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absTracT

The electronic spin and valence states of iron in lower-mantle silicate perovskite have been previ-
ously investigated at high pressures using various experimental and theoretical techniques. However, 
experimental results and their interpretation remain highly debated. Here we have studied a well-
characterized silicate perovskite starting sample [(Mg0.9,Fe0.1)SiO3] in a chemically inert Ne pressure 
medium at pressures up to 120 GPa using synchrotron Mössbauer spectra. Analyses of the Mössbauer 
spectra explicitly show a high-spin to low-spin transition of the octahedral-site Fe3+ occurring at ~13–24 
GPa, as evidenced from a significant increase in the hyperfine quadrupole splitting. Two quadrupole 
doublets of the A-site Fe2+, with extremely high-QS values of 4.1 and 3.1 mm/s, occur simultane-
ously with the spin transition of the octahedral-site Fe3+ and continue to develop to 120 GPa. It is 
conceivable that the spin-pairing transition of the octahedral-site Fe3+ causes a volume reduction and 
a change in the local atomic-site configurations that result in a significant increase of the quadrupole 
splitting in the dodecahedral-site Fe2+ at 13–24 GPa. Our results here provide a coherent explanation 
for recent experimental and theoretical results on the spin and valence states of iron in perovskite, 
and assist in comprehending the effects of the spin and valence states of iron on the properties of the 
lower-mantle minerals.

Keywords: Silicate perovskite, diamond-anvil cell, spin transition, lower mantle, synchrotron 
Mössbauer spectroscopy, high pressures

inTroducTion

Magnesium silicate perovskite (MgSiO3), with 5–10 mol% 
Fe and Al, is the most abundant silicate phase in Earth’s lower 
mantle, existing from 660 km in depth to several hundred kilome-
ters above the core-mantle boundary (Ringwood 1982). The pres-
ence of the transition-metal iron in lower-mantle perovskite can 
affect a broad spectrum of the material’s physical and chemical 
properties; thus, knowing the exact electronic spin and valence 
states of iron in perovskite at relevant pressure-temperature 
conditions is of great interest to deep-Earth research (e.g., see 
reviews by McCammon 1997, 2006; Li 2007; Lin and Tsuchiya 
2008). Previous experimental and theoretical studies suggest 
that iron in perovskite exists in both Fe2+ and Fe3+ states and 
can possibly occupy one of two crystallographic sites, the large 
pseudo-dodecahedral Mg site (the A site) or the small octahedral 
Si site (the B site) (e.g., McCammon 2006; Hsu et al. 2010, 2011). 
Current consensus on the site occupancy is that Fe2+ mainly 
substitutes for Mg in the A site, whereas Fe3+ occupies both the 
B and A sites. The abundance of Fe3+ in the A and B sites appears 
to depend on the Al content of perovskite. Previous studies have 
shown that both Fe2+ and Fe3+ in perovskite exist in the high-spin 
state under ambient conditions (e.g., McCammon 2006).

Recently, electronic spin states of Fe2+ and Fe3+ in silicate 

perovskite have been extensively studied using synchrotron 
Mössbauer spectroscopy (SMS), X-ray emission spectroscopy 
(XES), X-ray absorption near-edge spectroscopy (XANES), 
and by theoretical calculation (e.g., Badro et al. 2004; J. Li et 
al. 2004, 2006; J. Li 2007; Jackson et al. 2005; L. Li et al. 2005; 
Zhang and Oganov 2006; Stackhouse et al. 2007; Bengtson et 
al. 2008, 2009; Lin et al. 2008; McCammon et al. 2008, 2010; 
Grocholski et al. 2009; Narygina et al. 2009, 2010; Caracas et 
al. 2010; Catalli et al. 2010; Hsu et al. 2010, 2011; Umemoto et 
al. 2010). The interpretation of these results has been quite scat-
tered, although there exists a general trend in most Mössbauer 
studies—both experimental and theoretical studies have reported 
dominant spectral features with extremely high-quadrupole 
splitting (QS) values of Fe2+ (as high as ∼4.4 mm/s) at above 
~30 GPa (e.g., Jackson et al. 2005; McCammon et al. 2008; 
Hsu et al. 2010, 2011; Bengtson et al. 2009). Combined with 
previous XES analyses for the total spin momentum of iron in 
perovskite (Badro et al. 2004; Li et al. 2004), the A-site Fe2+ with 
the extremely high QS and relatively high chemical shift (CS) 
has been interpreted as an occurrence of the intermediate-spin 
Fe2+ with a total spin momentum of one (S = 1) (McCammon 
et al. 2008, 2010; Narygina et al. 2010). That is, a high-spin to 
intermediate-spin crossover occurs in perovskite at around 30 
GPa, and the intermediate-spin Fe2+ is predominant in lower-
mantle perovskite. The extremely high-QS values of Fe2+ have * E-mail: afu@jsg.utexas.edu
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also been observed in silicate post-perovskite at lowermost-
mantle pressures (Lin et al. 2008; Mao et al. 2010). At higher 
pressures, the intensity of the extremely high-QS component in 
perovskite decreases, whereas the intensity of a new component 
with very low QS of less than 0.5 mm/s and a CS of ∼0 mm/s 
increases. This new component was assigned to the low-spin 
Fe2+ in the A site occurring at 120 GPa and high temperatures 
(McCammon et al. 2010).

It has been shown, however, that the occurrence of the 
intermediate-spin state is very rare in geological materials and 
the high-QS component of iron does not necessarily imply the 
occurrence of the intermediate-spin state (e.g., Dyar et al. 2006; 
Bengtson et al. 2009; Hsu et al. 2010, 2011). For example, iron 
in almandine and majoritic garnet is in the high-spin Fe2+ with 
very high QS of ∼3.5 mm/s under ambient conditions (Huggins 
1975; Murad and Wagner 1987; Narygina et al. 2010). First-
principles theoretical calculations have been recently performed 
to understand the spin and valence states of iron as well as their 
associated hyperfine interaction parameters in perovskite at high 
pressures. Although they are not always in agreement with each 
other, these calculations show that the intermediate-spin state 
is not stable at all lower-mantle pressures, irrespective of the 
exchange-correlation functional used in the calculations (Li et 
al. 2005; Zhang et al. 2006; Stackhouse et al. 2007; Bengtson 
et al. 2008, 2009; Caracas et al. 2010; Hsu et al. 2010, 2011; 
Umemoto et al. 2010). Based on these calculations, the high-spin 
Fe2+ with the QS of 2.3–2.5 mm/s is more stable at relatively low 
pressures, while the high-spin Fe2+ with QS of 3.3–3.6 mm/s is 
more favorable at higher pressure (Bengtson et al. 2009; Hsu et 
al. 2010, 2011). The extremely high-QS site is interpreted as a 
result of the iron atomic-site change, in which iron ions move 
away from the central positions in the A site at high pressures 
(Bengtson et al. 2009; Hsu et al. 2010, 2011), rather than the 
high-spin to the intermediate-spin transition (McCammon et al. 
2008; Narygina et al. 2010). The calculations also indicate that 
anisotropic compressibility is not related to the stabilization of 
the intermediate state or to the high-spin to the intermediate-spin 
crossover (Hsu et al. 2010, 2011).

For Fe3+ in perovskite, it has been shown both experimentally 
and theoretically that Fe3+ enters into both A and B sites, suggest-
ing a charge-coupled substitution mechanism (e.g., McCammon 
1998; Hsu et al. 2011). Combined SMS and XES results for 
Fe3+-containing perovskite suggest that the low-spin popula-
tion in the B site gradually increases with pressure up to 50–60 
GPa, with all Fe3+ in the B site eventually becoming low-spin, 
though A-site Fe3+ remains in the high-spin state to at least 136 
GPa, consistent with recent theoretical calculations (Jackson et 
al. 2005; Catalli et al. 2010; Hsu et al. 2011). That is, Fe3+ in the 
octahedral B site undergoes a high-spin to low-spin transition 
in perovskite at high pressures. SMS analyses further suggest 
that Fe3+ in the A site remains in the high-spin state in Al-bearing 
perovskite in, which Fe3+ is expected to predominantly exist in 
the A site (Grocholski et al. 2009; Catalli et al. 2010).

These recent experimental studies have mostly relied on 
Mössbauer spectroscopic results, which have proven very ef-
fective in studying iron-bearing minerals in the past. There is 
a large body of evidence pointing out the relationship between 
measured hyperfine interaction parameters and valence, spin, 

and magnetic states of iron and its compounds at ambient and 
under extreme conditions. However, because of the complex 
crystal chemistry in perovskite, experimental results and their 
interpretations have been quite difficult. For example, some of 
the experiments were conducted using uncharacterized samples 
under non-hydrostatic conditions without the use of an inert 
pressure medium at high pressures, which could result in an 
investigation of the sample’s amorphous state as perosvkite 
is a relatively unstable phase after being quenched to ambient 
conditions. On the other hand, the use of the Fe2O3-containing 
MgSiO3 glass to synthesize Fe3+-containing perovskite has been 
shown to produce a Fe2O3 impurity that coexists with the sample 
(Catalli et al. 2010), which can contaminate Mössbauer spectra 
and hence the interpretation of the results. To provide new 
insight on the spin and valence states of iron in lower-mantle 
perovskite, we have performed high-pressure SMS experi-
ments with a well-characterized starting perovskite sample in a 
quasi-hydrostatic Ne pressure medium. These results allow us 
to identify the high-spin to low-spin transition of Fe3+ in the B 
site occurring between ~13 and 24 GPa. The spin pairing of the 
B-site Fe3+ occurs simultaneously with two extremely high-QS 
doublets of the dodecahedral-site Fe2+. Our results thus recon-
cile recent experimental and theoretical studies on the spin and 
valence states of iron and hyperfine interaction parameters in 
lower-mantle perovskite at high pressures.

EXpEriMEnTaL METhods

57Fe-enriched enstatite powder [(Mg0.9,Fe0.1)SiO3] was used as the starting 
sample for synthesizing silicate perovskite. The enstatite powder was synthesized 
by mixing powders of the oxides SiO2, MgO, and 57Fe2O3 (90% enrichment or 
better) in the appropriate ratios, which were then heated in a gas-mixing furnace 
with CO and CO2 gases at 1295 °C and an oxygen fugacity 1.6 log units below 
the nickel-nickel oxide buffer. Mössbauer analyses of the enstatite powder showed 
two doublets, which can be assigned to the high-spin Fe2+ in the M1 and M2 sites; 
there was no evidence for Fe3+ within the detection limit of ~3% Fe3+/ΣFe. The 
enstatite powder was placed in a dry oven at 160 °C and then loaded into an AuPd 
capsule for high-pressure-temperature experiments in the Orange-3000 ton multi-
anvil press at the Geodynamic Research Center (GRC), Ehime University. The 
sample assemblage was compressed to about 23–24 GPa with all the available 
loading pressure of the press, and a Pt heater was used to heat the sample to 1400 
°C for an hour. The quenched sample was analyzed by electron microscope, X-ray 
diffraction, and Mössbauer spectroscopies. Electron microscope analyses showed 
that the synthesized sample had a chemical composition of (Mg0.9,Fe0.1)SiO3. The 
angle-dispersive X-ray diffraction pattern of the synthesized sample was dominated 
by the silicate perovskite structure (Pbnm) (Fig. 1). However, ~10% of stishovite 
(SiO2) was also detected, suggesting a small loss of (Mg,Fe)O ferropericlase to 
the capsule during sample syntheses. The coexistence of stishovite and perovskite 
is not expected to contaminate the SMS spectra as iron solubility in stishovite is 
known to be negligible. The refined cell parameters of the perovskite are: a = 
4.7981 (±0.0002), b = 4.9447 (±0.0002), and c = 6.9231 (±0.0003) Å, consistent 
with previous studies (e.g., McCammon 2006; McCammon et al. 2008).

A traditional Mössbauer spectrum of the synthesized perovskite was recorded 
at room temperature and pressure in transmission mode on a constant accelera-
tion Mössbauer spectrometer with a nominal 370 MBq 57Co high-specific activity 
source in a 12 µm thick Rh matrix at the Bayerisches Geoinstitut, Universität 
Bayreuth (McCammon 2006) (Fig. 2). The spectrum, collected over 3 days, was 
fitted using the commercially available fitting program NORMOS written by R.A. 
Brand (distributed by Wissenschaftliche Elektronik GmbH, Germany) (Fig. 2). The 
Mössbauer spectrum was similar to those in the literature for silicate perovskite 
and was fitted to three Lorentzian doublets using conventional constraints (i.e., 
equal areas and widths of components). Analysis of the Mössbauer spectrum shows 
three doublets, two assigned to Fe2+ and one to Fe3+, in the perovskite structure. The 
relative areas were corrected for differences in recoil-free fraction between Fe2+ 
and Fe3+ in the perovskite structure (McCammon 1998), and trial fits were made 
using the full transmission integral to account for thickness effects. The derived 
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hyperfine parameters (mm/s) are as follows: two Fe2+ doublets with QS = 1.54 
(±0.02) and CS = 1.11 (±0.01), and QS = 1.97 (±0.08) and CS = 1.12 (±0.02); and 
one Fe3+ doublet with QS = 0.89 (±0.04) and CS = 0.43 (±0.02). The derived Fe3+ 
content (Fe3+/∑Fe) in the analyses is ~25–30%. There is no evidence for metallic 
Fe, but fits were made by incorporating a sextet, which enabled a detection limit of 
~4% of the relative area for the total amount of iron in the sample to be estimated.

The synthesized sample was polished to a flat disk 12 µm thick and 40 µm in 
diameter. A rhenium gasket was pre-indented by a pair of beveled diamond anvils 
having 300 µm outer culet and 150 µm inner culet to a thickness of 25 µm. A 
hole of 90 µm in diameter was drilled in the pre-indented gasket and used as the 
sample chamber. The sample disk was then loaded into the sample chamber of a 
diamond-anvil cell (DAC), with a neon pressure medium and a few ruby spheres 
for pressure calibration in a high-pressure gas loader. Before the gas loading, the 
high-pressure gas loading system was evacuated for 30 min to prevent any air or 
moisture contamination. The double-polished sample disk with a homogeneous 
thickness ensured less distortion of the SMS spectra from the thickness effect of 
the sample, whereas the use of the Ne medium and a small X-ray beam allowed 
SMS spectra to be taken from the sample with a much smaller pressure gradient.

SMS experiments were carried out at the undulator beamline 3-IDB and 16-
IDD of the Advanced Photon Source (APS), Argonne National Laboratory (ANL) 
(Sturhahn 2000). A monochromatic X-ray beam of ∼14.4125 keV with 153.4 ns 
separation between the individual bunches and 1 meV resolution at 3-ID and 2 
meV resolution at 16-IDD was used to excite the nuclear resonance of the 57Fe 
nuclei in the sample. The focused X-ray beam was ~7 µm in diameter at 3-IDB 
and 20 µm in diameter at 16-IDD, where a cleanup slit of 20 µm in diameter was 
used to remove the unwanted tail of the focused X-ray beam. The very small X-ray 
beam size significantly reduced the influence of the pressure gradients in the radial 
direction across the sample chamber. The time-delayed spectra were recorded 
by an avalanche photodiode detector (APD) in the forward direction. The data 
collection time for each SMS spectrum was ~3 to 4 h. Pressures were measured 
using the ruby R1 luminescence peak of the ruby sphere placed next to the sample 
(Mao et al. 1978), whereas X-ray diffraction patterns were taken from the sample 
at high pressures to confirm that the sample remained in the perovskite structure.

EXpEriMEnTaL rEsuLTs

The SMS spectra of the sample were collected up to 120 
GPa (Fig. 3). The Mössbauer spectral features below ~13 GPa 
were dominated by a broad time beat similar to previous stud-
ies on Al-free perovskite (Jackson et al. 2005; McCammon et 
al. 2008). The spectral features started to change significantly 

between 13 and 36 GPa, at which point more time beats were 
observed. Above 36 GPa, the spectra are dominated by five time 
beats with very narrow time widths, indicating the occurrence 
of the higher QS components in the sample. These observations 
suggest a transition in the hyperfine parameters of the iron sites 
between 13 and 36 GPa.

The spectra were evaluated with the CONUSS program to 
derive the hyperfine parameters, QS, and relative CS, at high 
pressures (Sturhahn 2000). Based on traditional Mössbauer 
analyses at ambient conditions (Fig. 2) and previous studies 
(Jackson et al. 2005; McCammon et al. 2008), the spectra be-
low 20 GPa were adequately fitted with a three-doublet model, 
whereas a fourth doublet was needed to satisfactorily explain 
the spectral features above 24 GPa (Figs. 4 and 5). Correspond-
ing energy spectra were then calculated from the fits using the 
CONUSS program (Sturhahn 2000). Based on the three-doublet 
model using the CONUSS program, the derived QS values and 
relative abundances of the doublets at ambient conditions are 
consistent with the traditional Mössbauer analyses of the sample 
(Figs. 2–5). These spectral evaluations likely carry uncertainties 
in the order of ±5% for the derived hyperfine parameters and site 
abundances, although the uncertainties are likely larger (~10%) 
in the transition region between 13 to 36 GPa.

discussion

Based on literature values and our derived hyperfine pa-
rameters (Fig. 6) (Jackson et al. 2005; McCammon et al. 2008; 
Bengtson et al. 2009; Grocholski et al. 2009; Catalli et al. 2010; 
Hsu et al. 2010, 2011; Narygina et al. 2010), doublets 1 and 2 
can be associated with the high-spin Fe2+ in the A site at ambi-
ent pressure (Figs. 4–6), whereas doublet 3, with an extremely 
low QS of 0.65 mm/s and an abundance of ~20–25%, can be 
assigned to high-spin Fe3+. The assigned amount of Fe3+ in the 
sample is consistent with traditional Mössbauer analyses under 
ambient conditions (Fig. 2). At ambient conditions, doublet 1, 

pv

st

-4 -2 0 2 4

2
%

Velocity (mm/s)

R
e
la
ti
v
e
tr
a
n
s
m
is
s
io
n

FigurE 1. Representative X-ray diffraction pattern of the synthesized 
silicate perovskite sample. Full-profile Rietveld refinement of the 
spectrum showed that the sample was in the Pbnm perovskite structure. 
A small amount of stishovite (~10%, which is labeled st) is also detected 
in the pattern. The refined cell parameters are: a = 4.7981 (±0.0002), 
b = 4.9447 (±0.0002), c = 6.9231 (±0.0003) Å. The wavelength of the 
X-ray source was 0.368 Å.

FigurE 2. Ambient-condition Mössbauer spectrum of the 
synthesized 57Fe-enriched (Mg0.9,Fe0.1)SiO3 silicate perovskite. The 
spectrum was fitted with a three-doublet model, two assigned to Fe2+ in 
the A site and one to Fe3+. The amount of Fe3+ was determined based on 
the relative areas corrected for different recoil-free fractions of Fe2+ and 
Fe3+, and was found to be 25–30% of the total Fe content.
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with an abundance of 11% and a QS of 1.82 mm/s, is much less 
abundant than doublet 2, with an abundance of 74% and a QS of 
1.54 mm/s. These two doublets account for ~75–80% abundance 
of all iron sites.

It should be noted that the QS of the iron site arises from 
the interaction between the nuclear quadrupole moment and 
the non-spherical component of the electronic charge distribu-
tion described by its effective electric-field gradient (EFG) in a 
simplified model (Maddock 1997; Dyar et al. 2006). In general, 
the electric-field gradient in the vicinity of the 57Fe nucleus 
can be attributed to a lattice contribution from the crystal field 
produced by the surrounding ions and an electronic contribution 
from the non-spherical charge distribution of the electron shell 
surrounding the nucleus (Maddock 1997; Dyar et al. 2006). 
That is, the conversion of doublet 2 to doublet 1, as a function 
of pressure, can be attributed to the pressure-induced lattice 
distortion and enhanced effective electric-field gradient in the 
A site of the high-spin Fe2+ (McCammon et al. 2008) (Figs. 4 
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FigurE 3. Representative synchrotron Mössbauer spectra of 
(Mg0.9,Fe0.1)SiO3 silicate perovskite at high pressures. Corresponding 
energy spectra calculated from the fits are shown in the right panels 
(blue lines). Red dots: experimental SMS spectra; black lines: modeled 
spectra. The spectra were fitted to three iron doublets at 0, 5, 13, and 18 
GPa, whereas a four-doublet model was used starting at 24 GPa. The 
derived QS values are plotted in Figure 4. (Color online.)

FigurE 4. Derived quadrupole splitting (QS) of iron in (Mg0.9,Fe0.1)
SiO3 silicate perovskite at high pressures and 300 K. (Color online.)

FigurE 5. Relative doublet abundances of iron in perovskite at high 
pressures and 300 K. Doublets 1 and 2 are assigned to be high-spin 
Fe2+ in the A site. Curves associated with these doublets are shown to 
allow readers to follow their trends. Doublet 3 represents Fe3+, which 
undergoes a high-spin to low-spin transition at ~13–24 GPa, whereas 
doublet 4 represents residual, untransformed high-spin Fe3+ in the A 
site. (Color online.)

and 5). On the other hand, the QS and the 20–25% abundance of 
the doublet 3 assigned to the high-spin Fe3+ are not affected by 
increasing pressure up to 13 GPa, but start to change dramati-
cally above 13–18 GPa (Figs. 4 and 5). We note that high-spin 
Fe3+ is known to exhibit very low QS compared to Fe2+ because 
all five 3d electrons are unpaired and form relatively spherical 
electronic orbitals. Since high-spin Fe3+ shows very low QS in 
both the A and B sites (Fig. 6), it is rather difficult to distinguish 
its coordination from the QS values alone.

We have used a four-doublet model to adequately explain the 
spectral features starting at 24 GPa. The increase in abundance of 
doublet 1 with a QS of 3.8–4.1 mm/s is associated with decreas-
ing abundance of doublet 2 with a QS of 3.0–3.1 mm/s above 
13–18 GPa (Figs. 4 and 5). Although further increasing pressure 
appears to have a minimum effect on increasing the QS values, 
the abundance of doublet 1 increases with pressure concurrently 
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and continuously with a decrease in the abundance of doublet 
2 (Fig. 4). That is, more Fe2+ has exhibited extremely high QS 
of ~4.1 mm/s at higher pressures. Based on a total abundance 
of 20–25% and relatively low-QS values, doublets 3 and 4 at 
pressures above 24 GPa can be associated with doublet 3 of the 
high-spin Fe3+ at ambient conditions. The QS of doublet 3 jumps 
dramatically from 0.65 to 2 mm/s between 13 and 24 GPa, while 
doublet 4, with an abundance of ~5%, exhibits a very small QS 
of ~0.2 mm/s. Their total abundance and individual QS values 
are, however, not significantly influenced by further pressure 
increase (Figs. 4–6).

Based on the behavior of the derived hyperfine parameters 
and associated doublet abundances, we provide here a coher-
ent model to explain our observations, which are consistent 
with previous theoretical and experimental results (Fig. 6). The 
dramatic increase in the QS of doublet 3 can be explained as a 
result of the high-spin to low-spin transition of Fe3+ in the B site 
between 13 and 24 GPa, which is believed to be accompanied 
by a noticeable volume reduction in the unit cell of perovskite 
(Catalli et al. 2010; Hsu et al. 2011). Based on crystal field theory 
and recent first-principles theoretical calculations, the high-spin 
Fe3+ in the octahedral site has five 3d electrons that spherically 
occupy all five eg and t2g-like orbitals, each with relatively longer 
Fe-O bond lengths; low-spin 3d electrons of the B-site iron only 
occupy the non-spherical t2g-like orbitals hybridized with the 
surrounding oxygen ions with reduced Fe-O distances (Burns 
1993; Hsu et al. 2011). With increasing pressure, the internal 
octahedral bond lengths can be shortened enough to induce 
the spin-pairing crossover of Fe3+. The high-spin to low-spin 
transition in the B-site Fe3+ results in a significant increase 
in the effective electric field gradient and thus the QS. Such 
increase in the QS across the spin-pairing transition has also 
been observed in the rare-earth orthoferrite perovskites (LaFeO3 
and PrFeO3), which have the same perovskite structure (Xu et 
al. 2001; Rozenberg et al. 2005). On the other hand, doublet 4 
with very low QS can be assigned to the high-spin Fe3+ in the A 
site. Residing in the large dodecahedral cage, the A-site Fe3+ can 

easily maintain longer Fe-O distances and remains in the high-
spin state up to 120 GPa, consistent with recent theoretical and 
experimental observations (Catalli et al. 2010; Hsu et al. 2011). 
This doublet is originally indistinguishable in the QS value from 
the high-spin Fe3+ in the B site, but becomes distinctive from the 
B-site low-spin Fe3+ across the spin transition (Fig. 6). Theoretical 
calculations further suggest that the high-spin Fe3+ in the A site 
has a slightly lower QS value than the high-spin Fe3+ in the B 
site, whereas the low-spin Fe3+ in the A site should have a much 
higher QS as well (Hsu et al. 2010, 2011) (Fig. 6). Based on 
our model, about half of the total Fe3+ should occupy the lattice 
through charge-coupled substitutions in the A and B sites (MgA

2+ 
+ SiB

4+ → FeB
3+ + FeA

3+) (subscripts denote crystallographic sites) 
(McCammon 1998; Catalli et al. 2010; Hsu et al. 2011), whereas 
another half of the total Fe3+ would exist in the lattice through 
oxygen vacancy substitutions 

Si O Fe  + 
1

2
V

B

4+ 2-

B

3+

O

0
+ →
1

2  

where V denotes an oxygen vacancy (Navrotsky et al. 2003).
Based on the dramatic increase in the QS values and subse-

quent redistribution of the A-site Fe2+ abundance, it is conceivable 
that the occurrence of the extremely high-QS values are related 
to the high-spin to low-spin transition of the Fe3+ in the B site at 
13–36 GPa. Similar to ferropericlase at high pressures (Lin et al. 
2005; Tsuchiya et al. 2006), the spin transition of the B-site Fe3+ 
in perovskite results in a noticeable volume reduction through the 
3d electronic configurations and shortened Fe-O distances in the 
octahedral sites (Catalli et al. 2010; Hsu et al. 2011), which in 
turn can change the local structural geometries, the iron atomic 
positions, and the bond lengths and angles of the A-site Fe2+. Such 
changes can be manifested in the dramatic increase of the QS 
values and the redistribution of the site abundance in doublets 
1 and 2 associated with the A-site Fe2+. As pressure increases 
further, the A-site Fe2+ with relatively low QS is continuously 
converted to doublet 1 component with extremely high QS. 
That is, the spin-pairing transition of the octahedral-site Fe3+ 
causes a volume reduction and a change in the local atomic-site 
configurations that can result in the significant increase of the 
quadrupole splitting in the dodecahedral-site Fe2+ at 13–24 GPa. 
The observed spin transition in the B-site Fe3+ can also help elu-
cidate the partial reduction in the total spin momentum observed 
in previous XES studies (Badro et al. 2004; Li et al. 2004).

Since theoretical predictions indicate that the spin-pairing 
transition causes a softening in the bulk modulus and bulk 
sound velocity of Fe3+-containing perovskite, it remains to be 
further understood as to how the spin-pairing transition affects 
our understanding of the geophysics and geochemistry of the 
lower mantle. 

Since Earth’s lower mantle is subject to pressures ranging 
from 23 to 136 GPa and high temperatures, low-spin Fe3+ likely 
becomes more stable in perovskite at lower-mantle conditions. 
The site abundance of the Fe3+ in the A and B sites thus indicates 
that both charge-coupled substitution and oxygen vacancy substi-
tution mechanisms proposed previously play equally important 
roles in the crystal chemistry of Fe3+ in the Al-free perovskite 
lattice. The spin-pairing transition of Fe3+ results in a volume 

FigurE 6. Quadrupole splitting (QS) of Fe in perovskite from recent 
experimental (left) and theoretical (right) results (Li et al. 2006; Jackson 
et al. 2005; Lin et al. 2008; McCammon et al. 2008, 2010; Bengtson 
et al. 2009; Grocholski et al. 2009; Narygina et al. 2009, 2010; Catalli 
et al. 2010; Hsu et al. 2010, 2011). Black arrows show the effect of 
increasing pressure on the QS values from this study. A and B represent 
two different crystallographic sites of Fe in perovskite. (Color online.)
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reduction of the octahedral site (Catalli et al. 2010; Hsu et al. 
2011), which then concurrently affects the lattice geometry and 
atomic site position of the high-spin A-site Fe2+ in perovskite. 
One can thus associate the dramatic increase in the extremely 
high-QS doublets of the A-site Fe2+ to the spin-pairing transition 
of the B-site Fe3+. Since theoretical predictions indicate that the 
spin-pairing transition causes a softening in the bulk modulus 
and bulk sound velocity of Fe3+-containing perovskite, it remains 
to be further understood as to how the spin-pairing transition 
affects our understanding of the geophysics and geochemistry 
of the lower mantle.
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