase. 

 

5. Geophysical implications and conclusions 

To understand the geophysical consequences of the spin transition in the lower 

mantle, we have modeled the density and bulk modulus profiles of ferropericlase with 

and without considering the effect of the spin transition (Figs. 6-9). Because high-spin 

ferropericlase shows similar thermal compression behavior to that of pure MgO (Fei et 

al., 1999; van Westrenen et al., 2004), we assume that low-spin ferropericlase with 

various iron contents also exhibits similar behavior in our calculations. Using the spin 

crossover model of (Mg0.8125,Fe0.1875)O (Tsuchiya et al, 2006a) and the quasiharmonic 

ab initio themodynamics described by Karki et al. (2000), a sharp density contrast of 

~4.2% can be seen in (Mg0.8125,Fe0.1875)O across the spin transition at room 
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temperature (Fig. 5) but the contrast becomes continuous due to the spin crossover at 

temperatures above 1000 K (Figs. 6,8,9). Such density increase is equivalent to the 

addition of ~5.0% FeO into MgO in ferropericlase (Figs. 8,9). Along the lower-mantle 

geotherm (Brown and Shankland, 1981), the spin crossover in ferropericlase and 

perhaps in perovskite would lead to an increasingly steeper than normal density 

gradient as compared to that without the spin crossover (Figs. 6,8,9). For a pyrolite 

composition with approximately 33% ferropericlase and 67% aluminous silicate 

perovskite (Ringwood, 1982), the increase in density induced by the spin crossover in 

ferropericlase could be approximately 1% toward the bottom of the lower mantle.  

Here we also evaluate the effect of the spin transition on the bulk modulus of 

ferropericlase under high pressures and temperatures. Bulk modulus (K) is, by 

thermodynamic definition: 

Vd
dP

dV
dPVK

ln
−=−=  (1) 

where P is pressure and V is volume. Since the spin crossover of iron results in a 

continuous volume reduction in ferropericlase at high pressures and temperatures (Fig. 

6), a classical equation of state using finite stress-strain theory (Birch, 1986; Davie and 

Dziewonski, 1975) is thus unreliable for deriving the bulk modulus and its pressure 

derivative (K’) from the pressure-volume curve without knowing the ratio of the spin 

states (n). To signify this issue, we have derived the isothermal bulk modulus of 

ferropericlase from theoretically calculated pressure-volume curves using equation (1) 

(Fig. 7A). Results show that softening in the bulk modulus is very significant in the 

spin transition at room temperature but is reduced across the spin crossover at high 

temperatures. However, the physical meaning of this behavior can not be readily 
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understood, because the volume variation also includes a contribution from successive 

volume reductions associated with the spin crossover. Theoretical calculations show 

that ferropericlase with a fixed composition and ratio of the high-spin to low-spin 

states can be defined as having its own compression curve, and increasing the low-spin 

state component with increasing pressure slightly increases its bulk modulus of 

(Tsuchiya et al., 2006a). That is, the pressure-volume relation across the spin 

crossover should not be treated as a compression curve of a single state. Since 

individual theoretical calculations of the bulk modulus with fine-scale ratios of the 

spin states would be extremely time consuming, here we have simply derived the bulk 

modulus of the mixed spin states from a Voigt-Ruess-Hill (VRH) average model. 

Results from these calculations are generally in line with first principles calculations 

(Tsuchiya et al., 2006a) in which the bulk modulus monotonically increases with 

increasing pressure across the spin transition (Fig. 7B). In this case, the spin crossover 

introduces a density increase of ~0.2 g/cm3 (~3%) and bulk modulus increase of ~20 

GPa (~3%) in ferropericlase toward the lowermost mantle (Fig. 8,9). As the isothermal 

bulk modulus is typically derived from the thermal compression curves 

experimentally, these two models here point to the need to measure the bulk modulus 

as well as sound velocities directly in the spin crossover in order to better understand 

its behavior. Uncertainties such as the exact fraction of the high-spin and low-spin 

states and its influence on the thermal equation of state of the lower-mantle minerals 

remain to be better understood to refine the density and bulk modulus profiles in our 

calculations. It is possible that the low-spin ferropericlase may exhibit a relatively 

lower thermal expansion coefficient due to its stiffer lattice, indicating stronger effects 

of the spin transition on the density and bulk modulus. 
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It is conceivable that sound velocities in ferropericlase at high pressures and 

temperatures would gradually deviate from that of the extrapolated high-spin state by 

increasing the fraction of the low-spin state. Therefore, the increase in the fraction of 

the low-spin ferropericlase may result in steeper than normal sound velocity gradients 

at the lower mantle conditions (e.g., van der Hilst and Kárason, 1999; Kellogg et al., 

1999; Lin et al., 2006b).  Knowledge of the ratio of the high-spin to low-spin states in 

the lower-mantle phases, in particular in ferropericlase, as well as the effects of the 

spin transitions are thus needed to reliably evaluate the density, sound velocities, and 

transport properties of the Earth’s lower mantle.  

Owing to the dominant abundance of the silicate perovskite in the Earth’s lower 

mantle and post-perovskite in the lowermost mantle, future in situ experimental 

measurements of the spin and valence states of iron and their associated effects on the 

physical properties is thus essential to address their effects on the geophysics and 

geochemistry of the Earth’s lower mantle. In particular, the temperature effect on the 

spin and valence states of silicate perovskite and post-perovskite remains to be studied. 

Multidisciplinary approaches including theoretical calculations and employment of 

multiple experimental techniques are needed to uncover these unsettled issues. 
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Fig. 1. Fraction of the high-spin iron relative to the low-spin iron in ferropericlase as 

determined from recent high-pressure Mössbauer and X-ray emission measurements 

and theoretical calculations. Long dashed line: synchrotron Mössbauer of 

(Mg0.75,Fe0.25)O  at high pressures and 300 K (Lin et al., 2006a); short dashed line: X-

ray emission of (Mg0.75,Fe0.25)O  at high pressures and 300 K (Lin et al., 2005a; Vánko 

and de Groot, 2007); dotted line: traditional Mössbauer of (Mg0.80,Fe0.20)O at high 

pressures and 6 K (Speziale et al., 2005); dash–dot line: traditional Mössbauer of 

(Mg0.80,Fe0.20)O at high pressures and 300 K (Kantor et al., 2006); dash-dot-dot line: 

X-ray emission of (Mg0.95,Fe0.05)O  at high pressures and 300 K (Lin et al., 2006a, 

2007); thin solid line: representative theoretical calculations for (Mg0.8125,Fe0.1875)O 

(Tsuchiya et al., 2006a). Theoretical results by Persson et al. (2006) are not shown 

here for clarity of the comparison. Except results from theoretical calculations 

(Persson et al., 2006; Tsuchiya et al., 2006a), all experimental results show that the 

spin transition starts to occur at approximately 40 to 50 GPa, though the width of the 

transition varies depending on the experimental techniques and sample conditions. 

Fig. 2. Energy shift of the main Kβ emission peak of iron as a function of pressure for 

ferropericlase (solid symbols) and silicate perovskite (open symbols). Solid circles: 

(Mg0.95,Fe0.05)O (Lin et al., 2007b); solid diamonds: (Mg0.75,Fe0.25)O (Lin et al., 2005a, 

2007b); open squares: (Mg0.9,Fe0.1)SiO3 (Badro et al., 2004); open triangles down: 

(Mg0.91,Fe0.09)SiO3 (Li et al., 2004); open triangles up: (Mg0.88,Fe0.09)(Si0.94,Al0.10)O3 

(Li et al., 2004). An energy decrease of 1.5 to 1.6 eV in the Kβ main peak was 

observed in both (Mg0.95,Fe0.05)O and (Mg0.75,Fe0.25)O across the spin transition (Fig. 

1) and no energy shift was observable away from the spin transition region (Lin et al., 

2007b).  
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Fig. 3. Comparison of the X-ray emission spectra of ferropericlase and silicate 

perovskite under high pressures. The spectra are normalized to unity and shifted in 

energy to compensate for the pressure-induced shift of the line maximum based on the 

main fluorescence peak (Kβ) at 7058 eV. fp25, (Mg0.75,Fe0.25)O at 0 GPa (high-spin 

state) and 79 GPa (low-spin state) (Lin et al., 2005a). pv10 at 145 GPa: 

(Mg0.9,Fe0.1)SiO3 (Badro et al., 2004); pv9 and Al-pv9 at 100 GPa: (Mg0.91,Fe0.09)SiO3 

and (Mg0.88,Fe0.09)(Si0.94,Al0.10)O3, respectively (Li et al., 2004).  The X-ray emission 

spectrum of the low-spin Fe2O3 (Badro et al., 2002) is very similar that of low-spin 

ferropericlase and is not shown for clarity. 

Fig. 4. Unit cell volume of ferropericlase across the spin transition. The low-spin 

ferropericlase has similar unit cell volume to that of MgO (gray line) but has higher 

incompressibility. The volume reduction across the spin transition at ~50 GPa, as 

indicated by vertical arrows, is 2.8 % in X-ray diffraction (Fig. 5) (Lin et al., 2005a) 

and 4.2% in theoretical calculations (Tsuchiya et al., 2006a). Open circles: X-ray 

diffraction data of (Mg0.83,Fe0.17)O (Lin et al., 2005a); gray line: MgO (Speziale et al., 

2001); solid lines: equation of state fits to the experimentally determined data of the 

high-spin and low-spin ferropericlase, respectively (Lin et al., 2005a); dotted lines: 

theoretically calculated equation of state of the high-spin and low-spin ferropericlase, 

respectively (Tsuchiya et al., 2006a). Here the K0T for the high-spin state is 149.7 

(+3.7) GPa with a K0T’ of 4.55 (+0.21), when fitted the experimental data up to 40 

GPa. The K0T for the low-spin ferropericlase is 205 (+16) GPa with V0LS/V0HS of 0.936 

(+0.067) and an assumed K0T’ of 4, which is derived from fitting the experimental data 

above 61 GPa  (Fig. 1). 
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Fig. 5. Density variation across the electronic spin crossover in ferropericlase at high 

pressures. The percentage of the experimentally determined density variation is 

calculated using the density difference between the experimentally observed density 

(Lin et al., 2005) and the density of the high-spin state (see Fig. 4) divided by the 

extrapolated density of the high-spin state (open circles with dotted line). Open circles: 

(Mg0.83,Fe0.17)O from Lin et al. (2005a). Solid line: (Mg0.8125,Fe0.1875)O from Tsuchiya 

et al. (2006a). Vertical dotted lines represent density variation of 1.4% and 2.8% by 

adding 2% and 4% FeO into MgO at ambient conditions, respectively (Jacobsen et al., 

2002). Density variation for (Mg0.83,Fe0.17)O is approximately 2.8% in X-ray 

experiments (Lin et al., 2005a) and 4.2% for (Mg0.8125,Fe0.1875)O in theoretical 

calculations (Tsuchiya et al., 2006a).  

Fig. 6. Theoretically calculated molar volume (A) and density (B) profiles of 

(Mg0.8125,Fe0.1875)O at high pressures and temperatures. The pressure-volume and 

pressure-density curves are calculated using the fractions of the high-spin to low-spin 

states at high pressures and temperatures by Tsuchiya et al. (2006a). Thermal 

compression parameters for the low-spin ferropericlase, namely thermal expansion 

coefficient and temperature derivative of the bulk modulus, are assumed to be similar 

to that of pure MgO (Fei et al., 1999; Karki et al., 2000; van Westrenen et al., 2005), 

because high-spin ferropericlase exhibits similar thermal expansion coefficient and 

pressure/temperature derivatives of the bulk modulus to that of pure MgO.  

Fig. 7. Calculated isothermal bulk modulus (KT) of (Mg0.8125,Fe0.1875)O at high 

pressures and temperatures. (A), calculated bulk modulus using the pressure derivative 

of volume (-VdP/dV) along the pressure-volume curves in Fig. 5. (B), calculated bulk 

modulus using the Voigt-Ruess-Hill (VRH) average model with the fraction of the 
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high-spin/low-spin states and their bulk moduli (Tsuchiya et al., 2006a). Solid lines: 

spin crossover model; dashed lines: high-spin state only.  

Fig. 8. Calculated density (A) and bulk modulus (B) differences for 

(Mg0.8125,Fe0.1875)O. The differences are calculated using the spin crossover model at 

300, 1000, 2000 and 3000 K (same colors in Fig. 6) (Tsuchiya et al., 2006a) as 

compared with that without the spin crossover (Figs. 6,7). Dotted lines represent 

density variation produced by adding 2% and 5% FeO into MgO at 300 K. The density 

variation by considering the spin crossover is about 0.19 g/cm3 (+3.5%) at 2000 K and 

100 GPa which is equivalent to adding 5.0% FeO into MgO. Bulk modulus variation is 

estimated within the model shown in Fig. 7(B). 

Fig. 9. Calculated density (A) and bulk modulus (B) variations in percentage for 

(Mg0.8125,Fe0.1875)O) as derived from Fig. 8. 
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Table 1. List of experimental and theoretical studies on the spin transition of iron in 
ferropericlase at high pressures. The Fe3+ content in most of these studies is negligible. 
Results for iron content of 50% or more are not listed for simplicity. 
________________________________________________________________________________________ 
Composition Method Transition Pressure Reference 
------------------------------------------------------------------------------------------------------------------------------------ 
(Mg0.83,Fe0.17)O X-ray emission approximately 60-70 Badro et al., 2003a 

(Mg0.75,Fe0.25)O X-ray emission 54-67 GPa Lin et al., 2005ab; Vánko et al., 2007c 

(Mg0.60,Fe0.40)O X-ray emission 84-102 GPa Lin et al., 2005ab 
(Mg0.75,Fe0.25)O synchrotron Mössbauer 52-70 GPa Lin et al., 2006a 
(Mg0.95,Fe0.05)O X-ray emission 46-55 GPa Lin et al., 2006a, 2007bc 
(Mg0.80,Fe0.20)O conventional Mössbauer 55-105 GPa Kantor et al., 2006 
(Mg0.80,Fe0.20)O conventional Mössbauer 40-60 GPa Speziale et al., 2005 
(Mg0.83,Fe0.17)O theory 65 GPa (assumed) Sturhahn et al., 2005d 
(Mg0.8125,Fe0.1875)O theory 32 (+2) GPa Tsuchiya et al., 2006ae 

(Mg0.75,Fe0.25)O theory 69 GPa,106 GPa Persson et al., 2006f 

(Mg0.75,Fe0.25)O optical absorption ~55-65 GPa Goncharov et al., 2006g 

(Mg0.88,Fe0.12)O optical absorption 51-60 GPa Keppler et al., 2007h 

______________________________________________________________________________________________________________ 
Notes: a: transition pressure was not well defined due to limited number of spectra; b: transition pressure and 
spin states were derived from the integration of the intensity of the satellite Kβ’ peak; c: transition pressure 
and spin states were derived from the integrals of the absolute values of the difference spectra; d: transition 
pressure at 65 GPa is assumed whereas spin crossover along geotherm is predicted based on crystal field and 
extended Bragg-Williams mean-field theory; e: based on first principles with internally consistent LDA+U at 
high pressures and 0 K and a spin crossover is predicted at high pressures and temperatures; f: based on 
GGA+U, transition pressure is 69 GPa when U is 3 eV and 106 GPa when U is 5 eV; g: based on absorption 
bands and edges; other compositions of (Mg0.94,Fe0.06)O and (Mg0.85,Fe0.15)O were also examined; h: if 
changes in the optical spectra are associated with the spin transition. 
 



Table 2. List of experimental and theoretical studies on the spin transition of iron in silicate 
perovskite at high pressures.  
________________________________________________________________________________________ 
Composition Fe3+ Method Results Reference 
------------------------------------------------------------------------------------------------------------------------------------ 
(Mg0.9,Fe0.1)SiO3 ~25% emission Fe2+ at 70 GPa, Fe3+ at 120 GPa Badro et al., 2004a 

(Mg0.91,Fe0.09)SiO3 ~25% emission Fe2+ or with Fe3+ gradually Li et al., 2004b 

(Mg0.9,Fe0.1)SiO3 37% Mössbauer Fe3+ completed at 70 GPa Jackson et al., 2005c 

FeSiO3 0 theory gradual crossover in B site Cohen et al., 1997d 

(Mg,Fe)(Si,Al)O3 100% theory Fe3+ from 97 GPa to 126 GPa Li et al., 2005e 

(Mg0.88,Fe0.09)(Si0.94,Al0.10)O3 50-70% Mössbauer Fe2+, or with Fe3+, at 20-120 GPa Li et al., 2006f 

Al-(Mg,Fe)SiO3 0,100% theory Fe3+ in Mg site at ~76-134 GPa Zhang&Oganov, 2006g 

(Mg,Fe)SiO3 0-50% theory Fe3+: 60-160 GPa; Fe2+: 130-145GPa Stackhouse, 2007h 

______________________________________________________________________________________________________________ 
Notes: a: total Fe3+ content was estimated from the conditions of sample synthesis and total iron concentration in the 
sample; b: incomplete spin crossover of Fe2+ or with Fe3+ up to the highest pressure of 100 GPa in the study; c: no 
evidence for spin transition of Fe2+; spin crossover of Fe3+ from 0 to 70 GPa based on the isomer shifts of Fe3+ 
relative to Fe2+; d: no spin transition is reported for the A site and the transition pressure for the B site is not 
specified; e: ferric iron (6.25 mol%) and Al (6.25 mol%) substitute for Mg and Si, respectively; f: incomplete spin 
crossover based on synchrotron Mössbauer and X-ray emission results from Li et al. (2004); g: transition pressure 
increases from ~76 GPa in Al-free perovskite to ~134 GPa in Al-bearing perovskite; Fe2+ in the high-spin state and 
Fe3+ in Si site in the low-spin state at the mantle pressures; h: (Mg0.9375,Fe0.0625)SiO3, (Mg0.8750,Fe0.1250)SiO3 and 
(Mg0.9375,Fe0.0625)(Si0.9375,Fe0.0625)O3 are examined; charge substitution configuration plays essential role in the spin 
transition. 
 
 



Table 3. List of theoretical studies on the spin states of iron in post-perovskite at high 
pressures.  
________________________________________________________________________________________ 
Composition Fe3+ (%) Method Results Reference 
------------------------------------------------------------------------------------------------------------------------------------ 
(Mg,Fe)SiO3 0% theory no spin transition Stackhouse et al., 2006a 

Al-(Mg,Fe)SiO3 0,100% theory no spin transition Zhang&Oganov, 2006b 

(Mg0.9,Fe0.1)SiO3 ~25% emission low-spin Fe2+ and Fe3+ suggested Badro et al., 2004c 

______________________________________________________________________________________________________________ 
Notes: a: examined compositions are (Mg0.9375,Fe0.0625)SiO3 and (Mg0.875,Fe0.125)SiO3; b: Fe2+ in the high-spin 
state, Fe3+ in Mg site in the high-spin state, and Fe3+ in Si site in the low-spin state at the mantle pressures; c: 
low-spin Fe2+ and Fe3+ in post-perovskite were suggested but no structural confirmation for the existence of 
the post-perovskite phase was provided. 
 




