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Pressure effect on the electronic structure of iron
in (Mg,Fe)(Si,Al)O; perovskite: a combined synchrotron
Mossbauer and X-ray emission spectroscopy study up to 100 GPa
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Abstract We investigated the valence state and spin
state of iron in an Al-bearing ferromagnesian silicate
perovskite sample with the composition (Mgg ggFeq g9)
(Sig.94Alg10)O5 between 1 bar and 100 GPa and at
300 K, using diamond cells and synchrotron Moss-
bauer spectroscopy techniques. At pressures below
12 GPa, our Mossbauer spectra can be sufficiently
fitted by a “two-doublet” model, which assumes one
ferrous Fe**-like site and one ferric Fe**-like site with
distinct hyperfine parameters. The simplest interpre-
tation that is consistent with both the Mossbauer data
and previous X-ray emission data on the same sample
is that the Fe®"-like site is high-spin Fe®", and the
Fe*-like site is high-spin Fe>*. At 12 GPa and higher
pressures, a ‘‘three-doublet”” model is necessary and
sufficient to fit the Mossbauer spectra. This model
assumes two Fe®'-like sites and one Fe’*-like site
distinguished by their hyperfine parameters. Between
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12 and 20 GPa, the fraction of the Fe**-like site, Fe**/
> Fe, changes abruptly from about 50 to 70%, pos-
sibly due to a spin crossover in six-coordinate Fe®".
At pressures above 20 GPa, the fractions of all three
sites remain unchanged to the highest pressure, indi-
cating a fixed valence state of iron within this pressure
range. From 20 to 100 GPa, the isomer shift between
the Fe’'-like and Fe?**-like sites increases slightly,
while the values and widths of the quadruple splitting
of all three sites remain essentially constant. In con-
junction with the previous X-ray emission data, the
Mossbauer data suggest that Fe®" alone, or concur-
rently with Fe®*, undergoes pressure-induced spin
crossover between 20 and 100 GPa.

Keywords Aluminum-bearing perovskite - Valence
state - Spin crossover - Synchrotron Mdssbauer
spectroscopy * X-ray emission spectroscopy - Pressure
effect

Introduction

Aluminum-bearing ferromagnesian silicate perovskite
(hereafter referred to as “Al-PV”) is believed to be
the most abundant phase in the Earth’s interior (e.g.
Anderson and Bass 1986; Liu 1974). It represents at
least one third of the total mass of our planet, more
than any other terrestrial phase. Theoretical consider-
ations and experimental investigations showed that the
valence state and spin state of iron can significantly
affect the crystal chemistry, density, thermal conduc-
tivity and electrical conductivity of its host phases
(Burns 1993; Badro et al. 2003; 2004; Fei et al. 2005;
Lin et al. 2005; Shannon and Prewitt 1969; Speziale
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et al. 2005; Wood and Rubie 1996; Xu et al. 1998).
Given its potentially far-reaching consequences, accu-
rate characterization of the electronic structure of iron
in Al-PV under the lower mantle pressure conditions is
necessary for our understanding of the nature and
dynamics of the Earth’s deep interior.

A number of studies have been carried out to
investigate the electronic structure of iron in Al-PV,
including ’Fe conventional Mdssbauer spectros-
copy and electron energy loss spectroscopy (EELS)
at ambient conditions (Lauterbach et al. 2000;
McCammon 1997; McCammon et al. 2004; Frost
et al. 2004), X-ray emission spectroscopy (XES) up
to Mbar pressure at ambient temperature (Li et al.
2004), and first-principle computations (Li et al.
2005). There are also numerous investigations on the
electronic structure of iron in Al-free PV (Jackson
et al. 2005 and references therein). The Mossbauer
and EELS data suggest that the fraction of ferric
ion (Fe*") in AlL-PV is a function of the Al content
(Lauterbach et al. 2000; McCammon 1997; McCammon
et al. 2004; Frost et al. 2004). The XES study
revealed a pressure-induced gradual loss of magnetic
moment in one AIl-PV sample between 20 and
100 GPa, indicating possible occurrence of mixed-
spin state and intermediate-spin state under high
pressures (Li et al. 2004). The first-principle compu-
tation results show that Fe®* undergoes a high-spin
to low-spin crossover between 97 and 126 GPa and
at 300 K, with no stability field for the intermediate-
spin state (Li et al. 2005).

To date in situ measurements on the valence state
of iron in Al-PV have not been performed under
high pressures. Mossbauer spectroscopy is an estab-
lished method for investigating the valence state of
iron (e.g. Bancroft et al. 1967; Wertheim 1964). Re-
cent developments in synchrotron Mdssbauer spec-
troscopy (SMS) have enabled in situ measurements
of small samples (<10 pum in thickness) with relatively
low iron contents (<10 at%) to Mbar pressures
(Jackson et al. 2005). The combination of electronic
spectroscopy with Maossbauer spectroscopy played
crucial roles in detecting the pressure-induced spin
transition in FeS at 6.7 GPa and 300 K (King et al
1978; Rueff et al. 1999), and in identifying the
intermediate-spin state in iron-bearing compounds
(Bancroft 1973). In this study, we apply the SMS
techniques to the same AI-PV sample that was
studied previously using the XES techniques (Li et al.
2004), in order to monitor the valence state of iron as
a function of pressure, and to derive new constraints
on the spin state evolution of iron in Al-PV under
lower mantle pressures.
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Experimental method
Synchrotron Mdssbauer spectroscopy experiments

Immediately following the X-ray emission study (Li
et al. 2004), SMS measurements were carried out at
beamline 3-ID of the Advanced Photon Source, Ar-
gonne National Laboratory. Three fragments of sam-
ples were investigated: One fragment was glued to a
beryllium foil for measurements at ambient conditions,
a second fragment was loaded into a wide-angle pan-
oramic cell (Mao et al. 2001), and the third fragment
was loaded into a separate diamond anvil cell that was
first used for the XES study to 100 GPa (Li et al. 2004),
and then used for SMS measurements at 100 and
80 GPa. In the panoramic cell, two flat diamonds with
600 pm culet size were mounted on carbide seats. An
X-ray transparent beryllium disc (1 mm thick, 5 mm in
diameter) was pre-indented to 50 um thickness and
drilled to create a 300 um gasket hole. The hole was
filled with amorphous boron, which was pressed be-
tween the two diamonds. A 100 um hole was drilled
into the compressed boron to create a sample chamber,
in which a fragment of AI-PV and several ruby grains
were loaded. The use of boron inner gasket with high
shear strength helps to maximize the thickness of the
sample chamber under pressure and increases the
pressure homogeneity (Lin et al. 2003). In the cell from
the XES study, high pressure was generated using a
symmetrical piston-cylinder type diamond-anvil cell
(Mao et al. 2001). Two beveled diamonds (about
300 pm bevel size and 150 pm flat culet size) were
mounted in the cell. An X-ray transparent beryllium
disc (1 mm thick and 5 mm in diameter) was pre-in-
dented to about 20 um in thickness then drilled to
create a 50-pm-sized sample chamber. A piece of Al-
PV sample and a few grains of ruby were loaded into
the chamber and sandwiched between the two dia-
monds. Sample pressure was determined from the
laser-induced fluorescence spectrum of ruby (Mao
et al. 1986; Zha et al. 2000). Near 100 GPa, the ruby
pressures were confirmed by the positions of the
Raman peaks of the diamonds.

The details of the SMS measurements are similar to
that described in Jackson et al. (2005). The electron
storage ring was operated in top-up mode with 23 bun-
ches that were separated by 153 ns. The incident X-ray
with a bandwidth of 1 meV was tuned to the nuclear
transition energy of °'Fe (14.4125 keV) using multiple-
crystal Bragg reflection monochromators (Toellner
2000). It was then focused to a spot size of 6 x 6 um?>
at the full-width half-maximum (FWHM) using a
Kirkpatrik-Baez mirror system (Eng et al. 1998). With a
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flux of 10° photons/s at the focal spot, sufficient counting
rate could be obtained on the small sample over half
an hour of acquisition time period. Nuclear resonant
scattering was observed in a time window of 20-120 ns
following excitation. Time spectra were collected at
ambient conditions on the Al-PV fragment loaded onto
a piece of beryllium foil, at 2-30 GPa on the Al-PV
fragment loaded in the panoramic cell, and at 100 and
80 GPa on the AIl-PV fragment in the symmetrical
piston-cylinder type cell from the XES study.

Evaluation of time spectra

The synchrotron Mdssbauer spectroscopic data were
evaluated following the same procedure as described in
Jackson et al. (2005). The CONUSS software was used
for analysis (Sturhahn 2000; Sturhahn and Gerdau
1994). For the fragment measured under ambient con-
ditions the thickness was fixed at about 3 pm >’Fe,
equivalent to about 150 pm Al-PV. For the fragments
in the diamond cells, we obtained 0.5 and 0.3 um 5Fe,
equivalent to about 25 and 15 um Al-PV, respectively.
The results were found insensitive to the exact thickness
values. Not always was it possible to vary all parameters
simultaneously. This situation is indicated by values
without errors (Table 1). The valence state of iron is
associated with specific ranges of the hyperfine para-
meters derived from the synchrotron Mdossbauer data.
The distinctly different electric field gradients (EFGs)
of Fe**- and Fe>*-like crystal sites permit us to deter-
mine the Fe**/ZFe ratio. At low pressures, a second
Fe**-like site is not required, as indicated by the dashes
in Table 1. The distribution functions of the quadrupole

splittings are of Gaussian type, and widths are given at
half the maximum of the Gaussian. The isomer shift for
pressures below 100 GPa is given with respect to the
Fe?*, as no external standard reference absorber was
used. With the exception of the 100 GPa data, a non-
zero isomer shift between the two Fe**-like sites did not
improve the fit quality. The isomer shift between the
two Fe?*-like sites was set to zero. At 100 GPa, the
isomer shift between the Fe**-like sites is 0.10(1) mm/s.

Results and discussion

The measured time spectra are shown in Fig. 1 along
with calculated curves using the best-fit parameters
listed in Table 1. The weight fractions and hyperfine
parameters of modeled iron sites as functions of
pressure are plotted in Fig. 2. At 1 bar and 3 GPa, a
“two-doublet model” provides a satisfactory fit to
the spectrum. Under higher pressures, a ‘“three-
doublet model” containing two Fe**-like sites and one
Fe**-like site is necessary and sufficient to fit the
spectra. The two Fe?*-like sites have the same isomer
shift but distinct quadrupole splittings. We labeled the
Fe**-like site with the smaller quadrupole splittings as
Fe?*,. This site was present at ambient pressure. The
Fe’*-like site with the larger quadrupole splittings
appeared upon compression and was denoted as Fe?",.
These doublets are broadened, probably due to dis-
tributed EFGs acting on the *’Fe nuclei. The “three-
doublet model” has been applied earlier to explain
Mossbauer data on (Fe,Mg)SiO5 perovskites at ambi-
ent pressure conditions (Fei et al. 1994) and in the high-
pressure regime (Jackson et al. 2005).

Table 1 The best-fit parameters from Mdossbauer spectroscopy measurements

P (GPa)  Fe* QS FWHM  Fe?*, QS FWHM  Fe’* QS FWHM IS
fraction (mm/s) (mm/s) fraction (mm/s) (mm/s) fraction (mm/s) (mm/s) (mm/s)

SMS fragment 1

0 - - - 0.46 (1) 2.11(1) 0.70 (1) 0.54 0.77(1) 0.31 (1) -0.70 (1)

SMS fragment 2, wide-angle DAC

3 - - - 0.47 (1) 2.09 (1) 1.19 (1) 0.53 0.90 (1) 0.48 (1) -0.42 (1)

12 0.07 (1) 2.40 (1) 1.05 0.40 (1) 220 (1) 1.29 (1) 0.53 0.89 (1) 0.60 (1) -0.32 (1)

20 0.09 (1) 3.49 (1) 0.35 0.13 (1) 2.65 (1) 0.26 0.78 0.89 (1) 0.83 (1) -0.20 (1)

30 0.10 (1) 3.55 (1) 0.36 0.15 (1) 275 (1) 0.27 (1) 0.75 0.88 (1) 0.81 (1) -0.21 (1)

SMS fragment 3, DAC <009

80* 0.11 (1) 347 (1) 0.04 0.15 (1) 2.55 (4) 0.14 (5) 0.74 0.81 (2) 0.74 (9) -0.14 (3)

100 0.11 (1) 345 (1) 0.03 0.15 (1) 2.60 (1) 0.08 0.74 0.80 (2) 0.75 (3) -0.06 (1)

Conventional Méssbauer measurements found that IS(Fe**) = 0.43, IS(Fe?*) = 1.12, with respect to alpha iron. Numbers in paren-
thesis are the uncertainties on the last reported digit, based on the 2¢ of the fitted parameters

QS quadruple splitting, FWHM full width at half maximum of the QS, IS isomer shift between Fe*>* and Fe?*

# Measured upon decompression
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Fig. 1 SMS time spectra (open circles) and calculated curves
with best-fit parameters given in Table 1 (solid lines). The
spectra are vertically offset for clarity

Characteristic hyperfine parameters of iron

In Mossbauer spectroscopy, the hyperfine parameters
of iron are determined by its valence state, spin state,
and crystallographic site (Bancroft et al. 1967; Ingalls
1964; Wertheim 1964). The isomer shift and quadru-
pole splitting arise from the electrostatic interaction of
a nucleus with its surrounding electronic charge. The
isomer shift measures the shift of the nuclear levels due
to a change in the s-electron density (Wertheim 1964).
The configurations of valence electrons in iron metal,
Fe?*, and Fe*' are [Ar]3d%4s?, [Ar]3d°, and [Ar]3d°,
respectively. Due to the screening effect of 3d elec-
trons, the s-electron density at the nucleus is the
highest in iron metal, and the lowest in Fe**, resulting
in positive isomer shifts for Fe** (0.8-1.3 mm/s for
six- or eight-coordinate sites in oxides) and Fe’*
(0.3-0.5 mm/s for six-coordinate sites in oxides) rela-
tive to iron metal (Bancroft et al. 1967). Experimental
data on a number of sulfides show that a high-spin to
low-spin transition in Fe?" leads to a reduction in the
isomer shift, consistent with an increase in the s-elec-
tron density as a result of volume contraction (King

@ Springer

Fig. 2 a Fractions of the three modeled iron sites as obtained
from fits of the time spectra. The two Fe**-like sites have the
same isomer shift but distinct quadrupole splittings. We labeled
the Fe?*-like site with the smaller quadrupole splittings as Fe>*.
This site was present at ambient pressure. The Fe**-like site with
the larger quadrupole splittings appeared upon compression and
was denoted as Fe?*,. Uncertainties are smaller than the symbols
size. b Quadruple splitting values derived from the time spectra.
The size of the bars gives the FWHM of the Gaussian
broadening. Symbols at 12 GPa are horizontally offset by
1 GPa for visibility. Shown as references are the ranges of
quadruple splitting values determined by conventional Moss-
bauer spectroscopy: 2H—high-spin Fe?* in oxides at ambient
conditions (Bancroft et al. 1967), 3H—high-spin Fe** in oxides at
ambient conditions (Bancroft et al. 1967), 2L°—six-coordinate
low-spin Fe?* in Fe$ at 7.7 GPa and in pyrite FeS, and marcasite
FeS, at ambient conditions (King et al. 1978), 3L°—one value for
six-coorindate low-sin Fe* in Fe,O; at 8 GPa and 4K
(Pasternak et al. 1999). ¢ Isomer shift between the Fe**-like site
and Fe?*-like sites from fits of the time spectra. Shown as
references are the ranges of isomer shift values determined by
conventional Mossbauer spectroscopy: 3H2H—between high-
spin Fe** (3H) and high-spin Fe** (2H) in oxides at ambient
conditions (Bancroft et al. 1967), 3H2L—between high-spin Fe>*
(3H) in oxides and low-spin Fe** (2L) in pyrite FeS, and
marcasite FeS, at ambient conditions (King et al. 1978). The
lower end of the 3H2H range and the upper end of the 3H2L
range extend beyond the scale of the plot

et al. 1978; Rueff et al. 1999). The isomer shift of low-
spin Fe’" is comparable to that of high-spin Fe>".
Reduction of isomer shift is also observed on Fe*" in
several chemical compounds (Bancroft 1973). Limited
data suggest that the isomer shifts of ferrous and ferric
ions in the intermediate-spin state are indistinguishable
from those in the low-spin state (Bancroft 1973). In this
study, we measured the isomer shift between the Fe*-
like site and Fe?*-like sites. To facilitate data analysis,
the ranges of literature values of isomer shift between
high-spin Fe** and high-spin Fe** and that between
high-spin Fe** and low-spin Fe>* at ambient conditions
are plotted in Fig. 2c as references.

Quadruple splitting is the result of the interaction
between the nuclear quadrupole moment and the
EFG. The two fundamental sources of the EFG are the
non-spherical distribution of the 3d valence electrons
belonging to the ferrous or ferric ions and the non-
spherical charge distribution of the neighboring ions in
the crystalline lattice (Ingalls 1964). The valence con-
tribution to the quadruple splitting is determined by a
number of factors including the valence state and spin
state. Of particular importance is the effect of crystal
field on quadrupole splitting, which is mainly to lift the
fivefold degeneracy of the 3d orbital states of the free
iron atom or ion, splitting it into a series of orbital
states of different wave functions and energies, which
may collectively produce a non-spherical charge dis-
tribution at the position of the nucleus (Ingalls 1964).
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The 3d orbitals are grouped into two sets, a set of three
known as the t,, orbitals in which the charge density is
localized between the coordinate axes, and a set of two
known as the e, orbitals in which the charge is localized
along the coordinate axes. Compared with other con-

figurations, a full (3ty, T3ty or 2e,T2e,l, where the up
and down arrows denote spin-up and spin-down,
respectively), half-full (3t,,T or 2e,T), or empty set
corresponds to a more symmetric valence charge dis-
tribution, hence having a smaller contribution to the
quadrupole splitting.

In the high-spin state, the quadrupole splitting of Fe**
(2.0-3.6 mm/s for six- or eight-coordinate sites in oxi-
des) is significantly larger than that of Fe** (0-1.1 mm/s
for six-coordinate sites in oxides) (Bancroft et al. 1967).
The large quadrupole splitting of high-spin Fe** may
arise from the preferential population of the lowest level
of the 3d orbitals (3t2gT26gT1t2g~L, which is the case even
for a cubic site, due to Jahn-Teller distortion), leading to
an asymmetric valence charge distribution (Wertheim
1964). The small quadrupole splitting of high-spin Fe**
can be attributed to the nearly spherical valence charge
distribution in a half-full 3d subshell of Fe** (3t,,T2¢,T),
especially when the crystal field is weak (Wertheim
1964).

Six-coordinate low-spin Fe?* in sulfides exhibits rel-
atively small quadrupole splitting values (0.4-0.6 mm/s)
(King et al. 1978; Rueff et al. 1999), which may be ex-
plained by fully populated 1, orbitals (StZgTStZg\L),
corresponding to a highly symmetric valence charge
distribution. One quadrupole splitting value was found
for six-coordinate low-spin Fe* in Fe,0; (2.0 mm/s at
82 GPa and 4 K, < 2.0 mm/s at 82 GPa and 300 K,
Pasternak et al. 1999). The large quadrupole splitting
of six-coordinate low-spin Fe®" is consistent with the
asymmetric valence charge distribution in the 3d sub-
shell, where five electrons occupy three #,, orbital
(3t2gT2t2g~L). In several chemical compounds, the
quadrupole splitting of six-coordinate iron at the inter-
mediate-spin state is found indistinguishable from that
of the low-spin state (Bancroft 1973), as expected from
the equally asymmetric valence charge distribution.

Some relevant quadrupole splitting values for high-
spin iron and six-coordinate low-spin iron are plotted
in Fig. 2b to facilitate data analysis.

Literature on the quadrupole splitting of interme-
diate-spin and low-spin iron in 8-12-coordinate site is
scarce. We try to make qualitative predications by
considering the symmetry of valence charge distribu-
tion according to crystal field theory. In the 8-12-
coordinate site, the e, orbitals are at lower energy
levels than the t,, orbitals. The electronic configura-
tions for the high-spin, intermediate-spin, and low-spin
Fe?* are 2egT3t2ngeg~L, ZegTthgTZegi, and 2e,T1ty,
TZeg\thzg\L, respectively, all having comparable sym-
metry. Consequently, a spin crossover in Fe** may not
have any detectable effect on the quadrupole splitting.
The electronic configurations of the intermediate-spin
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or low-spin Fe* in the 8-12 coordinate site are
ZegTthngegi, and 2egT1t2gT26gi, respectively, which
are less symmetric than that of the high-spin state
(2e413t5,T), where all five orbitals are half-full.
Therefore, the quadrupole splitting of 8-12-coordinate
Fe** may increase upon a crossover to a lower spin
state. These qualitative predications need to be tested
by direct measurements and theoretical calculations.

In addition to the valence state, spin state, and
coordination number, the quadrupole splitting is
influenced by site distortion, which reduces the effects
of valence charge distribution on quadruple splitting
(Bancroft et al. 1967; Ingalls 1964). In several Al-free
perovskite samples, the presence of multiple Fe**-like
sites with distinct quadrupole splittings has been
interpreted as a possible manifestation of the varying
degrees of site distortion that arise from different next-
neighbor configurations (Fei et al. 1994; McCammon
et al. 1992). On the other hand, it has been shown that
the quadrupole splitting of Fe** may be insensitive to
lattice distortion (Burns and Solberg 1990).

Site occupancy of iron and lattice distortion

The valence state and spin state of iron in perovskite are
intimately connected to the crystallographic site it
occupies. Knowledge on the site occupancy of iron
can greatly facilitate the interpretation of Mdssbauer
and X-ray emission spectra. Conversely, the hyperfine
parameters extracted from Mdossbauer spectra and the
spin state information given by X-ray emission spectra
may provide constraints on the site occupancy of iron. In
perovskite, iron may take the 8-12-coordinate site (also
known as the pseudo-dodecahedral site or the A site)
and/or the six-coordinate site (also known as the octa-
hedral site or the B site). Previous X-ray diffraction and
spectroscopy measurements have concluded that Fe**
resides in the A site (Fei et al. 1994; Jephcoat et al. 1999;
McCammon et al. 1992; Shen et al. 1994). The site
occupancy of Fe*" is less clear and may depend on the
Fe** content and/or Al content (Fei et al. 1994;
Frost and Langenhorst 2002; Jephcoat et al. 1999;
McCammon 1998). Atomistic simulation and element
partitioning studies suggest that Fe®* is likely to
enter the A site through the coupled substitution:
AFe™ 4+ BAP*(-)*Mg®" + BSi*", especially with a rela-
tively high Al content (Frost and Langenhorst 2002;
Richmond and Brodholt 1998). Our sample contains
comparable amounts of Fe** and AI’*. Since the smaller
trivalent cation Al** is expected to preferentially occupy
the smaller B site, it is likely that the larger trivalent
cation Fe*" enters the A site. In a Mdssbauer spectrum,
the width of quadrupole splitting (expressed as FWHM
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in Table 1 and as the uncertainty on quadrupole split-
ting in Fig. 2) may be affected by the site occupancy of
iron (Fei et al. 1994). At ambient conditions, the width
of the quadruple splitting (0.31 + 0.01 mm/s) is smaller
than that of an Al-free PV sample (0.51 + 0.10 mm/s,
Jackson et al. 2005), suggesting single site occupancy by
Fe**. On the basis of these considerations, it is very
likely that both Fe?* and Fe** are in the A site, although
we cannot rule out that some iron might be in the B site.

The chemical formula of our sample (MgggsFeqq9)
(Sig.94Alg10) showed an apparent excess occupancy in
the B site. This formula was derived from electron
probe analyses alone, with the simplifying assumptions
that all the iron is in the ferrous state and takes the A
site, and that all the AI’* takes the B site. Incorporating
the constraints on the valence state of iron from
Maossbauer spectroscopy measurements, and assuming
that both Fe?* and Fe** are in the A site, this formula
becomes (Mg0_87Fez+0,04Fe3+0405)(Si0.93A10.10)O3. There
is still an apparent excess occupancy in the B site,
indicating that at least a fraction of AI’* resides in the
A site.

There are two Fe®*-like sites in our Al-PV sample
under high pressure. Site reordering and variable site
distortion are among possible origins for the develop-
ment of the two sites with distinct quadrupole splittings.
Our experiments were conducted at room temperature,
under which condition site reordering does not seem
possible. In Al-PV, different neighboring cation con-
figurations may cause varying degrees of distortion (Li
et al. 2005). If compression enhances the initial differ-
ence in the degree of distortion, then it may lead to the
development of two sites. Another possible cause of
variable site distortion is non-hydrostatic stress, which
could cause deformation of the Fe-O polyhedra that
varies with its orientation with respect to the directions
of the principal stresses. If site distortion is the origin of
the two Fe®*-like sites, the appearance of the second
Fe**-like site with a larger quadrupole splitting (Fig. 2)
would indicate that a fraction of the Fe**-site become
less distorted upon compression, reducing the lattice
contribution to the quadrupole splitting (Ingalls 1964;
McCammon 1998). Above 20 GPa, the values and
widths of the quadrupole splitting of all three iron sites
remain essentially constant, indicating strong resistance
against further distortion of the local iron environment
after initial compression.

Valence state and spin state of iron at ambient
conditions

Basic properties of the lower mantle, including major
element distribution and electrical conductivity,
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depend critically on the valence state of iron in the
predominant phase perovskite (e.g., Wood and Rubie
1996; Xu et al. 1998). Another potentially important
parameter for geophysical models of the lower mantle
is the spin state of iron in the host mantle phases, as it
can influence the density, thermal conductivity, and
element partitioning of the host phases (Burns 1993;
Badro et al. 2003, 2004; Fei et al. 2005; Lin et al. 2005;
Speziale et al. 2005; Sherman 1988). In Mossbauer
spectroscopy, the valence state and spin state of iron
may be determined based on the characteristic hyper-
fine parameters of iron. At ambient conditions, the
large quadrupole splitting of the Fe**-like site and the
large negative isomer shift between the Fe*-like site
and Fe*'-like sites indicate that the Fe®*-like site is
high-spin Fe**. The small quadrupole splitting of the
Fe**-like site could be matched by high-spin Fe** or
six-coordinate intermediate-spin or low-spin Fe?*,
which have similar hyperfine parameters and cannot be
readily distinguished based on the Mossbauer data
alone. Additional insight into the nature of the Fe*-
site can be derived from the X-ray emission data. In
XES, the intensity ratio between the Kf’ satellite peak
and the Kf; 3 main peak reflects the number of un-
paired electrons in the 3d sub-shell, which is deter-
mined by the valence state and spin state of iron
(Fig. 3). Possible spin configurations can be deduced
from a comparison between the calculated intensity
ratios and observed values. If the 53% Fe>*-like site at
ambient condition is actually intermediate-spin or low-
spin Fe?*, then they will remain at the intermediate-
spin or low-spin state during compression, because
pressure can only induce a crossover toward a lower
spin state. At 20 GPa, the observed intensity ratio is
much higher than the expected value corresponding to
47% high-spin Fe** and 53% six-coordinate interme-
diate-spin or low-spin Fe**. Although the presence of
a small fraction of six-coordinate intermediate-spin or
low-spin Fe** cannot be excluded, the simplest inter-
pretation that is consistent with both the Mdossbauer
and X-ray emission data at ambient condition is that
the Fe?*-like site is high-spin Fe**, and the Fe**-like
site is high-spin Fe**. This conclusion supports the
statement that no evidence has been found for the
occurrence of low-spin iron in oxide at ambient con-
ditions (Burns 1993).

Pressure effect on the valence state of iron

Pressure-induced valence state changes have been re-
ported previously. Drickamer and coworkers observed
reduction of ferric ion to ferrous ion under high pres-
sure, probably due to charge transfer from ligand to
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Fig. 3 Comparison between the observed and calculated inten-
sity ratios between the Kf’ satellite peak at about 7.045 KeV (I)
and the Kf;3; main peak at about 7.058 KeV (I) in X-ray
emission spectra of the Al-PV. Solid circles with error bars are
experimental data (Li et al. 2004). Vertical lines and a bar shows
the ranges or the value of intensity ratios calculated for various
iron types, denoted by its valence state (2 = Fe?*, 3 = Fe*") and
spin state (H high-spin, M intermediate-spin, L low-spin). The
intensity ratio for each iron type is calculated according to I/
I = N/(N + 2)/c, where N is the number of unpaired electrons in
the incomplete 3d shell of iron, c is the empirical correction
factor (Tsutsumi et al. 1976). The calculated ranges of intensity
ratios reflect the range of values assigned to the correction factor
¢ (between 3 and 4), arising from the uncertainty in the actual
value of ¢ for iron in the Al-PV and its possible variation with
pressure, site occupancy, valence state, and spin state of iron.
Dashed lines indicate the ranges of intensity ratios calculated for
two possible spin states of iron in the Al-PV, by summing up
contributions from all iron types according to I'/I = Y (f; - Ni/
(N; + 2))/c, where the subscript i refers to a specific iron type, f;
refers to the fraction of i, N; refers to the number of unpaired
electrons in type i. The fraction of Fe*" is 53% (Table 1) and
does not change with pressure (the apparent change is attributed
to a possible spin crossover)

metal (Champion et al. 1967). The reverse reaction, i.e.
oxidation of ferrous ion to ferric ion, occurs in
Fe(OH), and was attributed to pressure-induced
deformation of OH dipole (Pasternak et al. 2004). A
third type of redox reaction, in which ferric ion
decomposes to form ferric ion and iron metal at high
pressure and high temperature, has been proposed
to account for the ferric ion in perovskite samples
synthesized from ferric-ion-free orthopyroxene starting
materials (Fei et al. 1994; Frost et al. 2004; Lauterbach
et al. 2000; Li et al. 2004; McCammon 1997). On the
other hand, a recent synchrotron Mdossbauer spectros-
copy study found that pressure alone does not alter the
valence state of iron in Al-free perovskite (Jackson
et al. 2005).

In our AI-PV, the fraction of Fe**-like site, Fe**/
> Fe, is about 50% at ambient conditions (Table 1;
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Fig. 2). During the initial compression to 12 GPa, the
fraction of the Fe®*-like site barely changes. Between
12 and 20 GPa, it increases drastically to 75%, then
remains essentially constant again up to the highest
pressure of our experiments. The abrupt changes occur
within a pressure range that is comparable to the ob-
served structural and spin transition in iron metal
(Rueff et al. 1999), suggesting that metallic iron may be
present in the starting material or it may have been
produced under high pressure through the above-
mentioned self-redox reaction. However, the assump-
tion of a minor amount of iron metal in the sample
resulted in a significantly worse fit to the time spectra,
and is therefore discarded. A simple charge balance
calculation for iron gives an average charge of +2.5 at
pressures below 12 GPa and +2.75 at pressures above
20 GPa. To account for the apparent increase in the
average charge of iron by an oxidation reaction, half of
the ferrous ion would have become ferric. At ambient
conditions, the volume of the Al-PV sample is at least
half of that of oxygen in the air that is trapped in the
sample chamber (including that between the AI-PV
grains). The density of the Al-PV is about four thou-
sand times that of air. Although the iron content of the
Al-PV is very low, the amount of O that is needed to
oxidize half of the Fe*" into Fe** is at least four times
of the amount of free O in the sample chamber. Hence
the increase in the fraction of the Fe**-like site between
12 and 20 GPa cannot be explained by an oxidation
reaction. Given the lack of evidence for redox reaction
and the insufficient supply of oxygen for oxidation
reaction in the diamond cell, we consider it unlikely
that the apparent valence change represents a real
change in the valence state of iron. Between 20 and
100 GPa, the essentially constant fraction of ferric ion
indicates that pressure alone does not alter the valence
state of iron in the AI-PV within this pressure range.

Pressure-induced spin crossover

Although structurally stable to a depth that is greater
than 2,000 km inside the Earth, pressure-induced
changes in the electronic spin state of iron have been
observed or indicated in both Al-PV and Al-free PV
within the lower mantle pressure range (Badro et al.
2004; Jackson et al. 2005; Li et al. 2004). Unlike the
well-known examples of spin transitions in pure Fe and
FeS (Rueff et al. 1999), which are abrupt changes in the
spin state accompanied by structural phase transitions,
a number of studies indicate that the loss of magnetic
moment in several perovskite samples occur gradually
with increasing pressure (Jackson et al. 2005; Li et al.
2004, 2005). Iron in perovskite has multiple valence
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states and may occupy multiple crystallographic site,
thus it may have a mixed spin state under certain
pressure and temperature conditions (Li et al. 2004).
X-ray emission data indicate the occurrence of inter-
mediate-spin state in perovskite under high pressures
(Li et al. 2004), although first-principle computations
found the intermediate-spin state of Fe** unstable (Li
et al. 2005). The possible occurrence of mixed spin state
and intermediate-spin state introduces much complex-
ity to the path of pressure-induced spin crossover in Al-
PV. Additional challenges in resolving the path come
from the uncertainties in the site occupancy of iron and
the presence of pressure gradient and non-hydrostatic
stress in the compressed sample. Amorphization of a
perovskite sample under non-hydrostatic compression
is another concern. A reduction of the non-hydrostatic
stress on the sample may be achieved by annealing the
sample using a laser beam. On the other hand, laser-
annealing may lead to cation reordering or induce
chemical reaction, thus affecting the electronic struc-
ture of iron in the sample. We did not anneal the
compressed sample. The presence of several iron sites
with distinct hyperfine parameters indicated that short-
range order was preserved, even though long-range
order might have been destroyed. Whether or not a
significant degree of amorphization occurred under
compression and how it affected the electronic struc-
ture of iron remains an issue of future investigation.
Independent constraints on the spin evolution of
iron as a function of pressure may be derived from the
synchrotron Mdssbauer data. In fact, inferences on
pressure-induced spin crossover in our sample between
ambient conditions and 20 GPa are entirely based
on the synchrotron Mossbauer data (Table 1; Fig. 2),
as no X-ray emission measurements were performed
within the pressure range that is outside the stability
field of the Al-PV. Upon initial compression, the iso-
mer shift between the Fe**-like site and the Fe**-like
sites increases considerably, indicating that the s-elec-
tron density at the nucleus of the Fe**-like sites in-
crease faster than that of the Fe*'-like site, possibly
because the Fe?*-like sites are more compressible, and/
or a gradual spin crossover takes place in the Fe**-like
sites. Meanwhile, the widths of the quadrupole split-
tings increase significantly, with little changes in the
values. If the isomer shift increase is due to a spin
crossover in the Fe**-like sites, then the nearly con-
stant quadrupole splitting value may imply that the
Fe”*-like sites belong to 8-12-coordinate Fe?*, because
the quadrupole splitting of six-coordinate Fe** de-
creases significantly upon a spin reduction, while that
of 8-12-coordinate Fe** may be insensitive to the spin
state. Between 12 and 20 GPa, the fraction of the
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Fe**-like site increases abruptly, accompanied by
reductions in the widths of the quadrupole splitting of
the Fe?*-like sites and an increase in the width of the
quadrupole splitting of the Fe**-like site. The similarity
between the hyperfine parameters of high-spin Fe**
and six-coordinate intermediate-spin or low-spin Fe**
suggest that a possible explanation for the apparent
change in the valence state between 12 and 20 GPa is
that six-coordinate Fe®* undergoes a pressure-induced
spin crossover from the high-spin to the intermediate-
spin or low-spin state and appears as part of the
Fe**-like site at 20 GPa (Fig. 2). The increase in the
width of quadruple splitting of the Fe**-like site is
consistent with the incorporation of intermediate-spin
or low-spin Fe** with a slightly different quadrupole
splitting value. It is likely that only the intermediate-
spin state has been reached at 20 GPa, as the X-ray
emission intensity ratio does not allow a significant
fraction of low-spin iron to be present at this pressure,
and the postulated spin crossover occurs within a
pressure range that is considerably lower than that of
the high-spin to low-spin crossover of Fe?* in ferro-
periclase (60-70 GPa, Badro et al. 2003) and that
of Fe** in hematite (50 GPa, Pasternak et al. 1999;
Badro et al. 2002). This interpretation implies that six-
coordinate Fe®" is in the high-spin state at ambient
conditions, which has been considered energetically
unfavorable because of the mismatch in charge and
jonic radius. On the other hand, if all the Fe?* resides
in the 8-12-coordinate site, a spin crossover may not
have any detectable effects on its quadruple splitting,
leaving the apparent change of valence state between
12 and 20 GPa unexplained. Since the hyperfine
parameters of high-spin Fe** and intermediate-spin or
low-spin Fe®>* may be comparable, one or both of the
Fe®*-like sites at 20 GPa could actually be intermedi-
ate-spin or low-spin Fe**. Accurate knowledge on the
site occupancy of iron will be helpful in resolving the
postulated spin crossovers outside the stability field of
the Al-PV.

Between 20 and 100 GPa, the XES intensity ratio
decreases continuously with increasing pressure, indi-
cating the occurrence of one or more gradual spin
crossovers towards lower spin states (Li et al. 2004).
The reduction in the intensity ratio can be matched by
a number of possible spin crossover paths which cannot
be distinguished based on the XES data alone. General
possibilities include (1) Fe®* alone transforms to a
lower spin state; (2) Fe** alone transforms to a lower
spin state; and (3) both Fe** and Fe®" transform to
lower spin states. If spin reduction occurs in both Fe**
and Fe**, the intensity ratio of the X-ray emission
spectrum at 100 GPa indicates that both ions do not

reach the final low-spin state at 100 GPa. An addi-
tional constraint on the spin evolution of iron is found
in the synchrotron Mossbauer data (Fig. 2). Between
20 and 100 GPa, the isomer shift between the Fe>*-like
site and the Fe®*-like sites increases slightly with
increasing pressure, whereas the fractions of the three
sites and associated values and widths of quadrupole
splitting remain essentially constant. The increase in
the isomer shift could be consistent with the possibili-
ties (1) and (3) but is the opposite of what is expected
for a spin reduction in Fe** alone. Thus, possibility (2)
can be excluded. Based on the characteristic hyperfine
parameters of iron that are described earlier, the nearly
constant fractions and quadrupole splittings do not
support a spin reduction on six-coordinate high-spin
Fe** or high-spin Fe**. If the qualitative predictions
based on crystal-field theory are applicable, and the
symmetry of valence charge distribution is the domi-
nant component in the quadrupole splitting of 8-12-
coordinate iron, then the nearly constant quadrupole
splittings would only allow an intermediate-spin to
low-spin crossover between 20 and 100 GPa. Further
understanding of the spin evolution requires quantita-
tive modeling of the hyperfine parameters as a function
of valence state, spin state, crystallographic site, and
pressure, especially for the 8-12-coordinate site and
the intermediate-spin state.

Conclusions

We show that the combination of synchrotron Moss-
bauer spectroscopy and XES can provide new con-
straints for the electronic structure of iron in AI-PV at
ambient conditions and the spin evolution of iron un-
der high pressures. Considering the broadening effect
of temperature on spin crossover in lower mantle
minerals (Sturhahn et al. 2005; Tsuchiya et al. 2006),
such combination would be particularly useful for
investigating the valence state and spin state of iron at
simultaneous high pressure and high temperature that
are prevalent in the Earth’s interior. Additional com-
plexities in the electronic structure of iron in Al-PV,
such as the appearance of the second Fe**-like site and
the apparent change in the fraction of Fe**-like site,
are revealed by our Mdssbauer study, which highlight
the need for quantitative modeling of the hyperfine
parameters of iron as a function of valence state, spin
state, crystallographic site, and pressure, and the need
for more accurate knowledge of the site occupancy of
iron. The measured hyperfine parameters can be used
to test and refine theoretical modeling of the electronic
structure of iron in lower mantle perovskite.
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