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ABSTRACT

This paper presents high-resolution synchrotron X-ray powder diffraction data at 290 K
on two Fe-bearing, polycrystaline silicate perovskite samples with approximate compo-
sitions (Mg, esFe,05)SIO, synthesized at 25 GPa and 1920 K in a multi-anvil press at dif-
ferent oxygen fugacity conditions. Mossbauer studies have indicated that Fe*+/>Fe for the
samples are 0.09 + 0.01 and near 0.16 = 0.03. Rietveld structura refinements confirm
that Fe2+ and Fe3+ dominantly substitute for Mg?+ in the 8-fold to 12-fold coordinated A
site for both compositions. There appears to be no significant differences in the bond
distances for these amounts of Fe** and no conclusive structural evidence to support in-
dications from Mossbauer experiments that Fe>* may occupy both A and B sites. To
explore the effect of valence state further, this study also reports the first diffraction patterns
of (Mg,Fe)SiO, perovskite collected at a wavelength near the Fe absorption edge.

INTRODUCTION

The expected dominance of (Mg,Fe)SiO, with the pe-
rovskite structure in the Earth’s lower mantle has prompt-
ed extensive studies of its crystal chemistry, thermody-
namic properties, and transport properties (see Hemley
and Cohen 1992, for review). In ferromagnesian perov-
skites the site occupancy of Fein (Mg,Fe)SiO, as a func-
tion of oxidation state has been investigated for several
compositions by both Mosshauer and optical techniques
(Keppler et a. 1994; Fei et a. 1994; Shen et al. 1994,
McCammon 1998) and is a particularly important aspect
of the crystal chemistry. Studies on the partitioning of
Fe3+ between perovskite and magnesiowiistite and elec-
trical conductivity measurements (Wood and Nell 1991;
Poirier et a. 1996) have shown that subtle changesin the
cation site and valence could be important macroscopi-
caly and could determine lower-mantle electrical con-
ductivity. Thermally activated electron delocalization and
electron exchange between Fe3+ in the octahedral site and
Fez+ polyhedra have been suggested as a likely explana-
tion of the wide variation in electrical conductivity ob-
served in ferromagnesian perovskites (Fei et al. 1994).
The hyperfine parameters obtained in Mossbauer studies
suggest that Fe*+ occupies the octahedral site (Mc-
Cammon et al. 1992; Fei at a. 1994; McCammon 1998).

* E-mail: andrew@earth.ox.ac.uk
0003-004X/99/0003-0214%$05.00

We compare the structural parameters obtained in these
studies with the present samples.

Advances in the understanding of perovskite crystal
chemistry have been made possible largely through wide-
spread development of multi-anvil techniques at high
pressures and temperatures leading to the synthesis of
high-quality silicate perovskites of varying (Fe + MQg)/Si
stoichiometry and, more recently, oxidation state. Inde-
pendent advances in high-resolution synchrotron X-ray
diffraction (XRD) techniques (Cox 1991, and references
therein), make possible detailed structure refinements
from powder X-ray data and are suited to analysis of
samples from multi-anvil experiments that generally pro-
duce polycrystalline, multiphase products. Detailed struc-
tural studies have been reported for several ferromagne-
sian perovskite compositions periodically in the last
decade by both powder and single-crystal techniques (Ito
and Yamada 1982; Parise et al. 1990; Kudoh et al. 1990)
with particular attention to Fe distribution between A and
B sites. Structural data for perovskites with the conven-
tional Fe-Mg stoichiometry, characterized by M odssbauer
techniques, can serve as a point of reference for studying
detailed effects of valence state, charge transfer, defects,
and trace-element substitution.

Presented here are the results of high-resolution syn-
chrotron powder XRD study of quenched ferromagnesian
perovskites with two dightly different oxidation states
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Ficure 1. Observed (crosses), calculated (solid line) and difference profile (bottom) from the Rietveld analysis of Sample A.
The tick marks below the observed pattern indicate allowed peak positions for PV-A (lower) and stishovite (upper). Flat regions

shown at zero counts were excluded from the refinement.

synthesized by multi-anvil techniques and extensively
characterized by Mosshauer spectroscopy (McCammon et
al. 1992; McCammon 1998). Independent assessment of
the site occupancy refinement has been attempted through
resonant X-ray diffraction near the Fe K-edge to detect
differences in the anomalous scattering power from the
two possible sites. Such studies offer the potential to ex-
amine the Fe positions as a function of valence state
(Warner et al. 1992).

EXPERIMENTAL PROCEDURES

Two perovskite compositions, denoted PV-A and PV-
B, were synthesized in the multi-anvil apparatus at the
Bayerisches Geoinstitut following methods described by
McCammon et al. (1992). Sample A, containing PV-A,
was formed by transforming clinoenstatite starting mate-
rial to perovskite at 25 GPa and 1900 K in an Fe capsule
with 5 wt% Fe metal and 5 wt% SiO, quartz. The perov-
skite in this sample, therefore, was synthesized under the

lowest possible oxygen fugacity conditions at which this
composition is stable, and should contain the minimum
amount of Fe3* (O’'Neill et al. 1993). Sample B, contain-
ing PV-B, was synthesized in a Re capsule from
Fe,0sM 0,650, pyroxene with excess SiO, and Fe,,Pd,,
aloy (run H40, 24 GPa, 1900 K, 100 min.). The presence
of noble metal alloy in the PV-B run was designed to
increase oxygen fugacity in a similar way to runs synthe-
sized in a Re capsule alone (Woodland and O’ Neill 1997,
for discussion of buffering techniques). The presence of
ReO, identified in the XRD pattern of PV-B suggests that
oxygen fugacities were close to those of the Re-ReO,
buffer (Pownceby and O'Neill 1994), that is 5 to 6 log-
bar units more oxidizing than PV-A under equivaent P-
T conditions. Electron microprobe analyses (EMPA) of
PV-A and PV-B run products gave stoichiometries of
MQy45F€,05sS1 O, and Mg, 5, F€, 0,51 O, respectively. EMPA
of the metal aloy in PV-B showed loss of Fe and gain
of Re. Uncertainties in the Mg and Fe contents from five
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Ficure 2. Symbols are as in Figure 1. The tick marks below the observed pattern indicate allowed peak positions (from the
bottom to the top) of PV-B, the metal aloy, stishovite, ReO,, and (Mg,Fe)O. Inset is expanded cps scale.

analyses were better than 0.01, but a conservative esti-
mate of 0.02 is more likely as a result of the instability
of the perovskite phase under the electron beam.

Mossbauer data were fitted taking into account Fe+
absorption (McCammon 1998) and indicate Fe3+/>Fe for
PV-A was 0.094 + 0.014 (revised upward from the mea-
surements of McCammon et a. 1992, but assumed to be
the minimum Fe*+ concentration corresponding to syn-
thesis at minimum f,). Recent measurements on com-
positions with higher Fe3* synthesized in a Re capsule
alone (McCammon 1998) indicate that Fe>+/>Fe is 0.16
+ 0.03 and the hyperfine parameters show double site
occupancy for Fes* (McCammon 1998). The Fe**/>Fefor
sample PV-B studied here is also close to this value and
confirmed from Mdssbauer measurements.

XRD measurements were performed at beamline X7A
of the Brookhaven National Synchrotron Light Source
(NSLS). Data sets for Rietveld refinement were collected
with radiation monochromatized and focused in the hor-
izontal plane by an asymmetrically cut Si(220) crystal
located at the first axis of the diffractometer and bent to

cylindrical curvature. The crystal was designed to provide
radiation with a wavelength of ~0.7 A with AN\ of the
order of 3 x 104 The data were collected with a linear
position-sensitive detector (PSD) mounted on the 26 arm
45 cm from the sample, providing optimum tradeoff be-
tween resolution and diffracted intensity, as previously
described for use with the diamond-anvil cell (Jephcoat
et a. 1992). Data were collected in frames with the PSD
at overlapping fixed positions, and the data from these
frames were then normalized to the incident beam inten-
sity and averaged together to produce a continuous data
set. A powder fragment from each multi-anvil run product
was mounted in a glass capillary and spun continuously
about an axis perpendicular to the incident beam during
pattern collection. Fe edge data were obtained with a
channel-cut, Si(111) monochromator tuned to ~1.74 A in
place of the asymmetrically cut Si(220) crystal. Wave-
lengths were calibrated with CeO, or silicon powder
standards.

Powder data were input directly into the GSAS struc-
ture refinement code (Larson and von Dreele 1987) im-
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TaBLE 1. Cell constants for selected (Mg,Fe)SiO, perovskite samples

Sample a (,&) b (A) c (A) % ()3\3) Reference
PV-A 4.7839(2) 4.9294(2) 6.9000(3) 162.72(2) This work
PV-B 4.78517(6) 4.93227(7) 6.90484(9) 162.966(5) This work
M0o.681F€0.025CF0.011Sl0.076O3 4.7823(3) 4.9331(3) 6.9026(8) 162.84(2) Kudoh et al. (1990)
Mdo.05sF€0.05S10; 4.7817(5) 4.9304(4) 6.9018(4) 162.72(2) Ito and Yamada (1982)
Mo 560F €0 1061 0070 4.7918 4.9312 6.9050 163.16 Parise et al. (1990)

plementing the Rietveld technique (Rietveld 1969). The
code allowed refinement of several phases simultaneous-
ly, which was an advantage given the presence of impu-
rity materials in the samples. Peak shapes were fit with
Voigt functions, and backgrounds were subtracted after
linear interpolation.

ResuLTs

Analysis of the powder patterns indicate that both sam-
ples contained stishovite and (Mg,Fe)O. Sample B also
contained excess metal with a composition of
Pd, ..Re,..Fe, ., together with ReO,

For Sample A, datato a maximum 26 value of 42" were
collected at 0.69912(4) A, corresponding to a minimum
d-spacing of 0.98 A. The final model included the main
orthorhombic Pbnm perovskite phase of composition
(Mg, esF€,05)SIO, and stishovite (SIO,). Starting parame-
ters for the atomic coordinates of perovskite and stish-
ovite were taken from previous investigations (Parise et
al. 1990; Hyde and Andersson 1989). Given the lower 20
values collected for this sample and presence of weak
reflections that could not be assigned to a known phase,
three regions of the pattern (18.06—18.51, 19.52—20.22,
and 34.26-35.73°) containing dominant peaks due to Fe
and (Mg,Fe)O were excluded from the refinement.

For Sample B, data to a maximum 26 value of 52.4
were collected at 0.69017(4) A, corresponding to a min-
imum d-spacing of 0.78 A. No regions of the pattern were
excluded and five phases were refined simultaneously in
the model: the main orthorhombic perovskite phase PV-
B, stishovite, Pd, .;Re, .F€&, ., (Mg,Fe)O, and ReO,. Start-
ing lattice parameters for PV-B, (Mg,Fe)O, and stishovite,
were taken from the previous refinement. Lattice param-
eters of the metal were assumed to start close to those of
Pd, and ReO, parameters were obtained from Magnéli

TABLE 2. Atomic coordinates for PV-A* and PV-Bt

(1957). Powder-diffraction patterns for PV-A (Fig. 1) and
PV-B (Fig. 2) show the observed data, as well as calcu-
lated and difference profiles. Unit-cell parameters (cor-
rected for zero-point errors) obtained are in Table 1 to-
gether with results from previous studies; positional
parameters are in Table 2; selected distances are in Table
3. The final R-factors for the refinement of the PV-A data
set are: R, = 10.2%, R,, = 12.7%, R. = 10.1%, x* =
1.58 and Rz (PV-A) = 15.2%. The final R-factors for the
refinement of the PV-B data set are: R, = 2.70%, R,, =
3.79%, R. = 1.66%, x2 = 5.19 and Rz (PV-B) = 5.81%.
The higher R-factors for PV-A result from poorer count-
ing statistics and smaller data regions included in the re-
finement compared to PV-B.

Data were collected near to the Fe K-edge (7.112 keV
= 1.7433 A) on both samples to minimize the real anom-
alous scattering term. The excess heavy meta aloy
mixed with PV-B resulted in significant attenuation at the
wavelength of the Fe K-edge. Figure 3 shows the data
for PV-A collected approximately 6 eV below the Fe K-
edge at 1.7448 A.

Discussion

Both samples predominantly contained the orthorhom-
bic (Mg,Fe)SIO, perovskite phase, as well as small
amounts of stishovite and (Mg,Fe)O. For Sample A, we
observed some Fe metal was present, and for the sample
containing PV-B both Pd,.Re,..Fe,,, aloy and ReO,
were present. These phases are unreacted starting mate-
rials or byproducts formed from the O buffers including
the capsule. For sample B, in which five phases were
refined and no regions of the pattern were excluded, an
excellent fit was obtained (Fig. 2) indicating the appli-
cability of high-resolution data and the Rietveld tech-
nique. Based on the relative phase fractions, the sample

Atom X y z Uso Fraction
Mg* 0.5068(17) 0.5557(8) 0.2500 0.0061(14) 0.95
Mgt 0.5113(4) 0.5533(3) 0.2500 0.0088(4) 0.94
Fe* 0.5068(17) 0.5557(8) 0.2500 0.0061(14) 0.05
Fet 0.5113(4) 0.5533(3) 0.2500 0.0088(4) 0.06
Si* 0.5000 0.0000 0.5000 0.0042(14)
Sit 0.5000 0.0000 0.5000 0.0048(3)
o(1)* 0.1032(15) 0.4614(17) 0.2500 0.0040
ot 0.1030(6) 0.4650(7) 0.2500 0.0040
o(2)* 0.1933(11) 0.2031(12) 0.5472(8) 0.0043
o)t 0.1937(4) 0.2009(4) 0.5528(3) 0.0043

*Top.

1 Bottom.
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TaBLE 3. Selected bond distances (A)

PV-A PV-B

Mg(Fe)-O1 1.986(10) Mg(Fe)-O1 2.002(3)
Mg(Fe)-O1 2.068(9) Mg(Fe)-O1 2.103(4)
Mg(Fe)-02 2.093(7) X2 Mg(Fe)-02 2.047(2) x2
Mg(Fe)-02 2.330(8) x2 Mg(Fe)-02 2.306(3) X2
Mg(Fe)-02 2.377(7) X2 Mg(Fe)-02 2.421(2) x2
Average 2.207 Average 2.207
Si-02 1.761(6) x2 Si-02 1.780(2) x2
Si-01 1.804(2) X2 Si-O1 1.804(1) x2
Si-02 1.806(6) x2 Si-02 1.806(2) x2
Average 1.790 Average 1.797

contained 59.8% (M go.94Fe0.06)Sio3a 6.3% Pdo.ssRe0.13Feo.02
aloy, 30.4% stishovite, 0.1% ReO,, and 3.4% (Mg,Fe)O.
This additional information can only be obtained from
such a multi-phase refinement and could be useful in ex-
periments where detailed information is required on the
type and amount of by-products formed by the addition
of components to control oxygen fugacity.

The model used for the orthorhombic perovskite
(Mg,Fe)SIO, phase in the two samples was based on ear-
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lier work by Kudoh et a. (1990) and Parise et al. (1990)
where Fe2* was definitively located at the A site. At-
tempts to refine individual T factors for al of the atoms
were only partially successful, and in both the values for
O1 became negative, probably as a result of uncorrected
absorption effects. Due to the irregular shapes and poly-
phase nature of the samples, absorption corrections were
not applied. Instead, T factors for the A and B sites were
refined, and those of O1 and O2 were fixed at the values
reported by Horiuchi et a. (1987) for the parent unsub-
stituted perovskite.

The data for Sample B was of higher quality, and the
sample contained a much higher fraction of Fe*+. There-
fore, a variety of models were refined to examine the
siting of Fe in more detal: Fe was alowed to occupy
both the A and B sites with overall composition con-
strained by the EMPA and T factors fixed as noted above.
In a second model, T factors were aso varied. In a third
model, T factors were fixed and Fe refined on both sites,
but with no EMPA constraint. None of the models gave
significantly lower R factors despite the increase in the

10

(002)/(110)

(020)

Intensity (cps) relative to 100ma

(111)

_c 1 1 1 ! 1 1 1 | 1 1 ! !

I 1 L : ] L 1 1 L | L I

]
50 60 70

20 (degrees)

Ficure 3. Observed diffraction pattern for Sample A collected at 1.7448 A. Intensities of labeled reflections are calculated and

listed in Table 4.
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TaBLE 4. Intensities for selected reflections from sample A
near to the Fe K-edge
20 RI
hkl ©) RI (A site) RI (B site) (mixed site) Ol
002 29.29 69.3 84.3 76.5 89(13)
110 29.44 179.3 211.9 195.1 228(19)
111 32.98 93.1 88.3 90.7 120(13)
020 41.46 238.1 239.4 238.8 126(25)
112 42.01 1000.0 1000.0 1000.0 1000(32)

Notes: RI = relative intensity; Ol = observed intensity; esd’s are in pa-
rentheses.

number of variables. In all cases, neither the refined site
occupancies nor T factors provided conclusive evidence
that Fe is located on the B site.

Céll parameters for sample PV-B were all significantly
greater than for other samples with a similar nominal Fe
content (Table 1). The Fe content was calculated as 8 at%
based on the refined value of the cell volume and using
the regression analysis of Kudoh et al. (1990), which is
dlightly higher than that derived from EMPA but till
within the estimated error. A similar calculation for PV-
A gives 4 a%, a value much closer to the average elec-
tron microprobe analysis.

Calculated bond distances for both samples (Table 3)
compare with previous measurements on samples from
other laboratories. Minimal difference appears between the
average A-O and B-O distances, even though PV-B has a
significantly higher Fe3+ content. The A-O and B-O dis-
tances may be more regular for PV-B compared to PV-A,
but further work is necessary to test for any systematic
difference. Significantly higher levels of Fe* may be nec-
essary before clear evidence for change in structura pa
rameters can be observed by powder X-ray diffraction. The
maximum level of Fe3+ that can be synthesized in ferro-
magnesian perovskites has yet to be determined.

In principle, anomalous scattering techniques (Warner
et al. 1992) performed at synchrotron sources (where the
incident wavelength can be finely tuned) have significant
potential for providing independent structural information
on the location of the Fe sites and Fe2t/Fe3+ distribution.
For the data collected at ~6 eV below the Fe K-edge for
PV-A (Fig. 3), integrated intensities were calculated using
a locally modified version of the program LAZY-PUL-
VERIX (Yvon et a. 1977) with a value of —7 electrons/
atom for the Fe f' value. This value was estimated using
the FPRIME routine within the GSAS package (Larson
and von Dreele 1987). Three cal culations were performed
assuming structures with all of the Fe on the A site, all
on the B site and 50% on each site, respectively. The
values for five reflections are listed in Table 4, along with
those determined from the data. (No absorption correction
was applied for this small region of the pattern.) The ob-
served values are of insufficient precision or accuracy to
support any of the three models. These preliminary re-
sults, however, suggest that the technique could be ap-
plied on samples with excess metal removed or at a
source optimized for data collection at low energies.
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