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INTRODUCTION

Iron-bearing magnesium silicate perovskite, coexisting 
with small amounts of (Mg,Fe)O ferropericlase and CaSiO3 
perovskite, is thought to be the most abundant phase in Earthʼs 
lower mantle (e.g., Liu 1974; Jeanloz and Thompson 1983; An-
derson and Bass 1986; Ito 1989; Fiquet et al. 2000; Weidner and 
Wang 2000). Knowledge of the physical and chemical proper-
ties of such phases under conditions approaching those of the 
lower mantle is therefore essential to our understanding of the 
deep mantle. Of particular importance is the electronic state of 
iron-bearing magnesium silicate perovskite, because it can affect 
electrostatic charge balance and equilibrium defect concentra-
tions. Properties highly sensitive to such effects include rheology, 
transport properties, solubility of volatiles, and partitioning of 
major and trace elements in the lower mantle (e.g., McCammon 
1998a). For example, the electrical conductivity of lower mantle 
phases is strongly inß uenced by the valence state of iron (Li and 
Jeanloz 1990; Li et al. 1993; Xu et al. 1998; Katsura et al. 1998). 
X-ray emission spectroscopic (XES) data recently demonstrated 
a pressure-induced gradual loss of magnetic moment of the iron 
component in iron-bearing MgSiO3 perovskite (Li et al. 2003). 
Experiments on lower mantle phases suggest that iron-bearing 
magnesium silicate perovskite is the principal sink for ferric 

iron in the Earthʼs lower mantle (McCammon 1997, 1998a; 
McCammon et al. 1998). Therefore, knowledge of the behavior 
of iron in perovskite under the pressure conditions of the lower 
mantle is necessary for our understanding of this region within 
the Earth. 

There have been numerous studies performed on the crystal 
chemistry of (Mg,Fe)SiO3 perovskite, including extended X-ray 
absorption Þ ne structure (EXAFS) (Jackson et al. 1987; Farges 
et al. 1994), optical absorption spectroscopy (Shen et al. 1994; 
Keppler et al. 1994), single-crystal X-ray diffraction (e.g., Kudoh 
et al. 1990; Ross and Hazen 1990), electron microscopy (Wang et 
al. 1992), high-resolution powder X-ray diffraction (e.g., Parise 
et al. 1990; Mao et al. 1991; Jephcoat et al. 1999), atomistic 
simulations (Richmond and Brodholt 1998), XES (Li et al. 
2003), and 57Fe Mössbauer spectroscopy (MBS) under ambient 
conditions (e.g., Jeanloz et al. 1992; Lauterbach et al. 2000) and 
at a range of temperatures (McCammon et al. 1992; Fei et al. 
1994; McCammon 1998b). Nevertheless, in situ measurements 
of the pressure dependence of the proportion of Fe2+ and Fe3+ in 
(Mg,Fe)SiO3 perovskite have not been performed. 

Direct information on the electronic behavior of iron can be 
obtained by using Mössbauer spectroscopy. Conventional Möss-
bauer spectroscopy has been performed up to Mbar pressures in a 
diamond anvil cell using iron-concentrated samples (Pasternak et 
al. 1997). However, experiments under very high pressure using 
small samples (<50 μm) containing dilute iron concentrations 
(≤10 mol% iron) have not been performed with conventional 
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ABSTRACT

The electronic environment of the Fe nuclei in two silicate perovskite samples, Fe0.05Mg0.95SiO3 
(Pv05) and Fe0.1Mg0.9SiO3 (Pv10), have been measured to 120 GPa and 75 GPa, respectively, at 
room temperature using diamond anvil cells and synchrotron Mössbauer spectroscopy (SMS). Such 
investigations of extremely small and dilute 57Fe-bearing samples have become possible through the 
development of SMS. Our results are explained in the framework of the �three-doublet� model, which 
assumes two Fe2+-like sites and one Fe3+-like site that are well distinguishable by the hyperÞ ne Þ elds 
at the location of the Fe nuclei. At low pressures, Fe3+/ΣFe is about 0.40 for both samples. Our results 
show that at pressures extending into the lowermost mantle the fraction of Fe3+ remains essentially 
unchanged, indicating that pressure alone does not alter the valence states of iron in (Mg,Fe)SiO3 
perovskite. The quadrupole splittings of all Fe sites Þ rst increase with increasing pressure, which 
suggests an increasingly distorted (noncubic) local iron environment. Above pressures of 40 GPa for 
Pv10 and 80 GPa for Pv05, the quadrupole splittings are relatively constant, suggesting an increasing 
resistance of the lattice against further distortion. Around 70 GPa, a change in the volume dependence 
of the isomer shift could be indicative of the endpoint of a continuous transition of Fe3+ from a high-
spin to a low-spin state.
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Mössbauer spectroscopy, because the signals are too low. Recent 
developments in synchrotron Mössbauer spectroscopy (SMS) 
have led to an increase in photon ß ux density by many orders 
of magnitude (Gerdau and Waard 1999/2000; Sturhahn 2004). 
Agreement between SMS and MBS has been explicitly demon-
strated with powdered samples (e.g., Alp et al. 1995). SMS was 
used to characterize heterogeneous electron-transfer kinetics, 
and analysis of reaction end-member specimens by both SMS 
and MBS yielded comparable Mössbauer parameters, such as 
Fe2+/Fe3+ area ratios (Amonette et al. 2003). SMS was also used to 
monitor the electronic state of Fe2+ in hedenbergite (CaFeSi2O6) 
at pressures up to 68 GPa in a diamond anvil cell (Zhang et al. 
1999). The goal of this study is to observe the quadrupole split-
ting and weight fraction at the sites of the 57Fe nuclei to monitor 
the valence states of iron in (Mg,Fe)SiO3 perovskite under the 
pressure conditions where it is considered to be stable in the 
Earthʼs interior. In the present study, we extended the sensitiv-
ity limits of SMS and measured the electronic state of iron in 
(Mg,Fe)SiO3 perovskite between ambient pressure and 120 GPa 
using diamond anvil cells. 

EXPERIMENTAL METHOD

Sample description
The (Mg,Fe)SiO3 perovskite samples used in the present study are from the 

same synthesis experiment charge as described in Fei et al. (1994). Brieß y, the 
starting materials were synthetic Fe0.05Mg0.95SiO3 and Fe0.1Mg0.9SiO3 orthopyroxenes 
(92% 57Fe-enriched). The two perovskite samples were synthesized in a rhenium 
capsule using the multi-anvil apparatus at The State University of New York 
(Stony Brook) at 26 GPa and 1873 K for 57Fe0.05Mg0.95SiO3 (Pv05) and 1923 K for 
57Fe0.1Mg0.9SiO3 (Pv10). Both perovskite samples were examined optically, with a 
powder X-ray diffractometer, and with an electron microprobe, giving the follow-
ing bulk compositions: Mg0.951(7)Fe0.050(5)Si0.999(4)O3 and Mg0.906(10)Fe0.097(5)Si0.997(5)O3 
(Fei et al. 1994). Details of the iron site occupancy in perovskite will be discussed 
later. Trace amounts of stishovite were present in the diffraction spectra, but the 
concentration of iron in stishovite is negligible at these compositions (Kesson et 
al. 1995; Hirose et al. 1999; Miyajima et al. 1999). More details of the sample 
synthesis and characterization can be found in Fei et al. (1994). 

SMS method
We investigated the perovskite samples (Pv05 and Pv10) using the recently 

developed technique of synchrotron Mössbauer spectroscopy (SMS). Similar to 
conventional Mössbauer spectroscopy (MBS) this method permits us to determine 
distortions of electronic charges at the position of the 57Fe nuclei. The conÞ guration 
of the electron shell and the deviation of the local environment from cubic sym-
metry expresses itself in two parameters that are accessible to SMS measurements, 
the splitting of the excited nuclear state caused by an electric-Þ eld-gradient tensor 
(quadrupole splitting) and a shift of the nuclear states caused by the s-electron 
density in the nuclear volume (isomer shift). Other parameters like magnetic Þ elds 
can also be routinely obtained but are of no relevance in the present case.

The basic principles of SMS have been described previously (Sturhahn et 
al. 1998; Gerdau and Waard 1999/2000; Sturhahn 2004), and the advantages of 
synchrotron-based techniques for high-pressure research using diamond anvil 
cells (DAC) have been recognized in general (e.g., Hemley 1998) and for SMS 
in particular (e.g., Zhang et al. 1999; Lübbers et al. 1999). The different experi-
mental approaches of more traditional methods of MBS (e.g., Hawthorne 1988) 
and SMS are illustrated in Figure 1, and the comparison reduces to an evaluation 
of the properties of the used radiation source. Synchrotron radiation and γ-rays 
emitted by a radioactive source have very different properties. However, both types 
of sources permit Mössbauer experiments aiming at the extraction of hyperÞ ne 
parameters, e.g., quadrupole splittings and isomer shifts. Synchrotron radiation 
is emitted in short (<100 ps) intense pulses that repeat periodically. On the other 
hand, the emission of photons from radioactive sources is random in time. The 
situation is inverted if we analyze the energy bandwidths, which are on the order 
of meV for monochromatized synchrotron radiation but only about the natural 

line width (Γ = 4.66 neV for the 14.4125 keV resonance of the 57Fe isotope) 
for a suitable radioactive source. This reciprocal behavior strongly suggests that 
the experimental techniques should be similarly reciprocal, i.e., energy-resolved 
spectroscopy with radioactive sources (MBS) and time-resolved spectroscopy 
with synchrotron radiation (SMS). Figure 1 illustrates the spectra of a material 
for which the iron nuclei experience a quadrupole splitting, Δ. In conventional 
MBS, we observe two dips separated by Δ in the energy-dependent transmission 
through the material. The time-dependent transmission that is observed in SMS 
shows oscillations with a period of 2h/Δ, where h is Planckʼs constant. In both 
cases, we directly obtain the quadrupole splitting from the data. Isomer shifts are 
only observable in a relative sense; in the case of MBS, with respect to the source-
emission line, and in the case of SMS, with respect to a reference absorber that 
must be inserted into the beam path.

SMS experiments
Two wide-angle piston-cylinder diamond anvil cells (Mao et al. 2001) were 

loaded with samples of Pv05 and Pv10 for high-pressure measurements. Type-I 
diamond anvils with culets 300 μm in diameter (Pv10, pressures up to 75 GPa) and 
100 μm in diameter (300 μm bevels) (Pv05, pressures up to 120 GPa) were used. 
Sample loading proceeded in the following way. First a hole of 300 μm diameter 
was drilled into a pre-indented disk-shaped beryllium gasket with initial dimensions 
of 5 mm diameter and 1 mm thickness. The hole was Þ lled with amorphous boron, 
which was then pressed between two diamond anvils to a thickness of ∼40 μm. 
Holes were drilled into the sintered boron with diameters of 100 and 50 μm for the 
Pv10 and Pv05 experiments, respectively. Several ruby grains were placed around 
the sample for pressure calibration. No pressure medium was used. After loading, 
the sample dimensions were ∼40 × 50 × 50 μm3 for the Pv10 experiment and ∼10 
× 50 × 50 μm3 for the Pv05 experiment with the shortest dimension in the direction 
of the X-ray beam. The use of amorphous boron in this experiment is motivated 
by three factors: increased strength of the beryllium gasket, larger thickness of the 
samples and therefore higher counting rates in SMS measurements, and decreased 
pressure gradients across the sample. Because there was a sufÞ cient amount of 
material available for Pv05, a larger sample of Pv05 was afÞ xed to a thin plastic 
holder for SMS measurements under ambient conditions outside the DAC.

Experiments were performed at beamline 3-ID of the Advanced Photon 
Source. The X-rays were prepared with bandwidths of 2.2 meV for the measure-
ments on Pv10 (Toellner 2000) and 1 meV for the measurements on Pv05 using 
multiple-crystal Bragg reß ection monochromators. Due to the small sample size, 
focusing of the X-rays was necessary to obtain reasonable counting rates. We used 
a Kirkpatrick-Baez mirror system (Eng et al. 1998) to obtain a focal spot size of 
6 × 6 μm2 at the full-width half-maximum. The X-ray ß ux at this spot was 109 

ph/s (2.2 meV bandwidth) and 8⋅108 ph/s (1 meV bandwidth). The more efÞ cient 
1 meV monochromator is a recent development. The resulting spectral ß ux density 
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FIGURE 1. Reciprocal properties of radioactive sources (top) 
and synchrotron radiation (bottom) lead to reciprocal experimental 
techniques. The center panels illustrate the source characteristics 
averaged over a time period needed for data collection. The right panel 
illustrates the spectra of a material for which the iron nuclei experience 
a quadrupole splitting, Δ. In MBS (top), we observe two dips separated 
by Δ in the energy-dependent transmission through the material. The 
time-dependent transmission that is observed in SMS (bottom) shows 
oscillations with a period of 2h/Δ, where h is Planckʼs constant. In both 
cases, the quadrupole splitting is obtained directly from the data.
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of 2⋅1016 ph/s/eV/mm2 exceeds that of common radioactive sources by more than 
ten orders of magnitude (Sturhahn 2004). The small X-ray spot size has the ad-
ditional advantage of reducing the effects of pressure gradients on the data. The 
storage ring was operated in low-emittance top-up mode with 23 bunches that 
were separated by 153 ns. Accounting for detector-related effects, we were able 
to observe nuclear resonant scattering in a time window of 20 to 120 ns follow-
ing excitation. Time spectra were collected on Pv05 at the following pressures: 
ambient, 40, 60, 85, 100, and 120 GPa. The Pv10 specimen was investigated at 
pressures of 3, 23, 42, 55, 65, and 75 GPa. The pressure values were determined 
from the R1-ß uorescence line of the ruby grains that were loaded with the samples 
(Mao et al. 1978), with errors of about 2 GPa at low pressures and about 5 GPa at 
the maximum pressure. All data were measured at ambient temperature. The data 
collection time per pressure point was typically two hours. The SMS spectra are 
shown in Figures 2 and 3.

Evaluation of SMS data
In previous MBS studies on (Mg,Fe)SiO3 perovskite under ambient pressure 

conditions, the data were interpreted with several local environments and charge 
states of the iron atom (Jeanloz et al. 1992; Fei et al. 1994; McCammon 1997, 
1998b; Lauterbach et al. 2000). Four components of the Mössbauer (MB) spectra 
are typically associated with iron atoms incorporated into the perovskite structure: 
one Fe3+-like site, two Fe2+-like sites, and one intermediate valence Fem+ site (where 
2 < m < 3, e.g., Fei et al. 1994; McCammon 1998b; Lauterbach et al. 2000). The 
identiÞ cation is based on the assignment of speciÞ c charge states to quadrupole 
splittings and isomer shifts extracted from the data. At each pressure, we started our 
evaluation with a simple model, with one Fe2+-like site and one Fe3+-like site (e.g., 
McCammon et al. 1992). For Pv10 at 3 and 23 GPa, this model was sufÞ cient to 
explain our data. This simple model, however, cannot exclude two Fe2+-like sites 
having very similar hyperÞ ne parameters. For the remaining spectra, the quality of 
the Þ ts were signiÞ cantly improved by adding an additional Fe2+-like site; that is, the 
data were sufÞ cient to derive hyperÞ ne interaction parameters of three broadened 
doublets that we can associate with two Fe2+-like sites and one Fe3+-like site (e.g., 
McCammon et al. 1992; Fei et al. 1994; McCammon 1997). The assumption of an 
additional intermediate-valence Fe site does not improve the quality of the Þ ts. As 
discussed in previous works (Fei et al. 1994; McCammon 1997), two broadened 
Fe2+-like sites in MBS data evaluation may arise from differences in the next near-
est-neighbor environments. Details of the iron crystallographic-site occupancy are 
presented in the results and discussion section below.

As explained above and shown in Figure 1, a single doublet (quadrupole split-
ting and isomer shift) produces a characteristic oscillation in the time spectrum. The 
presence of three doublets leads to coherent superposition with respective weights 
and the time spectrum observed in SMS would be proportional to

I(t) = e�t/τ [w2,1cos(ω2,1t) + w2,2cos(ω2,2t) + w3cos(ω3t) eiδt]2  (1)

where wn and ωn = πΔn/h are the weight and oscillation frequency, respectively, of 
site n (for example, n = 2,1 indicates Fe2+ site number 1). The isomer shift between 
the Fe2+ and the Fe3+ sites is given by δ, and τ = h/(2πΓ) is the lifetime of the nuclear 
excited state. This simple description does not reproduce the measured time spectra 
well. Perovskite samples always show a broadening of doublets in MBS spectra, 
which is equivalent to a distribution of quadrupole splittings (e.g., McCammon 
1998b). For a Lorentzian broadening, we can give an analytic form

I(t) = [w2,1 e�t/τ2,1 cos(ω2,1t) + w2,2 e�t/τ2,2 cos(ω2,2t) + w3 e�t/τ3 cos(ω3t) eiδt]2    (2)

where the distribution effects are considered by individual decay rates τn ≤ τ (in 
the case of no line broadening, τn = τ). The full width at half maximum (FWHM) 
expresses this broadening (Table 1). These arguments leave us with nine adjust-
able parameters for each time spectrum (Table 1). For cases in which the Fe2+ site 
(n = 2,1) could be identiÞ ed in the time spectrum it was not broadened, and we 
assumed τ2,1 = τ, thus reducing the number of adjustable parameters. At the highest 
achieved pressures, the thickness of the samples in the DAC was about 10 μm or 
less, which results in an effective thickness smaller than 2 (dimensionless). Ef-
fective thickness is deÞ ned as η, and η = ρσfD, where ρ is the volume density of 
the resonant nuclei (57Fe in this case), σ is the nuclear resonant cross section, f is 
the Lamb-Mössbauer factor, and D is the sample thickness. Saturation of nuclear 
resonant absorption scales with the effective thickness, and values of less than one 
per resonance line, as in the present case, have negligible inß uence on the time 
spectra. For more details regarding effective thickness, the reader is referred to 
Sturhahn (2004) and Zhang et al. (1999). With these assumptions, the measured 
spectra were evaluated using the CONUSS software (Sturhahn 2000). Figure 3 
displays the data and the results of the Þ ts. Table 1 lists all the parameters from 
the best Þ ts at the 90% conÞ dence level. 

Before we discuss our high-pressure results, it is prudent to assess the ambi-
ent-pressure result in light of previously performed MBS measurements on the 
same Pv05 material (Fei et al. 1994). Figure 2 shows a comparison of our ambient 
Pv05 data with a calculation (dashed line) using the ambient parameters reported 
in Fei et al. (1994). The inset to Figure 2 shows the corresponding energy spectra 
for our Pv05 ambient parameters (solid line) and those of Fei et al. (dashed line). 
The present data reveal different characteristics, as compared to Fei et al. (1994), 
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FIGURE 2. Time spectrum of Pv05 under ambient conditions (Þ lled 
circles). The solid line is the calculated best-Þ t to our data (parameters 
are given in Table 1). The dashed line is obtained with the parameters 
given in the MBS study of Fei et al. (1994) for Pv05 at 298 K in the 
three-doublet model. The inset Þ gure shows the corresponding energy 
spectra for our Pv05 ambient best-Þ t parameters (solid line) and those of 
Fei et al. (dashed line) in units of Γ (where Γ = 4.66 neV is the natural 
line width for the 14.4125 keV resonance of the 57Fe isotope), calculated 
using CONUSS.
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FIGURE 3. (a) Pv05 SMS time spectra (Þ lled circles) and calculations 
with best-Þ t parameters given in Table 1 (solid lines) at the following 
pressures: (a) ambient, (b) 5 GPa, (c) 40 GPa, (d) 60 GPa, (e) 85 GPa, 
(f) 100 GPa, and (g) 120 GPa. The vertical axes represent intensity. (b) 
Pv10 SMS time spectra and calculations with best-Þ t parameters given 
in Table 1 at pressures of (a) 3 GPa, (b) 23 GPa, (c) 42 GPa, (d) 55 GPa, 
(e) 65 GPa, and (f) 75 GPa. For spectra �g� (in a) and �f� (in b) the actual 
collected number of events or counts are given. The other spectra are of 
similar statistical quality and have been offset for clarity.
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and are mostly due to different values for the weight of the Fe3+ site. Fei et al. 
(1994) did not report associated uncertainties with their parameters. Inspection 
of the bulk sample under an optical microscope reveals color heterogeneity. A 
possible explanation could be sample history or aging. Contrary to previous MBS 
experiments, the present SMS data were taken with X-rays focused to 6 × 6 μm2. 
It is therefore expected that inhomogeneities in the sample material become notice-
able. We conÞ rmed the perovskite structure of the investigated samples by X-ray 
diffraction prior to each experiment, and can therefore be certain that the measured 
data represent the behavior of iron-bearing perovskite. Therefore, we expect our 
high-pressure results to reß ect trends correctly. Comparisons of Fe3+/ΣFe values 
obtained from previous MBS studies at ambient pressure for various iron-bearing 
silicate perovskite samples are listed in Table 2.

RESULTS AND DISCUSSION

Pressure effect on iron valence

Most relevant to geophysical models of the lower mantle is 
the behavior of iron in magnesium silicate perovskite, which is 
by far the dominant phase in Earthʼs lower mantle and therefore 
controls much of the behavior in this region. At lower mantle 
pressures the fraction of Fe3+ remains essentially unchanged. The 
weights from Table 1 are displayed in Figure 4 to emphasize this 
point. Even though we observe some variation in the weights, the 
data do not support a signiÞ cant change in the Fe3+ content. This 
is contrary to recent suggestions that the concentration of Fe3+ in 
silicate perovskite might be sensitive to pressure (McCammon 
1998b). We conclude that pressure alone (at least up 120 GPa) 
does not affect the valence state of iron in silicate perovskite. 
None of the investigated parameters indicates a charge transfer 
involving the Fe constituent up to 120 GPa and ambient tem-
perature. Because several physical and chemical properties are 
highly dependent on the oxidation state of iron in perovskite 
(e.g., Mao et al. 1997; McCammon 1997), experiments under 
simultaneous high pressure and high temperature are imperative 
to further elucidate this phenomenon.

Iron site occupancy and lattice distortion

On the basis of crystal Þ eld theory (Burns 1993), spectro-
scopic, and X-ray diffraction measurements (e.g., Kudoh et 
al. 1990; Kesson et al. 1995; McCammon 1998a,b), several 
previous studies have demonstrated that Fe2+ occupies the 8�12 
coordinated site in silicate perovskite. The presence of two Fe2+ 

doublets in the MB spectra, as in our case, may arise from dif-
ferences in the next nearest neighbor environments in the 8�12 
coordinated site, as discussed in previous works (e.g., McCam-
mon et al. 1992; Fei et al. 1994; McCammon 1997; Lauterbach et 
al. 2000). The site occupancy of Fe3+ in silicate perovskite is less 
clear. Some studies suggest that Fe3+ may occupy the octahedral 
site or both cation sites in silicate perovskite according to: [6]Fe3+ 
+ [8-12]Fe3+ ↔ [8-12]Mg2+ + [6]Si4+ (i.e., Hirsch and Shankland 1991; 
McCammon et al. 1992; Fei et al. 1994; McCammon 1998a,b). 
In (Mg,Fe)SiO3 perovskite, the site distribution and concentra-
tion of Fe3+ have been shown to be sensitive to many factors, 
including oxygen fugacity. Ferric iron preferentially occupies the 
octahedral-coordinated site under reducing conditions, whereas 
more oxidizing conditions and higher iron concentrations lead 
to broadened quadrupole doublets in MB spectra, suggesting 
that Fe3+ may substitute into both the octahedral and 8�12 co-
ordinated sites in the perovskite structure (McCammon et al. 
1992; McCammon 1998a,b). The sample used in this study was 
synthesized in a rhenium capsule leading to a relatively high 
oxygen fugacity. As in previous studies, we observed broadened 

TABLE 1. The best-fi t parameters from the SMS time spectra evaluation 
 Fe2+ 1 Fe2+ 2 Fe3+

P weight QS weight QS FWHM weight QS FWHM IS
(GPa)  (mm/s)  (mm/s) (mm/s)  (mm/s) (mm/s) (mm/s)

Results for (Fe0.1Mg0.9)SiO3 (Pv10)
3 -.- -.- 0.58 1.70(1) 0.50(7) 0.42(4) 0.68(3) 0.43(6) –0.86(2)
23 -.- -.- 0.60 2.20(3) 1.0(1) 0.40(7) 0.94(5) 0.57(8) –1.11(3)
42 0.15(3) 3.37(3) 0.56 2.74(4) 0.96(6) 0.29(4) 1.51(3) 0.37(5) –1.46(1)
55 0.13(6) 3.37(3) 0.55 2.79(3) 1.02(4) 0.32(6) 1.50(2) 0.43(4) –1.45(1)
65 0.20(5) 3.35(6) 0.31 2.73(8) 0.35 0.48(15) 1.34(7) 0.7(1) –1.55(5)
75 0.26(8) 3.39(7) 0.26 2.79(8) 0.28 0.48(19) 1.47(9) 0.7(2) –1.61(6)

Results for (Fe0.05Mg0.95)SiO3 (Pv05)
0 0.19(5) 1.89(10) 0.44 1.59(4) 0.47(3) 0.37(3) 0.57(5) 0.51(10) –0.79(2)
5 0.10(4) 2.29(6) 0.55 1.81(5) 0.88(12) 0.35(3) 0.94(6) 0.54(9) –0.95(2)
40 0.12(5) 3.2(2) 0.43 2.35(10) 1.1(3) 0.45(21) 1.08(12) 0.71(14) –1.34(8)
60 0.12(8) 2.90(14) 0.31 2.59(15) 0.9(3) 0.57(28) 1.08(8) 0.67(8) –1.38(4)
85 0.22(4) 3.49(6) 0.50 2.75(6) 1.23(16) 0.28(7) 1.65(9) 0.54(12) –1.55(4)
100 0.22(6) 3.47(8) 0.49 2.74(7) 1.1(2) 0.29(9) 1.6(1) 0.51(15) –1.55(5)
120 0.26(6) 3.51(6) 0.44 2.75(6) 1.1(2) 0.30(9) 1.63(10) 0.56(15) –1.57(4)

Notes: QS – quadrupole splitting, FWHM – full width at half maximum of the QS, IS – isomer shift.
Parameters with error values were varied. The uncertainties are given in parenthesis at the 90% confi dence level for the last reported signifi cant digit(s). The weights 
are normalized, and therefore one of the weights is given without errors.

TABLE 2.  Comparison with previous conventional Mössbauer mea-
surements of iron-bearing magnesium silicate perovskite 
samples at ambient conditions

 Cations per 3 oxygen atoms Fe3+/ΣFe

Reference Fe Al (%) capsule

This study 0.050(5) 0 37(3) Re
Jephcoat et al. (1999) 0.05 0  9(1) Fe
 0.06 0 16(3) Re
Lauterbach et al. (2000) 0.092 0 16(2) Re 
 0.092 0 11(6) Fe 
 0.077 0.001 26(3) Re 
 0.106 0.001 20(3) Fe 
 0.095 0.002 27(4) Re 
McCammon (1998b) 0.05 0 9.4(1.4) Fe
 0.06 0 16(3) Re
McCammon (1997) 0.06 0 16(3) Re 
 0.080(7) 0.065(1) 50(5) Re 
McCammon et al. (1997) 0.06 0.03 20(6) *
 0.08 0.20 75(3) *
Fei et al. (1994) 0.050(5) 0 16 Re
 0.097(5) 0 20 Re
Jeanloz et al. (1992) 0.10 0 <1–3 †

Note: Citied uncertainties are given in parentheses.  
* Amorphous inclusions in diamonds that have silicate perovskite compositions.
† Synthesized in a DAC at 55(5) GPa and 1700(300) K.
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Fe3+ quadrupole doublets (expressed as FWHM in Table 1). In ad-
dition to previous studies, we observed the pressure dependence 
of the quadrupole splitting. We would like to see if the measured 
pressure dependence is compatible with the existing models of 
iron site occupancy. Our approach is to place iron ions at cer-
tain lattice sites (as described below) and calculate the expected 
electric Þ eld gradient (i.e., observed quadrupole splitting) under 
pressure-induced increasing lattice distortion.

The quadrupole splittings of all sites increase with pressure, 
which suggests an increasingly distorted (noncubic) local iron 
environment in the crystal structure (Fig. 5). We would like to un-
derstand if our observed quadrupole splitting trend is consistent 
with a lattice distortion effect. This explanation is corroborated 
with X-ray diffraction measurements on (Mg,Fe)SiO3 perovskite 
to 30 GPa under hydrostatic conditions (Mao et al. 1991). These 
data show that (Mg,Fe)SiO3 perovskite is elastically anisotropic, 
with the b lattice parameter being 25% less compressible than a 
and c. Similar results have been found in MgSiO3 perovskite (Fi-
quet et al. 2000) and (Al,Fe)-bearing silicate perovskite (Andrault 
et al. 2001). The increased distortion is similarly observed from 
high-pressure X-ray diffraction data on the Si-O-Si tilt-angles 
in MgSiO3 perovskite (Fiquet et al. 2000). In the Mbar range, 
the quadrupole splittings observed in the present study are rela-
tively constant suggesting an increasing resistance of the lattice 
against further distortion. We performed electric Þ eld gradient 
(EFG) calculations using the point-charge model for MgSiO3 
perovskite with iron concentrations of 5 and 10 mol%. We as-
signed +2e charges to the Mg ions, +4e to the Si ions, and �2e 
to the O ions. The EFG calculations were carried out assuming 
two different scenarios that both test the iron site occupancy in 
silicate perovskite and assure charge neutrality of the unit cell: 
one scenario with an Fe ion charge of +2e at a Mg site and the 
other scenario with a pair of +3e charged Fe ions at neighboring 
Mg and Si sites. Due to the low concentrations of iron in MgSiO3 
perovskite, it should be possible to apply crystal Þ eld theory to 
these two scenarios simultaneously. The EFG was calculated as 
the tensor of second spatial derivatives of the Coulomb potential 
created by a particular arrangement of point charges:

Vab(R) = �(∂2 / ∂xa∂xb Σjqj / |x � rj|)x=R. (3)

Here R corresponds to the position of an Fe ion, and this ion 
is excluded from the summation. The charges of the ions are qj 
and their positions are given by rj. The positions of the individual 
atoms change with compression. Even though there is no detailed 
information on the atomic positions, the change of the unit cell 
parameters has been studied by many researchers. The results 
of Mao et al. (1991) for (Mg,Fe)SiO3 perovskite were used to 
model the pressure dependence of the atomic positions by rj(p) 
= αj a(p) + βj b(p) + γj c(p), where the positions α, β, γ within 
the unit cell are assumed to be independent of pressure and a, 
b, and c are base vectors of the unit cell. In Figure 5, we show 
the largest eigenvalue of the EFG tensor (i.e., the quadrupole 
splitting) vs. pressure together with the results of our SMS mea-
surements. The point-charge model usually fails to predict the 
quadrupole splitting value accurately because it is a simpliÞ ed 
model and polarization effects of the atoms are neglected. By 
normalizing to the quadrupole splitting value of each observed 
site (Fe2+,1, Fe2+,2, and Fe3+) under ambient conditions, however, 
we think that our calculations will still provide the right trend 
with increasing pressure.

In Figure 5, the pressure dependence of our EFG calculations 
show that the observed Fe2+-like sites and Fe3+-like site are con-
sistent with their occupancy at the 8�12 coordinated site. Note 
that our calculated EFG trend for Fe2+ was applied to both the 
Fe2+,1- and Fe2+,2-like sites. Again, the two Fe2+-like sites may 
arise from differences in next nearest-neighbor interactions at the 
8�12 coordinated site. On the other hand, the noticeable distribu-
tion (expressed as the FWHM) of the observed Fe3+ quadrupole 
splitting values (Table 1), along with our EFG calculation, does 
not contradict the hypothesis that Fe3+ may occupy both cation 
sites, although we successfully Þ t our time spectra with one 
Fe3+ doublet. Based on the synthesis conditions, the observed 
quadrupole splitting distributions, and the EFG calculations 
presented here, our hypothesis that Fe3+ may occupy both sites 
is consistent with previous Þ ndings discussed above. 
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FIGURE 4. Weights of the three modeled iron sites for Pv05 (a) and 
Pv10 (b) as obtained from best-Þ ts of the time spectra in Figures 3a and 
3b, respectively (values are given in Table 1). In both graphs, circles 
and squares correspond to the Fe2+ 1 and Fe2+ 2 sites, respectively, and 
diamonds refer to the Fe3+ site. The least-squares regression lines are 
guides to the eye for the Fe3+ site.
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FIGURE 5. Quadrupole splittings of Pv05 (a) and Pv10 (b) derived 
from the time spectra (Table 1). Circles and squares correspond to the 
Fe2+ sites, diamonds to the Fe3+ site. The lines correspond to the electric 
Þ eld gradient (EFG) calculations for iron sites in Pv05 and Pv10 as a 
function of pressure and scaled appropriately (see text for discussion). 
The straight lines through the Fe2+ sites correspond to the EFG 
calculations for the Fe2+ behavior at the 8�12 coordinated site, scaled to 
the measured Fe2+ values. The straight and curved lines correspond to 
the EFG calculations for Fe3+ at the 8�12 coordinated and octahedrally 
coordinated site, respectively. 
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Pressure effect on the spin state

The observed quadrupole splittings for the Fe2+ sites are 
typical for the high-spin state of ferrous iron. The quadrupole 
splitting of the low-spin (or zero-spin) Fe2+ state would be closer 
to the values observed for ferric iron in the material. A zero-spin 
state for Fe2+, for example, has been observed for octahedrally 
coordinated iron in (Mg,Fe)O ferropericlase above 70 GPa us-
ing XES (Badro et al. 2003). Our data show that the quadrupole 
splitting of Fe2+ remains high and that the Fe3+/ΣFe ratio remains 
virtually constant at all applied pressures. On the basis of crys-
tal-Þ eld theory (Burns 1993) and Þ rst-principles computations 
(Cohen et al. 1997), a zero-spin state is energetically unfavorable 
for Fe2+ at the generally assumed 8�12 coordinated site (i.e., 
non-octahedral) in perovskite under lower mantle pressures. 
We therefore infer that the divalent iron of silicate perovskite 
remains in a high-spin state. For Fe3+, a broad distribution of 
quadrupole splittings (i.e., the FWHM) is observed at all pres-
sures, and the mean quadrupole splitting value seems to be a 
poor indicator for the spin state of the trivalent iron component. 
Additional information can be gleaned from the relative isomer 
shift between the Fe3+ and Fe2+ sites (Fig. 6). The change in 
isomer shift does not depend on the lattice distortions because 
it results from a non-symmetry-breaking interaction. We may 
write for the isomer shift

δ = A (ρ3+ � ρ2+)  (4)

where A < 0 is a parameter that depends only on the resonant iso-
tope (57Fe in this case), and the symbol ρ stands for the s-electron 
densities. At lower pressures, we Þ nd that the s-electron density 
at the Fe3+ nuclei increases faster with pressure than at the Fe2+ 
nuclei. Figure 6 shows that the absolute value of the isomer shift 
increases linearly with V0/V, i.e., with the density of the material. 
At V0/V = 1.2, corresponding to a pressure of about 70 GPa, the 
relative isomer shift becomes constant. This behavior could be 

indicative of a change in the spin state of the Fe3+ ions, which 
inß uences the s-electron shell and thereby the isomer shift. 

To understand the role of the Fe ions in lower mantle 
polymorphs more completely, it is important to consider the 
temperature effect of such behavior. Synchrotron Mössbauer 
measurements on aluminous (Mg,Fe)SiO3 perovskite, (Mg,Fe)O 
ferropericlase, and mixtures of these components at high pres-
sures and temperatures would therefore lead to a more compre-
hensive understanding of the chemistry in the deep mantle.
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