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[1] The electronic spin and valence states of Fe in post-
perovskite (Mg 75Feg.25)Si03) have been investigated by
synchrotron X-ray diffraction, Mdssbauer and X-ray
emission spectroscopy at 142 GPa and 300 K. Rietveld
refinement of the X-ray diffraction patterns revealed that
our sample was dominated by CalrO;-type post-perovskite.
Combined Mdssbauer and X-ray emission results show that
Fe in post-perovskite is predominantly Fe*" (70%) in the
intermediate-spin state with extremely high quadrupole
splitting of 3.77(25) mm/s. The remaining 30% Fe can be
assigned to two sites. Compared with recent studies, our
results indicate that the intermediate-spin Fe*" is stabilized
in CalrO;-type post-perovskite over a wide range of Fe
content, whereas the low-spin Fe*" is more dominant in the
2 x 1 kinked post-perovskite structure. The characterization
of these structural and compositional effects on the spin
and valence states of Fe in post-perovskite can help in
understanding the geochemical and geophysical behavior of
the core-mantle region. Citation: Mao, Z., J. F. Lin, C. Jacobs,
H. C. Watson, Y. Xiao, P. Chow, E. E. Alp, and V. B. Prakapenka
(2010), Electronic spin and valence states of Fe in CalrO;-type
silicate post-perovskite in the Earth’s lowermost mantle, Geophys.
Res. Lett., 37, 122304, doi:10.1029/2010GL045021.

1. Introduction

[2] (Mg,Fe)SiO; post-perovskite (PPv) is expected to be
the most abundant phase in the Earth’s D” region [Murakami
et al., 2004; Oganov and Ono 2004; Tsuchiya et al., 2004].
The PPv phase is found to be stable in the CalrOs-type
structure (Cmcm), but a number of kinked PPv structures,
formed by sliding the {010} planes of the perovskite (Pv)
structure with variation in the stacking sequence of SiOg
octahedral layers, have also been reported [Oganov et al.,
2005; Tschauner et al., 2008]. The occurrence of the
CalrO;-type PPv and the related kinked phases has been
used to explain seismological observations and geodynamic
modeling of the lowermost mantle region [e.g., Oganov
et al., 2005; Hirose, 2006].
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[3] It has been recently reported that Fe in PPv undergoes
spin-pairing transitions under lower mantle pressures [e.g.,
Lin and Tsuchiya, 2008]. The spin transitions of Fe and
variations in the Fe valence states can cause changes in
density, elastic properties, electrical conductivity and radia-
tive thermal conductivity of the lower mantle minerals [e.g.,
Lin and Tsuchiya, 2008; Ohta et al., 2008; Goncharov et al.,
2010]. Deciphering the electronic spin and valence states of
Fe in PPv thus provides new insights into the observed geo-
physical and geodynamic properties in the lowermost mantle
[Lin and Tsuchiya, 2008]. Despite recent experimental and
theoretical efforts, the Fe spin state in PPv remains highly
debated, likely due to its presence in two valence states
occupying different distorted crystallographic sites. For Fe*"
in particular, theoretical calculations suggested that it is in
the high-spin (HS) state at all mantle pressures [Stackhouse
et al., 2006; Zhang and Oganov, 2006], whereas the only
experimental study about Fe*" showed that Fe** is in the
intermediate-spin (IS) state in PPv with 40 mol.% Fe [Lin
et al., 2008]. We note that this relatively high iron content
is above the theoretical percolation threshold where the Fe
content is predicted to affect the electronic states in Pv, an
analog to PPv [Bengtson et al, 2008]. Furthermore, the
occurrence of the kinked 2 x 1 structure (P2/m) was observed
to significantly lower the Fe*" content, but increase the Fe**
in PPv [Jackson et al., 2009]. These studies thus raise the
question of how different PPv structures and compositions
can affect the Fe spin and valence states.

[4] Here we have conducted synchrotron X-ray diffrac-
tion (XRD), synchrotron Mdgssbauer spectroscopy (SMS)
and X-ray emission spectroscopy (XES) measurements on
PPv with 25 mol.% Fe at lowermost mantle conditions. The
presence of such Fe-rich PPv may explain the observed
ultra-low velocity zone in the D" region [Garnero and
McNamara, 2008]. High-resolution XRD was used to
refine the crystal structures of the synthesized PPv. SMS
provides information on the site occupancies and hyperfine
parameters of Fe in PPv [Dyar et al., 2006], whereas XES
can be used to quantitatively derive the total 3d spin
momentum of Fe [Vanko et al., 2006]. These combined
results enable us to provide much needed constraints on the
electronic spin and valence states of Fe in PPv with 25 mol.%
Fe in the CalrO;-type structure.

2. Experiments

[5] 57Fe-enriched polycrystalline enstatite, (Mgg 75,F€9.25)
Si0;, was used as the starting material (auxiliary material).

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045021.
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Figure 1. Angle-dispersive X-ray diffraction patterns of
PPv. (a) PPv at 142 GPa and 300 K with lattice parameters
a=12439(1) A, b = 8.038(3) A, and ¢ = 6.077(2) A.
(b) Rietveld refinement of PPv with NaCl. Full-profile
Rietveld refinement showed that approximately 96% of
the synthesized sample was in the CalrO;-type PPv (Cmcm)
phase, and the remaining PPv had a kinked 2 x 1 P2,/m
structure. The line below the ticks represents the intensity
difference between the collected X-ray data and refined re-
sults. Backgrounds of the spectra have been removed for
clarity. Incident X-ray wavelength \ = 0.3344 A.

The polycrystalline enstatite was compressed into disks of
~10 pm in thickness and 35 pm in diameter. The sample disk,
sandwiched between two dried NaCl layers of 5 um thick,
was loaded in a diamond anvil cell having a preindented
Be gasket with ¢cBN gasket inserts and beveled diamonds
(100 pm inner culet and 300 pm outer culet). The sample
assemblage was compressed to ~142 GPa and laser heated at
2000 to 2500 K for eight hours to fully convert enstatite to
PPv at 13-ID-D of the GSECARS, Advanced Photon Source
(APS), Argonne National Laboratory (ANL). The sample
was later used for XRD, XES and SMS experiments.

[6] XES measurements were conducted at HPCAT of the
APS, ANL with an incident X-ray energy of 11.3 keV and an
energy bandwidth of approximately 1 eV. Collection time for
each XES spectrum was about 40 minutes, and 35 spectra
were added together. A reference low-spin (LS) spectrum
was collected from ferropericlase (fp25, (Mgq.75F¢ep.25)0) at
90 GPa [Lin et al., 2010], whereas HS reference spectra
were collected from perovskite (Pv10,(Mgg oFeq, 1)Si03), {p25
and enstatite (Mg 75F€0.25)S103).

[7] High-pressure SMS experiments for enstatite and PPv
were conducted at HPCAT of the APS, ANL with an energy
resolution of approximately 2 meV. We took SMS spectra
for samples with or without a stainless steel foil (=10 pm
thick with natural >’Fe abundance) which was used as a
reference to determine the chemical shift (CS) of the Fe
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sites. Collection time was approximately one hour for
enstatite, and four to five hours for PPv.

3. Results

[8] The synthesis of PPv was confirmed by XRD
(Figure 1). Rietveld full-profile refinement using GSAS/
EXPGUI package [Toby, 2001] revealed that the sample was
96% dominated by the CalrOz-type PPv (Cmcm), except two
relatively weak peaks at 1.9809 A and 1.4621 A (Table S1).
These two peaks account for less than 4% in XRD intensity
of the sample and can be assigned to the 2 x 1 type PPv
(P21/m), a kinked structure of PPv formed by the variation
in stacking sequence of octahedral layers (Figure 1)
[Oganov et al., 2005; Tschauner et al., 2008].

[v] The XES spectra from three HS references, Pv10, {p25
and enstatite show negligible differences (less than 3% of
the complete measured energy range) (Figure 2). We note
that these samples contain various amount of HS Fe** and/or
Fe*" in different crystallographic sites. Based on both tra-
ditional and synchrotron Madssbauer analyses the Pv10
sample contains appr0x1mate1y 75% HS Fe*" in the A site
and 25% HS Fe** which may occupy both dodecahedral
and octahedral sites [McCammon, 1997; Lin and Tsuchiya,
2008]. The fp25 sample mainly consists of HS Fe** in
octahedral sites. The enstatite sample contains 25 mol.%
Fe** in both M1 and M2 sites. Comparison of these XES
spectra shows that HS reference spectra are independent of
the Fe site occupancy, valence states and crystallographic
sites, validating the use of these spectra as the HS references.
Here we have used fp25 at ambient conditions and 90 GPa as
the HS and LS references, respectively.
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Figure 2. Normalized X-ray emission spectra of iron.
(a) HS reference spectra: Pv10, fp25, and enstatite (En).
The differences between Pv10 and fp25, En and fp25 are
shown below the spectra. (b) PPv at 142 GPa and 300 K
compared with HS (fp25) and LS references (fp25). The dif-
ference between the sample (or HS reference) and LS refer-
ence is shown below the X-ray emission spectra, and is
within 3% of the measured spectra in both panels.
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Figure 3. Maossbauer spectra of PPv at 142 GPa and 300 K.
(a) Measured SMS spectrum (red circles) compared with the
evaluated results (black lines). (b) Modeled energy spectrum
from the evaluation of the SMS data in (a) with site 1 in red,
site 2 blue and site 3 green.

[10] Compared to the HS reference, the XES spectrum of
PPv shows a reduction in the intensity of the satellite
emission peak (K(") and an energy shift of the K3 main
peak (Figure 2). We further evaluated the collected XES
spectra using the Integrated Absolute Difference analysis
(IAD) in which the absolute difference between the sample
and LS reference is normalized and integrated [Vanko et al.,
2006]. Comparing this integral to that from the HS and LS
references, we derived the total spin momentum, S = 0.7(2).

[11] The SMS spectra were analyzed using the CONUSS
program (Figures 3, S1, and S2 and Table S2) [Sturhahn,
2000]. Evaluation of the SMS spectra of PPv at 142 GPa
and 300 K shows three distinct Fe sites with the most
abundant site (site 1) dominated by extremely high quad-
rupole splitting (QS) and relatively high chemical shift (CS).
Interpretation and assignment of the electronic states of the
Fe sites are addressed in the discussion below.

4. Discussion and Geophysical Implications

[12] Fe exists as both Fe*" and Fe*" in PPv at lowermost-
mantle conditions [Sinmyo et al., 2006, 2008]. As shown
from the SMS analyses of PPv (Table S2), site 1 with 70%
abundance and QS = 3.77(25) mm/s can be assigned to be
Fe?" in the A site [McCammon, 1997; Bengtson et al., 2009;
Jackson et al., 2009; Catalli et al., 2010]. Since our XES
analyses show S = 0.7(2), the most plausible explanation for
the site 1 is the occurrence of the IS Fe** in the A site. This
conclusion is consistent with that for PPv with 40 mol.% Fe
[Lin et al., 2008], but we emphasize that no Rietveld
refinement was provided by Lin et al. [2008]. The remaining
30% of Fe occupies two distinct Fe sites. The site 2 with
17% occupancy and QS = 2.53(25) mm/s is assigned to be
Fe*" in the LS state, whereas the site 3 could be either LS
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Fe" or HS Fe**. Our assignment of the Fe’" sites is pri-
marily based upon the derived S number from XES and
hyperfine parameters [Xu et al., 2001; Bengtson et al., 2009;
Catalli et al., 2010]. The amount of Fe>* assigned to these
two sites is consistent with literature values for Al-free PPv,
in which 10-30% Fe®" exists in quenched PPv [Sinmyo et al.,
2008]. Based on these discussion, we conclude that Fe in the
CalrO;-type PPv phase is predominantly Fe?" in the IS state
in the lowermost mantle with a certain amount (10-30%) of
Fe**. In light of our observations, the IS Fe*" and LS Fe’" in
PPv would be the potential cause for the observed increase in
the thermal and electrical conductivities in PPv [Ohta et al.,
2008; Goncharov et al., 2010], and thus can greatly affect the
dymanics of the lowermost mantle.

[13] Recent theoretical simulations indicate that Fe** in Pv
is stable in the HS state but unstable in the IS state at all
mantle pressures [Bengtson et al., 2009; Hsu et al., 2010].
Since PPv is the high-pressure polymorph of Pv, the QS of
Fe?* in PPv could be similar or related to that of Fe** in Pv.
The calculated QS of Fe** in Pv is 3.3-3.6 mm/s at lower
mantle pressures, consistent with our QS for Fe** in PPv.
However, the occurrence of the Fe?* site with extremely
high QS is explained as a result of atomic-site change in the
HS state [Bengtson et al, 2009; Hsu et al., 2010].
McCammon et al. [2008] have noted that high-degree lattice
distortions exist in Pv and may help stabilize the IS Fe*"
through strong Jahn-Teller distortions (Table S1), and high
temperature is generally expected to stabilize the IS spin
state from 30 GPa [McCammon et al., 2008]. Based on our
Rietveld refinement results, our PPv sample also exhibits an
increase in the octahedral tilting angles and a shortening of
the bond length which could stabilize the IS Fe** by Jahn-
Teller distortions (Table S1). Since much of our interpretation
of the IS Fe* is based on the XES analyses, incorporation
of the lattice distortions in future theoretical calculations as
well as theoretical understanding of the XES spectra involv-
ing multiple electronic transitions are all needed to resolve
the discrepancy between current experimental and theoreti-
cal results.

[14] Iron content in mantle minerals is known to affect the
stability of Fe spin states [Bengtson et al., 2008]. Since the
IS Fe*" in PPy is found stable with 25 mol% and 40 mol.%
Fe, it is conceivable that the IS Fe?" is stable over a wide
range of Fe content in PPv relevant to the D” region, where
Fe-enrichment may be expected. In addition, increasin§ Fe
content in PPv does not affect the hyperfine fields of Fe*" in
the dodecahedral sites, whereas the QS of Fe** appears to
increase with increasing Fe content (Figure S3) [Lin et al.,
2008; Catalli et al., 2010].

[15] We note that our Mossbauer spectrum of PPv with
25 mol.% Fe is significantly different from that in PPv
with 10 mol.% Fe by Jackson et al. [2009]. All of the Fe**
is reported to disproportionate into Fe*" and metallic Fe in
PPv at 110 to 120 GPa by Jackson et al. [2009], whereas
most of the Fe remains as Fe** in our study, consistent
with Lin et al. [2008]. Although the structure refinement
was not reported by Lin et al. [2008], re-examination of
the X-ray diffraction pattern indicates PPv is mostly in the
CalrOs-type structure [Lin et al., 2008]. The PPv sample
used by Jackson et al. [2009] is composed of multiple
phases, including 60% CalrO5-type PPv, 30% 2 x 1 PPy,
and 10% Pv. PPv in the kinked phases is predicted to be
formed through a series of stacking-fault intermediate
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between Pv and PPv by sliding the {010} planes of Pv.
The corresponding plane slips in Pv might introduce more
crystallographic defects favorable for Fe** to form Fe’*
and metallic Fe. On the other hand, it has been showed
that PPv can contain certain amount of Fe*" through self-
oxidation reaction from Fe** [Sinmyo et al., 2008]. Thus,
the presence of the kinked PPv phase with Pv may influ-
ence the valence and spin states of Fe in PPv.

[16] In conclusion, our study here showed that CalrOs-
type PPy predominantly contains the IS Fe*" at lowermost
mantle pressures, together with 30% Fe®". The Fe?' is
characterized by extremely high QS of 3.77(25) mm/s, and
is assigned to be in the IS state in the CalrO3-type PPv using
XRD, SMS and XES results. Together with the previous
report of PPy with 40 mol.% Fe, we find that Fe*" is stable
in the IS state over a range of compositions relevant to the
D” re§ion. The site occupancy and the hyperfine parameters
of Fe™" are not significantly affected by the Fe content, but
the addition of Fe increases the QS and decreases the CS of
the minor Fe*" sites. Although our observed extremely high
QS and relatively high CS of Fe*" in the A site are con-
sistent with recent theoretical predictions, the most plausible
interpretation for all of our experimental results is that Fe**
is stable in the IS state in the CalrOs-type PPv at lowermost
mantle pressures, whereas Fe in PPv with the kinked
structures is predominant Fe®" in the LS state.
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