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The spin transition and substitution of Fe3+ in Mg0.85Fe3+
0.15Al0.15Si0.85O3 post-Mg-perovskite (PPv) syn-

thesized at 165–170 GPa, 2100 K were examined by X-ray emission spectroscopy (XES) and X-ray diffrac-
tion (XRD) during decompression to 37 GPa without annealing. XRD showed that samples were single
phase PPv down to 49 GPa, although the samples may have partly become amorphous. The result of
XES measurement indicates that Fe3+ is fully low spin (LS) for 165–100 GPa and Fe3+ largely changes from
LS to high spin (HS) between 80 and �40 GPa. These results combined with previous reports indicate that
Al and LS Fe3+ may occupy the A-(dodecahedral) and B-(octahedral) sites, respectively, as the favorable
cation sites for 165–100 GPa in Al-bearing PPv. Based on the present results on Fe3+ and recent theoretical
reports on Fe2+, the spin states of iron in lower mantle PPv are discussed.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

It is now widely recognized that pressure-induced high spin
(HS)–low spin (LS) transitions of iron in lower mantle minerals
can affect their structures and physical properties, iron partitioning
between those minerals, and thereby the dynamics of the lower
mantle (Badro et al., 2003, 2004; Zhang and Oganov, 2006; Lin
and Tsuchiya, 2008). However, spin transitions of iron in the major
iron-bearing lower mantle minerals are still not well defined ex-
cept ferropericlase (Fp). In particular, there have been large dis-
crepancies among the previous reports on spin transition of iron
in Mg-perovskite (Pv) (Badro et al., 2004; Jackson et al., 2005; Li
et al., 2006; Zhang and Oganov, 2006; McCammon et al., 2008,
2010; Lin et al., 2008; Catalli et al., 2010a; Hsu et al., 2011). Mean-
while reports on spin transition of iron in post-Mg-perovskite (PPv)
are very limited (Zhang and Oganov, 2006; Lin et al., 2008; Jackson
et al., 2009; Catalli et al., 2010b; Yu et al., 2012). To rectify this sit-
uation, we have examined the spin transitions of Fe3+ in Fe3+AlO3-
bearing Pv and PPv by X-ray emission spectroscopy (XES) and X-
ray diffraction (XRD) in a leaser-heated diamond anvil cell (DAC).
The reason we used Fe3+AlO3-bearing samples is because recent
studies indicate that Fe3+ is more dominant than Fe2+, and the
ll rights reserved.
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coupled substitution, Mg + Si ¢ Fe3+ + Al, occurs in lower mantle
Pv (Frost et al., 2004; McCammon, 2005; Nishio-Hamane et al.,
2005), although the abundance and the substitution scheme of
Fe3+ in lower mantle PPv is not clear enough (Sinmyo et al.,
2006; Nishio-Hamane et al., 2007; Jackson et al., 2009; Andrault
et al., 2010; Sinmyo et al., 2011).

Our experimental studies on Al-bearing Pv indicate that Fe3+

occupies the dodecahedral site (A-site) and is HS below �50 GPa,
but above �60 GPa Fe3+ at the A-site replaces Al at the octahedral
site (B-site) and becomes LS, while Fe3+ remaining at the A-site is
HS up to 200 GPa (Fujino et al., 2012). In this case, it was proved
that the spin state of Fe3+ significantly depends on the site
occupancies of Fe3+ between the two cation sites and those site
occupancies are strongly controlled by the Fe3+–Al exchange
reaction between the two cation sites at high temperature.

With the spin state of Fe3+ in PPv, Zhang and Oganov (2006) the-
oretically predicted that in Fe2O3-bearing PPv Fe3+ at the A-site is
HS and Fe3+ at the B-site is LS at all mantle pressures. Catalli
et al. (2010b) reported the same spin states of Fe3+ at the two cat-
ion sites in Fe2O3-bearing PPv at 128–138 GPa using XRD and syn-
chrotron Mössbauer spectroscopy (SMS), although Jackson et al.
(2009) reported only one HS Fe3+ site by SMS for PPv which has
Fe3+ at both cation sites. The results of Catalli et al. (2010b) were
further supported by the recent first-principle calculations by Yu
et al. (2012). However, so far there has been no experimental re-
port on the spin state of Fe3+ in Al-bearing PPv, which is the key
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Table 1
Experimental conditions and results.

Sample (syn. P, T) Pressure at 300 K (GPa) Phasea by XRD Cell volume (ÅA
0

3) High spin ratio by XES

F004 162 PPv 116.4(4) 0.03
(165 GPa, 2100 K) 138 0.02

115 0.02
90 0.0
72 PPv 131.4(7) 0.20
49 PPv 151(7) 0.32

F005 165 PPv 116.2(7) 0.06
(170 GPa, 2100 K) 126 0.06

103 0.14
107b PPv 123.7(4)
78 0.15
60 0.35
37 amor 0.50

a PPv = post-Mg-perovskite, amor = amorphous.
b The XRD measurement was made 11 days after the XES measurement at 103 GPa, without turning the screws of the DAC.
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information along with that of Al-bearing Pv to clarify the spin
transition behavior of iron in the lowermost mantle, although
some theoretical studies were reported (Zhang and Oganov,
2006; Caracas, 2010). Here, we examined the spin state of Fe3+ in
Al-bearing PPv using XES and XRD. Our results indicate that Fe3+

in Al-bearing PPv is fully LS above�100 GPa. Based on these results
combined with previous reports, we discussed about relationship
between spin state of Fe3+ and site occupancies of Fe3+ at the two
cation sites, and then the spin transition behavior of iron in lower
mantle PPv.
Fig. 1. X-ray diffraction patterns of the samples at room temperature. PPv: post-
Mg-perovskite, B: NaCl (B2). The wave length of X-ray is 0.4136–0.4143 Å. The
refined cell parameters of PPv are a = 2.432(1) Å, b = 7.945(9) Å, c = 6.022(4) Å,
V = 116.4(4) Å3 for F004 at 162 GPa, a = 2.480(2) Å, b = 8.114(9) Å, c = 6.145(4) Å,
V = 123.7(4) Å3 for F005 at 107 GPa, and a = 2.63(4) Å, b = 8.8(2) Å, c = 6.53(4) Å,
V = 151(7) Å3 for F004 at 49 GPa, respectively.
2. Experiments

The PPv samples used for the experiments were synthesized
from gel with a composition of Mg0.85Fe3+

0.15Al0.15Si0.85O3 in a
DAC because PPv is not pressure-quenchable. For the XES and
XRD measurements of the samples, we used two different DACs,
denoted as F004 and F005. Both utilized 90–270 lm beveled dia-
monds and Be gaskets with 5 mm diameter and 1 mm thickness.
Gel was sandwiched by NaCl which was used as pressure medium
and thermal insulator, and loaded into a 30 lm hole in the Be gas-
ket. After pressurization to 165–170 GPa at room temperature, the
gel in the DAC was YLF laser-heated at �2100 K for 40–50 min, be-
cause the previous work showed that single phase MgSiO3 PPv
with 15 mol% FeAlO3 can be synthesized under such high pressures
(Nishio-Hamane et al., 2007). Throughout the present experiments,
pressures of the DACs at room temperature were determined by
the shift of the Raman spectrum of diamond via the method of
Akahama and Kawamura (2005).

The XES and XRD measurements of the samples were per-
formed at beam lines BL-12XU and BL-10XU, respectively, at
SPring-8. After the synthesis of the samples, the DACs F004 and
F005 were gradually decompressed down to 49 GPa and 37 GPa
at room temperature, respectively, without annealing the samples
to avoid phase transition to Pv. During decompression, XES and
XRD data were taken at selected pressures at room temperature.
The experimental conditions and obtained results are summarized
in Table 1.

In the XES measurements, the incident X-ray beam of 11 keV
was collimated to 10 lm, and entered the sample through the dia-
mond in the direction parallel to the load axis. The emitted kb X-
rays along the direction perpendicular to the load axis through
the Be gasket were detected by a Si detector. The X-ray emission
spectra were measured from 7020 to 7080 eV with a step of
0.5 eV. The energy resolution was approximately 0.8 eV. The XES
spectra of Fe3+ in powdered Fe2O3 at 0 and 77 GPa at room temper-
ature, which were measured before (Fujino et al., 2012), were used
as the reference spectra of HS and LS states of Fe3+, respectively.
Between the XES measurements, the XRD data were collected to
confirm the phase and obtain the cell parameters of the samples,
using X-rays with a wavelength of 0.4136–0.4143 Å and a collima-
tor of 15 lm. The diffraction patterns were recorded on a CCD
detector or an imaging plate, converted to one-dimensional diffrac-
tion profiles, and analyzed using the IPA and PDI packages (Seto
et al., 2010). Further details of the XES and XRD measurements
are reported in Fujino et al. (2012).
3. Results

The samples in DACs used for the XES measurements showed
diffraction patterns consistent with single phase CaIrO3-type PPv
plus NaCl (B2 structure) at the synthesis condition of
165–170 GPa (before heating), �2100 K and at the selected pres-
sures down to 49 GPa at room temperature (Fig. 1). However, the
peaks of PPv at 49 GPa (Fig. 1) are much broader than those at
162 and 107 GPa. This may be partly due to the deformation of
the samples under the differential stress and partly due to the
amorphousization of the samples, because the samples were
decompressed without annealing after the synthesis. At 37 GPa,
XRD only showed an NaCl (B2) pattern, indicating that the sample



Fig. 2. Pressure–volume relations of the samples at room temperature. The samples
by Nishio-Hamane and Yagi (2009) were synthesized at 170 GPa, 2000 K and
annealed at 1600 K at each pressure, while the present samples were synthesized at
165–170 GPa, 2100 K and not annealed after that. Here, the NaCl pressure scale
(Sata et al., 2002) is used. The dashed line of the data points by Nishio-Hamane and
Yagi (2009) is the approximation line by the 3rd Birch-Murnaghan equation of
state. The error bars of the data points of Nishio-Hamane and Yagi (2009) are within
the symbols.

Fig. 3. X-ray emission spectra of post-Mg-perovskite at room temperature. The
intensities are background-subtracted by the line connecting the averaged counts at
7020 and 7080 eV and normalized so that the integrated areas from 7020 to
7080 eV become 100, and the energies of kb peaks of respective spectra are aligned
with that of F005 at 37 GPa for comparison. The HS and LS spectra of Fe2O3 (black)
are also plotted. The error bars of the data points are nearly double of the widths of
the lines.

Fig. 4. The high spin ratio of Fe3+ with pressure, estimated from the least-squares
fitting of the XES spectra by the linear combination of HS and LS patterns of Fe2O3.
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became totally amorphous. The obtained cell volumes were com-
pared with those of PPv by Nishio-Hamane and Yagi (2009), which
was synthesized at 170 GPa, 2000 K using the same gel as for the
present samples (Fig. 2). Their XRD patterns were measured at
room temperature after annealing at 1600 K at each pressure dur-
ing decompression. In Fig. 2, the NaCl (B2) pressure scale (Sata
et al., 2002) is used because the present samples do not contain
Au which was used as pressure marker in Nishio-Hamane and Yagi
(2009). The pressures by the NaCl (B2) scale (Sata et al., 2002) were
5–8 GPa higher than those by the Raman spectrum shift of dia-
mond (Akahama and Kawamura, 2005) for 110–175 GPa in Fig. 2.
In Fig. 2, the cell volumes of the present samples at 173 GPa
(165 GPa by the diamond scale) and 170 GPa (162 GPa by the dia-
mond scale) were almost equal to those by Nishio-Hamane and
Yagi (2009). However, the cell volume of the present sample at
112 GPa (107 GPa by the diamond scale) was significantly smaller
than that by Nishio-Hamane and Yagi (2009). This large difference
of the cell volumes seems to be a result of differential stresses
formed in the present samples.

In X-ray emission spectra of F004 and F005 at room tempera-
ture (Fig. 3), the patterns of PPv between 165 and 115 GPa overlap
exactly with that of LS Fe2O3 and begin to deviate from it at
103 GPa. Then, the XES patterns significantly change from LS to
HS with decreasing pressure starting at 78 GPa and at the lowest
pressure (37 GPa) the pattern is intermediate between the HS
and LS patterns of Fe2O3. Here, the patterns at pressures below
�78 GPa may reflect the spin state of Fe3+ of partially amorphous
samples as revealed by XRD. In both F004 and F005 samples the
energies of the kb peaks gradually decreased with pressure as in
the previous reports for Pv (Badro et al., 2004). To estimate the
HS/LS ratios of Fe3+ from the XES spectra at respective pressures,
these spectra were fitted by the linear combination of the HS and
LS spectra of Fe2O3 to obtain the least-squared sum of the intensity
differences of the observed and simulated patterns by the succes-
sive approximation, using the ratio of HS and LS spectra and the
energy positions of both spectra as unknown parameters (Fujino
et al., 2012). The HS ratios of Fe3+ at respective pressures were
approximated by the refined ratios of HS spectra. The results are
summarized in Table 1 and plotted in Fig. 4.
4. Discussion

The XRD patterns of the present samples showed that the sam-
ples are single phase PPv within the detection limit down to
49 GPa, although the samples may have become partially amor-
phous below 100–80 GPa as suggested from the broadness of the
XRD peaks (Fig. 1), Formation of single phase PPv indicates that
the coupled substitution Mg + Si ¢ Fe3+ + Al occurs in our PPv sam-
ples and, although we could not directly measure the valence state
of iron, iron in our samples is virtually all Fe3+ because of the fol-
lowing reasons. The starting material gel was heated at 1000 K un-
der the atmosphere so that iron of the gel is only Fe3+, and
generally, there is no redox reaction as a whole in a laser-heated
DAC. Therefore, if the substitution mechanism other than
Mg + Si ¢ Fe3+ + Al occurs or Fe3+ is partially reduced to Fe2+ in
these samples, the product material must be a mixture of
PPv + other phase(s). However, the product material was single
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phase PPv by XRD, although the detection limit is not so high
(Fig. 1). The mechanism of Fe3+ substitution in Al-bearing PPv is
discussed later.

As observed in Fig. 4, Fe3+ in the present PPv samples remained
fully LS from 165 to �100 GPa during decompression without
annealing, and showed a significant change from LS to HS below
�80 GPa, although the latter pressure region is far outside the sta-
bility region of PPv. Catalli et al. (2010b) reported that in Fe2O3-
bering PPv Fe3+ nearly equally occupies the A- and B-sites, and
Fe3+ at the A-site is HS and Fe3+ at the B-site is LS for 128–
138 GPa. First-principle calculations (Yu et al., 2012) also predicted
that HS Fe3+ occupies the A-site and LS Fe3+ occupies the B-site for
Fe2O3-bearing PPv. Taking these results into consideration, the
present XES data indicates that in our Al-bearing PPv, all Fe3+ occu-
pies the B-site as LS Fe3+ and Al occupies the A-site, respectively, at
165 GPa, and this situation continues down to �100 GPa, because
our samples were decompressed without annealing and Fe3+ can
not move between the A- and B-sites. The Fe3+ at the B-site signif-
icantly changes from LS to HS between 80 and �40 GPa during fur-
ther decompression, although the samples may gradually become
amorphous below 100–80 GPa. Then, the question remains
whether the cation exchange reaction of Fe3+ at the B-site and Al
at the A-site would occur toward the more favorable cation distri-
butions or not if samples were annealed at high temperature dur-
ing decompression from 165 GPa. We think that such cation
exchange reaction would not occur between 165 and �100 GPa,
because the pressure-volume relation of the PPv samples by
Nishio-Hamane and Yagi (2009) in Fig. 2, which were synthesized
from the same gel as ours and annealed at 1600 K at each pressure,
does not show any change in the trend due to the change of cation
distributions between the two cation sites in the pressure range in
Fig. 2, as observed in our Al-bearing Pv samples (Fujino et al.,
2012). Above interpretation that the cation distribution of LS Fe3+

at the B-site and Al at the A-site is the favorable cation configura-
tion at pressures down to 100 GPa in Al-bearing PPv is consistent
with the prediction based on the first-principle calculations by
Caracas (2010) that in pure FeAlO3, [HSFe3+]A-site[Al]B-siteO3 Pv
transforms to [Al]A-site[LSFe3+]B-siteO3 PPv at 90 GPa, although in
our Pv HS Fe3+ becomes LS at lower pressure.

With the Fe3+ substitution in Al-bearing PPv, Zhang and Oganov
(2006) predicted that Fe3+AlO3 incorporation in PPv forms separate
Fe3+–Fe3+ and Al3+–Al3+ substitutions. However, so far there is no
experimental report that Fe3+, Al,-bearing PPv decomposes into
Fe3+-rich and Al-rich phases or Fe3+-rich and Al-rich domains in a
crystal. If the separate Fe3+–Fe3+ and Al–Al substitutions occur,
Fe3+ must occupies the A- and B-sites equally and the spin state
of Fe3+ becomes mixed spins (HS and LS), not fully LS which was
obtained in the present study, considering the experimental (Catal-
li et al., 2010b) and theoretical (Yu et al., 2012) results of HS Fe3+ at
the A-site and LS Fe3+ at the B-site in Fe2O3-bearing PPv. Zhang and
Oganov (2006) also predicted based on the separate Fe3+–Fe3+ and
Al–Al substitutions that Fe3+AlO3 incorporation into the MgSiO3

component decreases the Pv–PPv transition pressure. However,
this prediction was denied by the opposite experimental results
(Nishio-Hamane et al., 2007; Andrault et al., 2010) that Fe3+AlO3

incorporation increases the Pv–PPv transition pressure. This
behavior of Pv–PPv transition is well explained by our cation occu-
pancies of Al at the A-site and LS Fe3+ at the B-site, because the io-
nic radius of LS Fe3+ at the B-site (0.55 Å, Shannon, 1976) is very
close to that of Al at the B-site (0.535 Å) and therefore, AlLSFe3+O3

behaves in the same way as Al2O3 in the Pv–PPv transition (Tateno
et al., 2005).

Sinmyo et al. (2011) reported that Al-bearing PPv includes
smaller amounts of Fe2+ and Fe3+ than Al-bearing Pv and the
amount of Fe3+ is independent from the Al content. They also re-
ported that the ratio of Fe3+/

P
Fe in PPv is nearly equal to that of
the starting materials (up to Fe3+/
P

Fe = 0.57) except for the start-
ing materials with very low Fe3+/

P
Fe. From these results, they sug-

gested that the Fe3+–Al coupled substitution is not a primary
mechanism of Fe and Al substitutions in PPv. However, the possible
mechanism of Fe3+ substitution in their PPv samples may be sepa-
rate Fe3+–Fe3+ and Al–Al, separate Fe3+–Al and Al–Al, or (Fe3+,Al)–
(Fe3+,Al) substitution(s). Either substitution mechanism is possible
for Fe3+. To specify the mechanism of Fe3+ substitution, some extra
data is required. With their samples, it is natural that the amount
of Fe3+ appeared independent from the Al content because the
amount of Al is larger than that of total iron in most starting mate-
rials, and probably exceeds the solubility limit of Fe3+AlO3 compo-
nent in PPv. In the present experiments, the starting materials
contain only Fe3+AlO3, no Fe2+. Therefore, the possible Fe3+ substi-
tution mechanism may be separate Fe3+–Fe3+ and Al–Al or Fe3+–Al
coupled substitution(s). Then, from the full LS state of Fe3+ by XES
data in our samples, the Fe3+–Al (actually Al–Fe3+) coupled substi-
tution becomes the most possible Fe3+ substitution mechanism in
our samples. Therefore, our estimation of Fe3+–Al coupled substitu-
tion does not conflict with the results by Sinmyo et al. (2011). We
think that the results by Sinmyo et al. (2011) are important to con-
sider the substitutions and spin states of iron in Al-bearing PPv
which involvs both Fe2+ and Fe3+ and coexists with other iron-bear-
ing FP and Pv phases, as discussed in the next paragraph.

Now we consider the spin states of iron in Al-bearing PPv which
involves both Fe2+ and Fe3+ in the lower mantle. The present exper-
imental studies indicate that Fe3+ is always LS and at the B-site in
the stability region of Al-bearing PPv. With the spin state of Fe2+ in
PPv, so far the only experimental study is reported by Lin et al.
(2008) that Fe2+ at the A-site is in the intermediate spin (IS) state,
based on the high quadrupole splitting (QS) of Fe2+ in Mössbauer
spectra. However, recent first-principle calculations revealed that
the high QS of Fe2+ at the A-site in Mössbauer spectra should be as-
signed to the HS state of Fe2+ at high pressure, and IS and LS states
of Fe2+ at the A-site in PPv are unstable at the lowermost mantle
conditions (Yu et al., 2012). Combining these reports on the spin
state of Fe2+ in PPv with our experimental results on the spin state
of Fe3+ in Al-bearing PPv, the spin states of iron in Al-bearing PPv in
the lowermost mantle are considered in the following way. Fe2+ is
always at the A-site and HS, while Fe3+ is always at the B-site and
LS, and there is no spin transition of iron in PPv within the whole
lowermost mantle pressures. However, in the lowermost mantle,
PPv is coexisting with other iron-bearing phases, Fp and, in some
pressure region, Pv. In such circumstances, the partitioning of iron
among the iron-bearing phases is important. If PPv in the lower-
most mantle is depleted in both Fe2+ and Fe3+, differently from
Pv as suggested by Sinmyo et al. (2011), the effect of spin states
of iron in PPv may be reduced than previously imaged within the
stability region of PPv. However, the significant changes of the
Fe2+ and Fe3+ contents in the constituting phases and resulting
changes of the amounts of HS and LS Fe2+and LS Fe3+ in those
phases across the Pv–PPv phase boundary will largely affect the
dynamics of the lower mantle.
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