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Recent studies have indicated that a signi!cant amount of iron in MgSiO3 perovskite (Pv) is Fe3+ (Fe3+/
!Fe=10–60%) due to crystal chemistry effects at high pressure (P) and that Fe3+ is more likely than Fe2+ to
undergo a high-spin (HS) to low-spin (LS) transition in Pv in the mantle. We have measured synchrotron
Mössbauer spectroscopy (SMS), X-ray emission spectroscopy (XES), and X-ray diffraction (XRD) of Pv with
all iron in Fe3+ in the laser-heated diamond-anvil cell to over 100 GPa. Fe3+ increases the anisotropy of the
Pv unit cell, whereas Fe2+ decreases it. In Pv synthesized above 50 GPa, Fe3+ enters into both the
dodecahedral (A) and octahedral (B) sites approximately equally, suggesting charge coupled substitution.
Combining SMS and XES, we found that the LS population in the B site gradually increases with pressure up
to 50–60 GPa where all Fe3+ in the B site becomes LS, while Fe3+ in the A site remains HS to at least 136 GPa.
Fe3+ makes Pv more compressible than Mg-endmember below 50 GPa because of the gradual spin transition
in the B site together with lattice compression. The completion of the spin transition at 50–60 GPa increases
bulk modulus with no associated change in density. This elasticity change can be a useful seismic probe for
investigating compositional heterogeneities associated with Fe3+.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mg-silicate perovskite (Pv), with 5–10 mol% of Fe and Al, is the
most abundant silicate mineral in the Earth, with a stability from
660-km depth to several hundred kilometers above the core–mantle
boundary (Liu, 1976; Knittle and Jeanloz, 1987; Kesson et al., 1998;
Shim et al., 2001b; Lee et al., 2004). Based on recent studies of iron in
Pv, Fe3+ is emerging as an increasingly relevant component. Studies
using starting materials containing only Fe2+ found that Pv in its
stability !eld has a considerable amount of Fe3+: Fe3+/!Fe!16%
without Al and Fe3+/!Fe!50–75% with Al (McCammon, 1997).
Several studies (Frost et al., 2004; Zhang and Oganov, 2006; Auzende
et al., 2008) have shown that Fe2+ may disproportionate, creating
free Fe metal, enriching Pv with Fe3+. Frost et al. (2004) and
McCammon (2005) argued that the signi!cant amount of Fe3+ in Pv
is not the result of the oxidation state of the lower mantle, which is
expected to be reducing, but due to the crystal chemistry of Pv at high
pressure.

Badro et al. (2004) reported a high-spin (HS) to low-spin (LS)
transition in iron in Pv based on X-ray emission spectroscopy (XES),
that occurred as a two step process. Li et al. (2004), however, found a

gradual spin transition to occur both in Al-bearing and Al-free Pv
which was still incomplete at 100 GPa based on XES. Based on a shift
in the volume dependence of the relative center shift in synchrotron
Mössbauer spectroscopy (SMS), Jackson et al. (2005) proposed a spin
transition in the Fe3+-like site completing near 70 GPa. McCammon
et al. (2008) and Lin et al. (2008) observed an unusually high
quadrupole splitting for Fe2+ and intermediate satellite peak intensity
in XES, proposing a transition of Fe2+ from HS to intermediate spin.

In computational studies, Fe3+was found to be in the LS state in the
octahedral (hereafter B) site of Pv at all pressures relevant to themantle
and undergo a HS to LS transition in the dodecahedral (hereafter A) site
at 60–150 GPa (Zhang and Oganov, 2006; Stackhouse et al., 2007).
Stackhouse et al. (2007) showed that the transition pressure is highly
dependent on the local iron con!guration. Computational studies have
found that Fe2+ remains HS throughout themantle (Cohen et al., 1997;
Li et al., 2005; Zhang andOganov, 2006; Stackhouse et al., 2007). Amore
recent computational study (Umemoto et al., 2008) has shown that the
spin transition of Fe2+ is possible but limited to speci!c con!gurations
in Pv. In addition, computational studies do not support the stability of
intermediate spin Fe2+ (Li et al., 2005; Zhang and Oganov, 2006;
Bengtson et al., 2008; Bengtson et al., 2009). Therefore, Fe3+mayplay an
important role in the spin transition in Pv.

Fe3+ may also alter the properties of Pv. Increased Fe3+ in Pv has
been found to signi!cantly enhance the electrical conductivity (Xu
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et al., 1998). Also, Fe3+ may control the radiative conductivity of Pv in
the lower mantle (Goncharov et al., 2008; Keppler et al., 2008).
Although previous studies have investigated the equation of state of
iron-bearing Pv (Knittle and Jeanloz, 1987; Andrault et al., 2001;
Lundin et al., 2008), Fe3+/!Fewas notmeasured in those samples, and
Mössbauer studies have shown a wide range of Fe3+/!Fe values even
in the absence of Al (McCammon, 1997; Jackson et al., 2005).

There is a signi!cant amount of ambiguity in interpreting
Mössbauer results for Pv containing both Fe2+ and Fe3+ because of
overlapping values for the quadrupole splittings (QS) of HS Fe2+ and
LS Fe3+ as well as LS Fe2+ and HS Fe3+ (Li et al., 2006). Therefore, in
order to understand the spin state of iron and its effects on the
properties of Pv, it is important to distinguish between the effects of
Fe2+ and Fe3+. Andrault and Bolfan-Casanova (2001) demonstrated
that Pv can be synthesized from 75 mol% MgSiO3+25 mol% Fe2O3.
We found that Pv with all Fe in Fe3+ can be synthesized as con!rmed
by our Mössbauer spectroscopy, although according to the literature,
synthesizing Pv with all iron in Fe2+ is dif!cult (McCammon, 1997).
We have performed SMS and XES on a sample with Fe3+/!Fe=1 in
the laser-heated diamond anvil cell (DAC), allowing for reliable
assignment of spin state. In order to study the effect of the spin
transition on the equation of state of Pv, we performed XRD on ferric
Pv and compared it to that of Mg-endmember Pv measured using a
common pressure medium (Ar) and pressure standard (Au) (Lundin
et al., 2008). This allows for comparison between the systems that
would not otherwise be possible due to varied levels of deviatoric
stress and disagreement among common pressure scales at high
pressure (Shim et al., 2001a; Fei et al., 2004).

2. Experimental procedure

A glass starting material was synthesized from a mixture of
0.9MgSiO+0.1Fe2O3 (95% enriched 57Fe) using the containerless
laser levitation method in an O2 atmosphere in order to prevent
reduction during melting (Tangeman et al., 2001). The composition
was examined using electron microprobe on a randomly selected
glass bead. Measurements revealed a very homogeneous starting
material. However, there was a 5% and 3% loss of Mg and Fe,
respectively, during melting due to the volatility of these elements.
The amount of oxygen and iron measured using electron microprobe
indicates that all iron exists as Fe3+, which is also consistent with our
Mössbauer results.

The glasses were ground to a powder and mixed with 10 wt.% Au
for use as an internal pressure standard (Tsuchiya, 2003) for the XRD
study. For SMS, a couple of ruby grains were placed at the edge of the
sample for pressure determination (Mao et al., 1986) at 47–63 GPa.
Above this pressure the !rst-order Ramanmode of diamond, the anvil
material, was used to estimate pressure (Sun et al., 2005). Pressure in
XES was determined by ruby.

Symmetric type DACs were used in all experiments. Diamonds
with a culet size of 200 "m were used for measurements with a peak
pressure less than 75 GPa. Above this pressure diamonds with 100 or
150 "m beveled culets were used. Measurements in each respective
data set were taken from multiple sample loadings.

For XRD and SMS, the sample powder was pressed to a foil of
~10 "m thickness, and loaded into a preindented Re gasket. Ar was
cryogenically loaded into the DAC, acting as both an insulating and a
pressure medium. A few spacer grains of the starting material were
used to keep the sample foil from having direct contact with the
diamond anvils, because diamond has a high thermal conductivity. Ar
diffraction lines are well resolved to the highest pressures of our
study, con!rming the presence of a signi!cant amount of medium
(Fig. 1). Both the hexagonal close-packed (hcp) and face-centered
cubic structures of Ar are observed in some of our diffraction patterns,
likely due to the inclusion of a small amount of nitrogen during
cryogenic loading of Ar, which stabilizes the hcp phase (Wittlinger

et al., 1997; Catalli et al., 2008). For XES, 3 mm diameter Be gaskets
with an initial central thickness of 100 "m were used. A sample
platelet was pre-pressed and sandwiched between 5 "m layers of
dried NaCl and loaded into the gasket hole.

Angle dispersive XRD was performed at the GSECARS and HPCAT
sectors of the Advanced Photon Source (APS). Amonochromatic X-ray
beam with energy of 30 or 28 keV was focused to a size smaller than
10!20 "m2. The diffraction images were collected using either a
MarCCD detector or a Mar345 imaging plate. The downstream dia-
mond anvil was mounted on an X-ray semi-transparent cBN backing
plate, extending the measurable d-spacing to 1.1 Å. A total of 13–28
diffraction lines were used to constrain the volume of Pv using the
UnitCell program (Holland and Redfern, 1997). The volume of Au was
measured based on 2–5 diffraction lines and pressure was calculated
using the scale of Tsuchiya (2003). The uncertainty in pressure given
is the standard deviation in pressure based on the volume of gold
calculated from each individual diffraction line.

SMS was performed at Sector 3 of APS. The X-ray beam was
focused to an area of 6!6 "m2. The storage ring was operated in top-
up mode with 24 bunches separated by 153 ns. Nuclear resonant
scattering was measured in a time window of 15–130 ns following
excitation. Data collection typically took 2h (see Jackson et al., 2005;
Sturhahn and Jackson, 2007 for more information). SMS data were !t
using the CONUSS package (Sturhahn, 2000).

XES was performed at the HPCAT sector of APS. An 11.35 eV
monochromatic X-ray beam was focused down to 30!40 "m2 on the
sample. Emission was collected through the Be gasket. Collection time
was typically 8–16h. The sample and low-spin standard (Fe2O3)
spectra have been aligned according to their centers of mass relative
to a reference spectrum and normalized by total area following the
method by Vankó et al. (2006). We used the spectrum of an iron foil,
which has very low satellite peak intensity, for the reference spectrum
in the analysis.

Fig. 1. High-pressure X-ray diffraction patterns of ferric Pv synthesized from glass
starting material. Tick marks beneath each pattern show the locations of Pv peaks used
in the unit-cell !tting (!: unknown lines, !: Au pressure standard,+: N2,!: Ar pressure
medium, ": h.c.p. Ar). Backgrounds were subtracted.
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The Pv phase was synthesized by double-sided laser heating at
2000 K for 30 min at 50 GPa using an Nd:YLF laser at APS. In addition,
at each pressure above 30 GPa, the sample was scanned with the laser
at ~1800 K for 15 min to synthesize the stable structure at the new
pressure and to anneal deviatoric stress. For SMS above 100 GPa, we
did not anneal in order to avoid a phase transition from Pv to post-Pv
(PPv) at high temperature (Murakami et al., 2004; Oganov and Ono,
2004; Shim et al., 2004). Laser annealing was not used on decom-
pression in measurements conducted between 0 and 30 GPa, in order
to prevent transformation to the lower-pressure phase.

3. Results

3.1. Effect of Fe3+ on the structure of Pv

In order to examine the stability of Pv with Fe3+/!Fe=1, we
synthesized Pv at 45–50 GPa and 2000 K from a crystalline mixture of
0.1Fe2O3 hematite+0.9MgSiO3 enstatite and 0.9MgSiO3·0.1Fe2O3

glass. After laser heating of the oxide mixture sample, the major
diffraction lines are well explained by those of the Pbnm Pv structure,
which is consistent with the earlier observation by Andrault and
Bolfan-Casanova (2001). Furthermore, the diffraction patterns of Pv
synthesized from the oxide mixture agree well with those of Pv
synthesized from the glass starting material. These observations
suggest the thermodynamic stability of ferric Pv over a MgSiO3+
Fe2O3mixture. However, we also observedweak diffraction lines from
the high-pressure phases of SiO2 and Fe2O3 (Olsen et al., 1991;
Kingma et al., 1995; Ono et al., 2004; Shim et al., 2009) in some
patterns of Pv synthesized from the oxide mixture. The existence of
these minor lines may be due to inhomogeneity in the laser coupling
or inhomogeneity in the sample mixture.

The synthesis of ferric Pv from glass was performed between 47
and 52 GPa and 2000 K. Pure Pbnm Pv was synthesized without
evidence of other minor phases. Ferric Pv remains orthorhombic to at
least 106 GPa. In several diffraction patterns there is an unknown line
at ~3.4 Å that cannot be assigned to Pv, Au, Ar, Re or any known SiO2

or Fe2O3 phases (Fig. 1). It shifts at a much greater rate with pressure
than would be expected if it were diffraction from Pv, which suggests
that it is unlikely related to Pv.

The glass starting material contained a slight excess of Si due to
the volatile loss of Mg and Fe3+ during the containerless synthesis.
Therefore, if the synthesized Pv has the same cation ratios as the glass
starting material, it is possible that the synthesized Pv has some
amount of oxygen vacancies through oxygen vacancy substitution,
Si4+B + 1

2
O2"!Fe3+B + 1

2
V0
O,where the subscripts denote crystallogra-

phic sites and VO0 denotes an oxygen vacancy (Navrotsky et al., 2003).
Alternatively, Fe3+ can enter Pv through charge coupled substitution,

which will lead to an excess SiO2 phase coexisting with the Pv phase for
our starting material. Although no SiO2 phases, stishovite or the CaCl2-
type, are evident in our diffraction patterns, this does not preclude the
existence of an SiO2 phase as thedetection limit is likely ~5%. In addition,
our SMS and XES suggest approximately equal weighting of Fe3+ (see
Sections 2and3) intoboth theAandB sites of Pv,whichdoesnot support
a signi!cantamountof oxygenvacancies. Because computational studies
suggested the stabilization of charge-coupled substitution over oxygen
vacancy substitution for trivalent cations in Pv at higher pressure
(Brodholt, 2000), we synthesized Pv only above 47 GPa, which should
reduce the possibility of oxygen vacancies in ferric Pv.

We found that Fe3+ expands the volume of Pv relative to Mg-
endmember more than Fe2+ between 0 and 106 GPa: 17 mol% Fe3+

expands the volume at 1 bar (V0) by 2.1% whereas 15 mol% Fe2+

expands it by only 0.6% (Lundin et al., 2008) (Fig. 2). At 1 bar, HS Fe3+

is 45% larger than Si4+ whereas it is 11% smaller thanMg2+ (Shannon,
1976). Yet, HS Fe2+ is only 3% larger than Mg2+. Therefore, our
observation indicates that the expansion of the octahedra has a greater
effect on the volume of Pv than the contraction of the dodecahedra.

Fe3+ also increases the axial ratios (c/a and b/a) relative to Mg-
endmember Pv, whereas Fe2+ decreases them (Lundin et al., 2008)
(Fig. 3). This suggests that Fe3+ increases the anisotropy of the unit
cell of Pv whereas Fe2+ decreases it. Fe3+ enters into both the A and B

Fig. 2. (a)Measured volume of ferric Pv (black circles). The solid curve shows the EOS !t
split at 55 GPa. Error bars are given as 1!. Also shown for comparison are the EOSs of
MgSiO3 perovskite (dotted curve) and (Mg0.85,Fe0.15)SiO3 (dashed curve) (Lundin et al.,
2008). (b) Difference between the measured data and EOS !ts. The solid and open
circles are the residuals for the split EOS !t and the whole !t, respectively. The open
squares are the volume difference between ferric and ferrous Pv. The error bar for #V
estimated from both pressure and volume are shown for our best !t only. However, the
same error bar can be applied also for the other !t residuals. The gray area is the
pressure range where we found the completion of the Fe3+ spin transition.

Fig. 3. Axial ratios, (a) b/a and (b) c/a, of Pv with different compositions. Ferric Pv is
shown in solid circles, with the solid curves providing a guide for the eye. Ferrous Pv is
shown by the dashed curves, and Mg-endmember Pv by the dotted curves (Lundin
et al., 2008).
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sites, according to our SMS, whereas Fe2+ enters only the A site.
Therefore, Fe3+ will expand the volume of the octahedra, but it is
smaller than Mg in the A site, and thus will induce more octahedral
tilting, resulting in higher anisotropy of Pv.

3.2. Synchrotron Mössbauer spectroscopy

SMSwas performed at a series of pressures between 47 and 136 GPa
(Fig. 4). The spectra at 47 and 53 GPa consist of only two quantumbeats
while the spectra at 63 GPa and above consist of four quantum beats
with amore regular spacing between20 and 130 ns, indicating a change
in the electronic con!guration of Fe3+ between 53 and 63 GPa.

In order to extract Mössbauer parameters, the spectra were !t
with a two Fe site model. Attempts were made for one and three site
models, but the spectra require more than one site and three site
models did not improve the !tting. The obtained Mössbauer
parameters include the relative site weighting, quadrupole splitting
(QS), the full-width at half maximum (FWHM) of the QS, and the
relative center shift (#CS) between the two Fe sites.

The two Fe sites in ferric Pv show very different QS values, but with
a small #CS (Fig. 5). The QS value can be affected by oxidation state,
spin state (HS and LS), and coordination state (A and B sites). In this
study, all iron in Pv is Fe3+, making QS dependent primarily on spin
state and coordination state. In general, LS Fe3+ has a larger QS (~2.0–
3.5 mm/s) than HS Fe3+ (~0.0–1.5 mm/s). This has been shown to
be the case in the rare-earth orthoferrite perovskites (LaFeO3 and
PrFeO3) which have the same Pbnm perovskite structure: QS!
2.4 mm/s was observed for LS Fe3+ in the B site (Xu et al., 2001;
Rozenberg et al., 2005). Increased coordination number also increases
QS but to a lesser degree (~0.5 mm/s) (Dyar et al., 2006). Therefore,
the two Fe3+ sites we identify are distinguished more by their spin
state rather than their coordination state and the low and high QS
sites are assigned to HS and LS Fe3+, respectively.

The visible change in the spectra between 53 and 63 GPa is related
to an increase in the weighting of LS Fe3+ relative to HS, a slight drop
in the QS of each site, a drastic reduction in the width of the QS of the

HS site as well as a slight reduction in that of the LS site, and an
increase in #CS (Fig. 5). No further changes occur in the SMS above
63 GPa up to 136 GPa (Figs. 4 and 5).

We interpret these observations as following. Below 50 GPa, HS
Fe3+ exists in both the A and B sites and LS Fe3+ only exists in the B
site. Because coordination also changes QS but to a lesser degree, the
existence of HS Fe3+ in both sites results in the large QS distribution
for the HS Fe3+ site. However, because LS Fe3+ exists only in the B site,
it has a much smaller QS distribution (Fig. 5c).

At 50–60 GPa, all Fe3+ in the B site becomes LS and the A site is left
with only HS Fe3+ (therefore, mixed spin), which makes the
distributions of both sites small and similar to each other. This also
explains an increase in the relative population of the LS Fe3+ site. The
assignment of LS Fe3+ to the B site is also supported by computational
predictions (Li et al., 2005; Stackhouse et al., 2007).

The relative population above 60 GPa remains nearly constant at
60:40, whereas 50:50 is expected if all HS Fe3+ are in the A site and all
LS are in the B site. The relative population is obtained by assuming the
same Mössbauer responses, such as recoil-free fractions, from each
site, because no information exists. However, the two sites unlikely
have the same Mössbauer responses (Hawthorne, 1988). A similar
degree of offset in the site population was also found in the PPv phase
of Fe2O3 (Shim et al., 2009) where Fe must exist in two different sites
with equal weighting, as required by the crystal structure. This
example demonstrates that a reasonable uncertainty for this param-
eter is ±10%. The fact that the QS distribution for the LS and HS sites
becomes essentially the same above the transition suggests that they
are in separate crystallographic sites, i.e., the A and B sites of Pv. In
addition, as shown in Section 3.3, our XES indicates that the ratio
between HS and LS Fe3+ above 50 GPa is 50:50 within experimental
uncertainties. From these results, we conclude that Fe3+ substitutes
into Pv through charge coupled substitution (Mg2+A + Si4+B !
Fe3+A + Fe3+B ) rather than oxygen vacancy substitution.

3.3. X-ray emission spectroscopy

X-ray emission spectra of HS Fe consist of two main features: the
main K"1,3 peak near 7058 eV and the K"" satellite at lower energy
(Fig. 6). The K"" intensity is proportional to the average spin number
of iron in the sample, with a greater intensity equivalent to a higher
spin sample (Badro et al., 1999). Also, Vankó et al. (2006) showed that
the K"1,3 peak position shifts to a lower energy with a reduction in the
average spin of the sample.

We synthesized Pv at 50 GPa for XES. Between 48 and 67 GPa, no
change in the K"" intensity and the K"1,3 peak position were found
(Fig. 6). Upon decompression there is an increase in the K"" intensity
and the K"1,3 peak position. These observations indicate that the HS to
LS transition is a progressive transition with pressure up to 48 GPa,
above which there is no change in average spin. Above 48 GPa, the K""
intensity still remains higher than that in Fe2O3with LS Fe3+ at 46 GPa
(Badro et al., 2002), suggesting that some Fe3+ remains in HS in this
pressure range.

Assuming that the spectrum measured at 0 GPa represents com-
plete HS Fe3+, we obtained the fraction of HS Fe3+ at high pressure
(the inset in Fig. 6) using the difference in the satellite peak intensity
from that of the LS Fe2O3 spectrum at 46 GPa by Badro et al. (2002).
This reveals that the HS fraction decreases with pressure up to 48 GPa
and then remains constant above that pressure at approximately 50%,
within experimental uncertainties. The interpretation for the lower
pressure range is possible from XES, as no data point exists below
40 GPa in SMS, while the interpretation for the high pressure range
is in agreement with our SMS interpretation. We also note that
quantitative analysis of XES is affected by the choice of reference
spectrum. Unfortunately, appropriate standards for perovskite phases
with all iron in HS Fe3+ and LS Fe3+ are not available. Considering that
the structural differencewould affect the XES less (Vankó et al., 2006),

Fig. 4. Synchrotron Mössbauer spectra of ferric Pv at high pressure. The data points are
shown as dots while the curves are the best !ts using CONUSS. The relatively large gap
between the !t and observed spectra at 60–80 and 100–120 ns is due to the logarithmic
scale. The gap is only about 1–5% of the maximum intensity of the spectra which is
comparable to mis!ts in other spectral regions.
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a reasonable estimate for the uncertainty would be 10% for the spin
number calculated from the satellite intensity.

While SMS suggests that the spin transition in the B site completes
between 53 and 63 GPa, XES indicates 48 GPa. Considering experi-
mental uncertainties, including different pressure media and different
stress conditions along the radial (XES) and axial (SMS) directions of
the DAC, we believe that the transition pressure likely exists between
48 and 63 GPa.

3.4. Equation of state

In order to constrain the equation of state (EOS), we measured the
volume of ferric Pv synthesized from the glass starting material up to
106 GPa (Fig. 1). Because our data collected after heating above

106 GPa appears to be within the Pv+PPv mixed phase region
(Murakami et al., 2004; Mao et al., 2004; Shieh et al., 2006; Shim et al.,
2008), we restrict our data presented to those inside the Pv stability
!eld. Note that all the data points used for EOS !ts are obtained after
laser annealing to 2000 K except for the data points below 25 GPa. In
order to prevent synthesis of a low-pressure phase, we did not laser
anneal the samples below 25 GPa.

Fitting all of the P–V data between 0 and 106 GPa to the third-
order Birch–Murnaghan (BM) equation gives a bulk modulus of
K0=228±5 GPa at 1 bar, with a pressure derivative of K!0=4.5±0.3
for V0 !xed to 165.78±0.03 Å3, which was measured in this study.
The K0 and K!0 of ferric Pv are signi!cantly lower and higher,
respectively, than those of Mg-endmember and ferrous Pv measured
by Lundin et al., (2008) using the same Au scale. This comparison
indicates that Fe3+makes Pvmore compressible at lower pressure but
less compressible at higher pressure.

We explore the compressibility of ferric Pv relative to ferrous Pv by
calculating the differences between the measured volume of ferric
(17 mol%) Pv and the EOS of ferrous (15 mol%) Pv (Lundin et al.,
2008), V (ferricPv)"V (ferrousPv) (open squares in Fig. 2b). The
volume difference decreases with pressure below 55 GPa, suggesting
that the compressibility of ferric Pv is higher than ferrous Pv. Above
50–60 GPa, the volume difference increases with pressure, indicating
that ferric Pv becomes less compressible. In other words, the
compressibility changes near the pressure range where our SMS and
XES results indicate the completion of the HS!LS transition in the B
site. However, some systematic trends still remain in the !t residual
(open circles in Fig. 2b).

In order to examine the statistical signi!cance of the systematic trend
observed in V (ferricPv)"V (ferrousPv) and the !t residual, we consider
all the possible uncertainty sources. The largest source is from the
uncertainty in theabsolutepressure scale,which shouldbe~5%. Following
themethodby JacksonandRigden (1996),wepropagated theuncertainty
in pressure using !(#V)2=!(V)2+!(P)2(V/K)2 and presented them in
Fig. 2b. Without propagating the uncertainty in this way, the error bar
would only re"ect the precision of the volume measurements and not
take into account the pressure uncertainty. Even after considering this
uncertainty, the trend in V (ferricPv)"V (ferrousPv) remains signi!cant
(the open squares in Fig. 2b).

Because the spin transition is completed and the trend in V
(ferricPv)"V (ferrousPv) changes near 50–60 GPa, we !t our P–V

Fig. 5.Mössbauer parameters from !tting of data with CONUSS: (a) relative site weighting, (b) quadrupole splitting (QS), (c) full width at half maximum or distribution of QS values,
and (d) relative center shift (#CS). Lines are guides for the eye. All parameters for the LS site are given as solid circles while parameters for the HS site are given as open circles. Note
that the x-axis is split at 75 GPa and scaled differently above and below that pressure. The gray area is the pressure range where we found the completion of the Fe3+ spin transition
in the B site.

Fig. 6. X-ray emission spectra of ferric Pv at high pressure. The dotted curve is the
spectrum of LS Fe2O3 at 46 GPa by (Badro et al., 2002). The top inset shows the HS
fraction obtained from the K"" intensity difference (see the text for method). The K""
intensity difference is relative to LS Fe2O3 (Badro et al., 2002). A value of zero on the y-
axis refers to all Fe3+ in LS (average spin=1/2) and a value of 1.0 refers to all Fe3+ in HS
(average spin=5/2). The bottom inset shows in the position of the main K"1,3 peak
relative to the center of mass of the spectrum.
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data with two different pressure ranges, above and below 55 GPa.
Because of the strong correlation between K0 and K!0 (Bell et al.,
1987), the second-order BM equation is used for both pressure ranges.
The method described in Sata et al. (2002) and Shim et al. (2008) was
used by setting the reference state at 55 GPa instead of 1 bar, because
V0 for the trend above 55 GPa is unknown. This attempt somewhat
improves the !tting over using the entire pressure range in one EOS,
even though K!0 is !xed to 4. We obtained K55 GPa=439±2 GPa for
the lower-pressure data and K55 GPa=501±17 GPa for the higher-
pressure data, which is a 14±4% increase in bulk modulus at the spin
transition. However, density does not change at 55 GPa (Fig. 7a,b). The
!t residual of this scheme is less systematic and close to zero con-
sidering the uncertainty.

When the latter !tting results are projected to 1 bar, we obtained
K0=237±3 GPa for the lower-pressure data and K0=304±20 GPa
for the higher-pressure data. Compared with the bulk moduli of
15 mol% ferrous and Mg-endmember Pv, 259–261 GPa (Lundin et al.,
2008), which used the same pressure scale and the same pressure
medium, this !tting result suggests that Fe3+ makes Pv more
compressible during the spin transition, but less compressible after
the completion of the spin transition. This was also observed in !tting
all the data points in one third-order BM equation, suggesting that the
trend is robust and does not depend on the !tting schemes.

Below50–60GPa, compression in ferric Pv is accommodated byboth
lattice compression and the gradual spin collapse of Fe3+ in the B site.
For comparison, across the spin transition in ferropericlase, the size of
Fe2+ appears to decrease by 10% (Fei et al., 2007). Therefore, these
compressional mechanisms at low pressure would result in a greater
compressibility of the structure during the gradual spin transition. After
the completion of the gradual Fe3+ spin transition in the B site, volume
reduction is only achieved by lattice compression, which is re"ected by
the increase in bulk modulus after the spin transition.

4. Implications for the spin state of iron in Pv

Our results provide useful information for the spin state of iron in
Pv, which has recently been the subject of much debate (Badro et al.,

2004; Li et al., 2004; Jackson et al., 2005; Lin et al., 2008;McCammon et
al., 2008). A two step decrease in the satellite peak intensity in the XES
of Al-free Pv found by Badro et al. (2004) was not well understood,
because of the coexistence of Fe2+ and Fe3+. Interestingly, the
pressure range where the !rst drop was observed (40–60 GPa)
coincides with the pressure range where we observed a gradual spin
transition of Fe3+ in the B site. Therefore, the drop in theHS population
at lower pressure may be related to the spin transition of Fe3+.

In contrast, Li et al. (2004) reported a gradual loss of spin in both
Al-bearing and Al-free Pv in their XES. The gradual loss in Al-bearing
Pv may be due to the effects of Al. The smaller pressure range and
fewer data points for Al-free Pv in Li et al. (2004) make comparison
dif!cult. Also, Badro et al. (2004) annealed Pv, whereas Li et al. (2004)
did not, which could result in the difference.

Jackson et al. (2005) reported a gradual decrease in #CS below
70 GPa where CS becomes insensitive to pressure in their SMS of Pv.
They interpreted that the change might be related to a spin transition
in Fe3+. In fact, our results con!rm this interpretation. We note that
our measurements make unambiguous interpretation possible as Pv
contains only Fe3+ in our study.

In computational studies, Stackhouse et al. (2007) and Zhang and
Oganov (2006) found that Fe3+ in the B site is LS spin at all lower
mantle pressures, and undergoes a HS to LS transition in the A site at
60–150 GPa. Our results on the spin state of Fe3+ in the B site are
largely consistent, as our XES results show that LS Fe3+ exists in Pv at
26 GPa (Fig. 6). The difference here, is that not all Fe3+ in the B site is
LS until higher pressures. We do not see a spin transition in the A site
of Pv up to 136 GPa, which does not rule out the possibility at higher
pressures.

5. Implications for the lower mantle

Because the Fe3+ spin transition occurs only in the B site, it is
important to know whether mantle silicate Pv contains Fe3+ in the B
site. A single crystal study at 1 bar suggested that Fe3+ may exist only
in the A site, whereas Al preferentially enters the B site through charge
coupled substitution (Vanpeteghem et al., 2006). This is perhaps

Fig. 7. Pro!les of (a) density and (b) bulk modulus for ferric Pv (thick solid lines), ferrous Pv (thin dashed curves), and Mg-endmember Pv (thin dotted curves) (Lundin et al., 2008),
and PREM (Dziewonski and Anderson, 1981) (open circles). In (b), we present bulk modulus pro!les calculated from !tting all the data in one third-order BM equation (thick solid
line with solid squares) and !tting the data to two second-order BM equations by dividing them at 55 GPa (thick solid line with open squares). Note that the pro!les for Pv are
calculated at 300 K. The arrows shown represent the expected thermal effect at 2000 K on these parameters for Mg-endmember Pv (Fiquet et al., 2000). The gray area is the pressure
range where we found the completion of the Fe3+ spin transition.
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because HS Fe3+ is 15–20% larger than Al when octahedrally
coordinated (Shannon, 1976). However, after the spin transition at
high pressure, LS Fe3+ is essentially the same size as Al, only about 2%
larger (Shannon, 1976). Therefore, they are likely to compete for the B
site at high pressure. Our preliminary SMS results for Pv with equal
amounts of Fe3+ and Al show that 30–50% of Fe3+ exists in the B site
at pressures above 40 GPa, supporting this argument (Catalli et al., in
preparation).

In Fig. 7, we compare the density and bulk modulus of ferric Pv
with those of ferrous Pv and the Earth's lower mantle, taken from the
Preliminary Reference Earth Model (PREM) (Dziewonski and Ander-
son, 1981). Because our measurements are conducted at 300 K, we
present pro!les at 300 K. For better comparison with PREM, the black
arrow in each !gure shows the approximate thermal effect (2000 K)
(Fig. 7) which was calculated based on the thermal parameters for
Mg-endmember Pv (Fiquet et al., 2000; Shim and Duffy, 2000). As
found in our study, the completion of the Fe3+ spin transition at 50–
60 GPa does not result in a noticeable effect on density, but does cause
changes in bulk modulus.

An important question for geophysical application is whether the
bulk modulus increase, or bulk sound speed increase, would be sharp
at lower-mantle temperatures. Because of the insuf!cient data cov-
erage in our SMS and XES and limited resolution in the P–V dataset,
it is unclear whether there would be a sharp or broad boundary
between the pressure regime where the gradual spin pairing occurs
(low pressure regime) and the pressure regime after the completion
of the spin transition (high pressure regime). Therefore, we consider
both the sharp (!tting the data to two second-order BM equations
split at 55 GPa) and broad (!tting the all data points to one third-
order BM equation) cases in Fig. 7b. Even if it is sharp, it is possible
that temperature or composition would broaden it (Sturhahn et al.,
2005; Li et al., 2005; Lin et al., 2007; Stackhouse et al., 2007). Also,
these two factors can in"uence the pressure (or depth) where the
boundary between the two regimes exists (Sturhahn et al., 2005;
Hofmeister, 2006; Bengtson et al., 2008).

If the transition is sharp in the mantle (the solid line with open
squares in Fig. 7), it would result in a velocity discontinuity (but
without a density change) in themid lower mantle, providing a useful
probe for the existence of Fe3+ in the lower mantle. If the transition is
gradual in the Earth's mantle (the solid line with solid squares in
Fig. 7), it will affect the velocity pro!le at the mid to lowermost
mantle, which, combined with laboratory measured density/velocity
pro!les, is critical for constraining the composition of the lower
mantle (Stixrude et al., 1992). The sharpness of the boundary between
the two pressure regimes found in this study remains to be
investigated in future studies. Nevertheless, our study shows that
the spin state of Fe3+ changes at mid lower mantle pressures and the
change is localized to a speci!c crystallographic site (B) in Pv. Also,
this transition likely affects seismic velocities in the lower mantle.

6. Conclusions

X-ray emission spectroscopy on Fe3+-bearing MgSiO3 perovskite
reveals a gradual spin transition from high-spin to mixed-spin
completing near 50 GPa. SynchrotronMössbauer spectroscopy results
demonstrate that Fe3+ in the B site of perovskite undergoes a spin
transition to 50–60 GPa where all Fe3+ in the B site becomes low spin.
However, Fe3+ in the A site remains high-spin throughout lower-
mantle pressures. Our volume measurements at high pressure
indicate that there is no discontinuous change in the density of ferric
perovskite associated with the completion of the spin transition.
However, equation of state !tting indicates that the bulk modulus
increases at the completion of the spin transition. In addition, we
found that the charge coupled substitution of Fe3+–Fe3+ for Mg–Si
increases the orthorhombic distortion of the perovskite structure, in
contrast to substituting predominantly Fe2+ for the A site, which

reduces the distortion. The elasticity change found at the completion
of the Fe3+ spin transition can be a useful probe for seismic in-
vestigations of the valence state of iron and compositional hetero-
geneities in the lower mantle.
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Calculations clarify the role of minerals’ electron
spins in Earth’s mantle
Laboratory measurements of the spin states are indirect and prone to ambiguities.

When a transition-metal com-
pound is subject to high pressure, its
electronic spin state can change, which
in turn can change its material proper-
ties. That spin-state crossover is of geo-
physical relevance because of the iron-
bearing minerals in Earth’s mantle and
because material properties affect the
speed of seismic waves. But the most
abundant mantle mineral—Fe-bearing
magnesium silicate perovskite (Pv)—is
a challenge to study, because it contains
three nonequivalent types of Fe atom. 

Experiments on spin states under
pressure probe the electron configura-
tion only indirectly, so computational
studies are necessary to resolve experi-
mental ambiguities and to connect 
measurements with the correct inter-
pretations and implications. Re-
searchers led by Renata Wentzcovitch
(University of Minnesota) have now
done a computational study of Fe atoms
in Pv.1 They found that one of the three
types of Fe undergoes a spin-state
crossover, which has a significant effect
on seismic waves and on mantle 
convection.

Go for a spin
Spin-state crossover arises from the be-
havior of electrons in a transition
metal’s partially filled d subshells. In an
isolated atom, all five d orbitals are de-
generate, but the degeneracy is lifted in
the anisotropic environment of a crys-
tal. For example, in an octahedral com-
plex, as shown in figure 1, the two or-
bitals that point directly at the
surrounding atoms are higher in energy
than the three that point between the
atoms. When that crystal-field splitting
is not too great, the d electrons find it
energetically favorable to spread out
among the orbitals so their spins can
align. Putting the material under pres-
sure tends to increase the splitting;
when it becomes great enough, the elec-
trons tend instead to fill the lower-
energy orbitals before occupying any of
the higher-energy ones. Because the
spin crossover involves the migration of
electrons between distinguishable or-

bitals, rather than being just a spin flip,
it can noticeably affect the length and
strength of chemical bonds.

Iron in Pv can be either ferrous (Fe2+)
or ferric (Fe3+). Ferrous Fe can replace
Mg in the crystal structure, and ferric Fe
can replace either Mg or silicon. Ferric
Fe has five d electrons, so its spin state,
as shown in figure 1, can change be-
tween S = 5⁄2 and S = 1⁄2. Ferrous Fe has six
d electrons, so it can undergo a
crossover from spin S = 2 to S = 0.

Ferrous wheel
The principal experimental techniques
to study spin-state crossover are Möss-
bauer spectroscopy and x-ray spec-
troscopy on laboratory samples. Both
techniques probe not the electrons but
the Fe nuclear energy levels, which are
affected by the electric field gradient at
the nucleus and thus by the electron
configuration. In 2008 two experimen-
tal groups studying ferrous Fe in Pv
found a crossover between two electric
field gradients that were too high to re-
sult from the low-spin, S = 0 configura-
tion.2 The experimenters thought, then,
that they were seeing a crossover be-
tween high spin (S = 2) and intermedi-
ate spin (S = 1). But according to theory,
such a spin-state change should be im-
possible.

Using techniques pioneered by
Wentzcovitch, Matteo Cococcioni, and
Peter Blaha, the computational team re-
solved the mystery.3 The change in the
electric field gradient, they found, was
due not to a spin-state crossover but in-
stead to a structural change in which an
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Figure 1. Spins under pressure. In a transition-metal compound, a d subshell is
made up of two groups of orbitals with slightly different energies. The energetically
favored configuration in a partially filled d subshell depends on the energy splitting
between the two groups: When the splitting is small, electrons prefer to align their
spins, even if some of them must occupy the higher-energy orbitals. But when the
splitting is large, the electrons fill the lower-energy orbitals first. Compressing the
material increases the splitting and thus can induce a spin-state crossover.

Figure 2. When a spin-state crossover
is accompanied by a change in unit-cell
volume, the result is a softening in the
material (measured by a reduction in
bulk modulus) compared to the hypo-
thetical case of no crossover. The higher
the temperature, the less prominent the
softening, but the wider the range of
pressures over which it occurs. (Adapted
from ref. 1.)
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Fe atom shifts position within a cage of
surrounding oxygen atoms. The d elec-
trons remain in the high-spin state all
the while.

Ferric crossover
The situation with ferric Fe in Pv is
more complicated because it can oc-
cupy two nonequivalent sites in the
crystal lattice. Last year an experimen-
tal study, at odds with the computa-
tional studies to date and with other ex-
periments, found that ferric Fe that
replaces Si undergoes a spin-state
crossover between 50 and 60 GPa
(equivalent to subterranean depths of
1400–1700 km), and that ferric Fe that
replaces Mg remains in the high-spin
state at all pressures relevant to Earth’s

mantle.4 Using the same method they’d
applied to ferrous Fe, Wentzcovitch and
colleagues verified that interpretation
unambiguously, and they explored its
geophysical consequences.1

The team found that for ferric Fe on
the Si site, the change from S = 5⁄2 to S = 1⁄2
causes the unit cell to shrink in volume
by about 1%. And the spin-state
crossover isn’t abrupt as a function of
pressure; at nonzero temperature, there
is a range of pressures over which high-
spin and low-spin unit cells coexist. At
those pressures, which in Earth’s man-
tle correspond to depths from about
1000 km to 2200 km, the material is sig-
nificantly more compressible than it
would be in the absence of a crossover,
because it’s relatively easy to nudge a

few more unit cells into the low-spin
state. As shown in figure 2, the higher
the temperature, the wider the
crossover’s pressure range, but the less
significant the softening. In contrast, for
ferric Fe on the Mg site, a change in spin
causes almost no change in volume, so
even if those Fe atoms did undergo
spin-state crossover, it would have little
effect. Johanna Miller
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Atoms in a BEC engineered to have spin–orbit 
coupling typical of electrons in a solid
By mimicking certain electromagnetic effects, researchers can use ultracold atomic gases to simulate
a wide range of many-body behavior.

Since the creation of a Bose–
 Einstein condensate (BEC) nearly
20 years ago, the toolbox for manipulat-
ing ultracold gases has greatly ex-
panded. Researchers have simulated
the transition from a bosonic superfluid
to a Mott insulator, led fermions contin-
uously from a molecular BEC to a
Bardeen-Cooper-Schrieffer superfluid
composed of widely spaced Cooper
pairs, and reproduced many other
 phenomena seen in condensed-matter
systems. And they want to do more. 

Researchers envision using ultracold
gases to simulate a real solid. For exam-
ple, interfering laser beams can create a
periodically varying potential energy in
which the atoms sit, reminiscent of elec-
trons in a crystal lattice; experimenters
can adjust the depth of the potential
wells or the interaction strength between
the atoms. The advantage of using an ul-
tracold atomic system is that it is much
cleaner than a real solid and allows ex-
perimenters to exert much greater con-
trol over the relevant parameters. 

To expand the types of simulations
that can be done, however, requires the
introduction of electromagnetic effects.
Without such effects, there’s no way to
reproduce fascinating behavior like the
quantum Hall effect or to further inves-
tigate semiconductor spintronics. But
how can one mimic electromagnetic ef-
fects when dealing with a gas of neutral
atoms? 

Engineering gauge fields
One answer is to use lasers in a creative

way to produce some of the same im-
pacts on neutral atoms that a magnetic
field has on charged particles.1 About a
year and a half ago, researchers from
the Joint Quantum Institute (JQI) of
NIST in Gaithersburg, Maryland, and
the University of Maryland, College
Park, used lasers to generate an effec-
tive magnetic field in a BEC (see
PHYSICS TODAY, February 2010, page
17). As proof, they observed vortices
that were produced while neutral
atoms encircled the effective flux lines.2

Some of the same JQI researchers
have now taken an important step fur-
ther and simulated the spin–orbit cou-
pling (SOC) between an atom’s spin and
its motion.3 For electrons, SOC usually
results from an electron’s motion in a
charge field; there’s no such charge field
for atoms moving in a BEC, so the JQI ex-
perimenters had to devise a way to sim-
ulate the same effect with lasers. They
also found a quantum phase transition
from a regime in which two spin states
coexist in the same region of space to one
in which they are spatially separate. The
team consists of JQI researchers Yu-Ju
Lin and Ian Spielman, as well as Karina
Jiménez-García, of JQI and the National
Polytechnic Institute of Mexico.

Jason Ho of the Ohio State Univer-
sity comments that the new work will
open many doors for future studies. A
natural extension will be to demon-
strate SOC in fermions as well as
bosons. In general, the SOC interaction
stems from a nonabelian gauge field, al-
though the kind simulated in the JQI

work is abelian. Such fields are being
widely explored for possible imple-
mentation of topological quantum com-
puting4 (see PHYSICS TODAY, March
2011, page 20, and the article by Sankar
Das Sarma, Michael Freedman, and
Chetan Nayak, July 2006, page 32). 

Patrik Öhberg of Heriot-Watt Uni-
versity in Edinburgh, UK, notes that the
new SOC technique allows experi-
menters to adjust parameters, such as
the coupling strength, that otherwise
are set by nature. In addition, it has re-
sulted in a new type of particle—a
boson with SOC—that has not been
studied before. In certain circum-
stances, he says, such a condensate
“might mimic relativistic dynamics,
even if it is ultracold.”

Artificial fields
In atomic physics, SOC is an interaction
between an electron’s spin and its mo-
tion about the nucleus; for solids, it’s the
link between the electron’s spin and its
motion in the charge field of the under-
lying lattice. Taking a broader view of
SOC, Spielman explains, his group
sought a way to link the internal spin of
an atom to its momentum. They did
that with a pair of laser beams. He and
his colleagues started with a BEC of 
rubidium-87 atoms. In place of an elec-
tron’s two spin states—up and down—
they focused on two particular hyper-
fine states of the 87Rb atom’s 5S1/2 F = 1
electronic ground state, referring to
them as pseudospin states. The hyper-
fine state with mF = 0 was taken to be the


