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[1] Knowledge of the elastic properties and crystal chemistry of dense oxide structures plays an
important role in interpreting the composition and mineralogy of planetary interiors. We report the
effects of (Mg,Fe)2+ substitution and nonstoichiometry due to Fe3+ on the crystal structure, elastic
constants (cij) and moduli (K0T, K0S, G0) of (Mg,Fe)O utilizing single-crystal X-ray diffraction and
gigahertz ultrasonic interferometry with a new method of generating high-frequency shear waves.
The new acoustic technique features a P-to-S conversion by internal reflection on the oriented facet
of a single-crystal MgO buffer rod. In addition to periclase (MgO) and wüstite (Fe0.95O), we
investigated Fe3+-bearing (Mg,Fe)O single crystals prepared by interdiffusion having �Fe/(�Fe +
Mg) = 0.06, 015, 0.24, 0.27, 0.37, 0.53, 0.56, 0.75, and 0.79, with ferric iron contents ranging from
�1 to 12% of the total Fe. The elastic constants (c11, c12, c44) are determined from compressional
and shear wave velocities in the [100] and [111] propagation directions in the range of 0.5–1.2
GHz. The c11 and c44 elastic constants soften from periclase to wüstite, whereas the c12 elastic
constant increases. The rate of change in the elastic constants with composition (@cij/@x) is greatest
between MgO and (Mg,Fe)O with �25 mol % FeO implying that substitution of Fe into periclase
has a greater effect on the elastic properties than adding Mg to wüstite. The elastic anisotropy of
(Mg,Fe)O has rather unusual behavior, being essentially constant for the range 0–25 mol % FeO
but then decreases linearly with Fe content such that wüstite is elastically isotropic. The elastic
properties of (Mg,Fe)O having similar total Fe but varying Fe3+ contents are identical within
uncertainty. The isothermal compressibility of samples with �Fe/(�Fe + Mg) = 0.27, 0.56, and 0.75
is determined by single-crystal X-ray diffraction in a diamond anvil cell to �9 GPa. For these
samples, K0T = 158.4(4), 155.8(9), and 151.3(6) GPa with @KT/@P = 5.5(1), 5.5(1), and 5.6(2),
respectively (where values in parentheses indicate standard deviations). The deviation of @KT/@P
from 4.0 corresponds to a difference in calculated density of about one percent for ferropericlase
(Mg0.8Fe0.2)O at 30 GPa from the value predicted by second-order truncation of the Birch-
Murnaghan equation of state. INDEX TERMS: 3620 Mineralogy and Petrology: Crystal
chemistry; 3909 Mineral Physics: Elasticity and anelasticity; 3919 Mineral Physics: Equations of
state; 3924 Mineral Physics: High-pressure behavior; KEYWORDS: magnesiowüstite, elastic
constants, ultrasonics, crystal chemistry, bulk moduli

MgO has been measured again. [Spetzler, 1970]

1. Introduction

[2] Ferropericlase-magnesiowüstite (Mg,Fe)O is a dense mon-
oxide of the nominally B1 or rock salt structure (Fm3m) that is
expected to coexist with Mg-rich and Ca- and Al-bearing silicate
perovskite-(Mg,Fe,Al,Ca)(Si,Al)O3 in Earth’s lower mantle

(660–2900 km depth). Given the volume of this region, ferroper-
iclase is potentially the most abundant nonsilicate oxide in Earth
[Bina, 1998]. Mg-Fe2+ partitioning between ferropericlase and
silicate-perovskite in multianvil [Irifune, 1994; Wood and Rubie,
1996; Katsura and Ito, 1996] and diamond anvil cell [Mao et al.,
1997] experiments at high P-T indicate that the amount of Fe taken
by (Mg,Fe)O coexisting with perovskite could range anywhere
from 10 to 20 mol % FeO for a mantle of pyrolite composition,
being both a strong function of the Al content of perovskite and
also likely varying with pressure (depth) in the lower mantle
[Andrault, 2001]. Therefore measurement of the effects of Fe
substitution into periclase-MgO on its elastic properties may
provide constraints on the composition the lower mantle [Mao et
al., 1982; Jackson, 1998]. From a crystal chemical perspective,
single-crystal studies of simple oxide structures such as (Mg,Fe)O
provide the opportunity to observe the compressibility of ions and
the directional dependent nature of bonding in crystals [e.g., Hazen
and Finger, 1982; Prewitt and Downs, 1998].
[3] Periclase maintains the rock salt structure to at least 227 GPa

[Duffy et al., 1995] and is potentially stable to pressures >400 GPa
at ambient temperature based on lattice dynamical considerations
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[Karki et al., 1997]. In contrast, the generally nonstoichiometric
phase, wüstite-Fe1�xO, undergoes a phase transition to the distorted
rhombohedral face-centered lattice around 17 GPa at 300 K, and
subsequently to the B8 or NiAs structure above 90 GPa at 600 K
[Mao et al., 1996]. Therefore it is not clear whether (Mg,Fe)O
should form a complete solid solution at lower mantle conditions.
[4] There is some evidence for exsolution of an Fe-rich magne-

siowüstite with the rhombohedral structure and a cubic Mg-rich
ferropericlase from (Mg0.6Fe0.4)O at pressures greater than 80 GPa
and temperatures above 1000 K [Dubrovinsky et al., 2000], but the
compositional width of the possible immisciblity gap is uncertain.
By contrast, Vassiliou and Ahrens [1982] measured the Hugoniot
equation of state for (Mg0.6Fe0.4)O from shock compression to 200
GPa without evidence of a first-order phase transition. Similarly,
Richet et al. [1989] observe no first-order phase transition in static
compression experiments of powdered (Mg0.4Fe0.6)O and
(Mg0.2Fe0.8)O to 50 GPa. The P-V-T equation of state for
(Mg0.6Fe0.4)O is reported by Fei et al. [1992] from 300 to 800 K
and 8 to 30 GPa, again from powders and without the observation
of a first-order phase transition. The possible transition of Fe2+

from a high-spin (HS) to low-spin (LS) or spin-paired electronic
configuration at high pressure would potentially decrease the
effective ionic radius of iron enough to prevent substitution (and
thus formation of solid solutions) between Mg2+ and LS-Fe2+.
Pasternak et al. [1997] reported the onset of a HS-LS transition of
Fe2+ in wüstite-Fe0.94O to begin around 90 GPa at 300 K from
Mössbauer spectra. Abundance of the LS-Fe2+ species was
reported to increase with pressure and temperature such that the
HS to LS transition was complete at 120 GPa and 450 K. However,
Bardo et al. [1999] reported a constant finite magnetic moment in
Fe0.92O up to pressures of 143 GPa at room temperature using
X-ray emission spectroscopy, so it is still uncertain if the HS-LS
Fe2+ transition occurs in (Mg,Fe)O.
[5] The isothermal compressibility and elastic wave velocities

for ferropericlase-magnesiowüstite samples have not previously
been determined from single crystals. Ideally, single-crystal elastic
constants (cij) for (Mg,Fe)O as a function of Fe content at high P-T
would provide a powerful tool for predicting the stability of
intermediate compositions. Single-crystal elastic constants are well
known for end-member periclase [e.g., Jackson and Niesler, 1982;
Sinogeikin and Bass, 2000], which has become a standard for
equation of state measurements and for testing new ultrasonic and
optical techniques [Spetzler, 1970; Chen et al., 1998; Reichmann et
al., 1998; Sinogeikin and Bass, 1999; Zha et al., 2000]. The elastic
constants of wüstite-Fe1�xO are also known at ambient P-T
[Berger et al., 1981]. More recently, Jackson et al. [1990]
measured the elastic constants of wüstite to 3 GPa and observed
significant shear mode softening of the c44 elastic constant, con-
sistent with experimentally observed high-pressure polymorphism
of Fe1�xO [Jeanloz and Ahrens, 1980; Jackson and Ringwood,
1981; McCammon et al., 1983; Yagi et al., 1985;Mao et al., 1996].
[6] Until now, a complete set of single-crystal elastic constants

was not available for (Mg,Fe)O having intermediate compositions.
The elastic properties of polycrystalline (Mg,Fe)O were first
reported by Jackson et al. [1978] using the ultrasonic pulse
transmission and superposition method to pressures of 0.6 GPa.
Similar experiments were carried out by Bonczar and Graham
[1982] to 0.5 GPa and 100�C. In an earlier report [Reichmann et
al., 2000], we determined only c11 for some of these samples as the
technology for producing gigahertz shear waves was still under
development. (Mg,Fe)O single crystals with more than �10 mol %
FeO are optically dark or opaque so ultrasonic (rather than optical)
methods may be better suited for measuring the single-crystal
elastic moduli of this phase. Development of the new gigahertz
shear wave generator has permitted determination of the complete
set of ambient elastic constants for this suite of crystals.
[7] (Mg,Fe)O containing Fe3+ does not have the ideal rock salt

structure. It is doubtful that any (Mg,Fe)O samples synthesized (by

any method) to date are completely without some Fe3+. In an
oxidizing environment, ferric iron-Fe3+ is always present. Nor-
mally, two cations of Fe3+ substitute for three divalent metal
cations resulting in one octahedral cation vacancy (VI5) to main-
tain charge balance:

Mg; Feð Þ2þ1�3xFe
3þ
2x tuxO

2�: ð1Þ

Whereas (1) expresses the complex stoichiometry of Fe3+-bearing
(Mg,Fe)O, it is not a structural formula. Tetrahedral ferric iron
(IVFe3+) is known to occupy the B1 interstitial site at fractional
coordinates (1/4, 1/4, 1/4). At ambient pressure, some, but not all
of the Fe3+ occupies the four-coordinate site so the structural
formula of (Mg,Fe)O is

VI Mg2þ; Fe2þ
� �

1�3x
VIðFe3þ

�
2x�t

VI tu
xþt

IVFe3þ
t
O2�: ð2Þ

[8] The defect structure of pure wüstite has been investigated by
many researchers, using diffuse X-ray scattering or energetic
calculations [e.g., Koch and Cohen, 1969; Gavarri and Carel,
1989; Welberry and Christy, 1997; Minervini and Grimes, 1999].
The subject is also well reviewed by Hazen and Jeanloz [1984]. In
most models of the defect structure, IVFe3+ is coordinated by four
octahedral cation vacancies. The resulting tetrahedra of vacancies
polymerize with other vacancy tetrahedra forming larger defect
clusters, but the distribution or long- and short-range ordering of
the defect clusters is still a matter of debate [Carel and Gavarri,
1998; Welberry and Christy, 1998]. Some constraints on the
occupancy of the interstitial site for wüstite have been placed by
combined Mössbauer and diffraction experiments, with the ratio
(VI5/IVFe3+) being in the range of 2.0 to 4.5 for a given compo-
sition of Fe1�xO [Gavarri et al., 1979; Bauer and Pianelli, 1980].
Recently, Boiocchi et al. [2001] revealed a novel way of describing
the defect structure of ferropericlase in terms of syntaxial over-
growth of the spinel structure having magnesioferrite (MgFe2O4)
stoichiometry. It is not clear how the defect structure of (Mg,Fe)O
will affect its anisotropic elastic properties. In order to characterize
the defect structure of our samples, we carried out single-crystal X-
ray structure refinements with the intention of refining the occu-
pancy of Fe3+ at the interstitial site. Combined with information on
the value of Fe3+/�Fe from Mössbauer, the objective of the
structure refinements is to determine the ratio of octahedral
vacancies to interstitial Fe3+ in the samples.
[9] Our main objective here is to determine the ambient P-T

single-crystal elastic constants for well-characterized, submillim-
eter-sized crystals of (Mg,Fe)O using gigahertz ultrasonic inter-
ferometry. The technique of producing shear waves of this
frequency is new and described in detail. Ultrasonic travel times
are measured with interferometric methods in the region of 0.5–
1.2 GHz on oriented single crystals ranging from 150 to 750 mm in
thickness. Compressional and shear wave velocities are deter-
mined from the [100] and [111] travel times and thickness
measurements. The structure of each sample is characterized from
rotating-anode, X-ray diffraction intensity data, and we have
refined the occupancy of tetrahedral ferric iron in samples with
Fe3+/�Fe � 0.02. The isothermal compressibility of several
samples is measured to a maximum pressure of 9.3 GPa by
single-crystal X-ray diffraction in a diamond anvil cell using
quartz as an internal diffraction pressure standard. This study
provides an important anchor for future ultrasonic studies of
(Mg,Fe)O at nonambient conditions.

2. Experimental Methods

2.1. Synthesis and Characterization

[10] In keeping with the suggested mineralogical nomenclature
of Prewitt and Downs [1998] we refer to (Mg,Fe)O samples with
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<50 mol % FeO as ferropericlase and to samples with >50 mol %
FeO as magnesiowüstite. The sample identifications are listed in
Table 1 and refer to the value of �Fe/(�Fe + Mg) such that, for
example, Fe24 is ferropericlase with �Fe/(�Fe + Mg) = 0.24 and
Fe75 is magnesiowüstite with �Fe/(�Fe + Mg) = 0.75.
[11] The first suite of (Mg,Fe)O single crystals has �Fe/(�Fe +

Mg) ratios of 0.058, 0.149, 0.270, 0.366, 0.561, and 0.749. The
crystals were prepared by the interdiffusion of Fe and Mg between
single-crystal periclase and prereacted (Mg,Fe)O powders using a
method similar to that described by Schaefer and Brindley [1963].
Periclase starting material is commercially available as [100] plates
measuring approximately 5 	 5 	 0.5 mm. The periclase single
crystals were packed tightly in the (Mg,Fe)O powders inside an
alumina crucible. Interdiffusion was carried out in a gas furnace
operating at 1450�C and 10�2 Pa oxygen fugacity ( fO2) for �200
hours. The furnace was cooled at a rate of �300�C/h. The original
crystal plates were excavated from the sintered powders and
repolished on the [100] faces. A second suite of samples having
�Fe/(�Fe + Mg) ratios of 0.239, 0.527, and 0.783 were prepared
in the same way. However, these samples were subsequently
annealed at 1300�C and 10�5 Pa fO2 for 20 hours and quenched
at �30�C/s.
[12] Microprobe analysis reveals that the Fe distribution in the

single crystals is homogeneous on the level of sampling, about
every 10–20 mm. The value of �Fe/(�Fe + Mg) was determined
for each sample from at least 30 points (Table 1). There was no
significant contamination of other elements with the exception of
Fe75, which contains �2 at. % Al, presumably from the
crucible. Mössbauer spectroscopy was performed, and the value
of Fe3+/�Fe was determined (Table 1). Spectral bands that can
be assigned to magnetite were observed in samples Fe37, Fe56,
and Fe75. Scanning electron microscopy of all the samples
confirms the presence of magnetite lamelle in Fe75, observed
as three orthogonal sets of lenses measuring �1 mm in thickness.
A number of small, rounded micron-sized grains of a second
phase were also observed in Fe75 and are likely to be spinel-
MgAl2O4, consistent with the presence of Al in the microprobe
analysis. All the other samples appear to be free of exsolution
on the scale observable by the scanning electron microscope
(SEM).
[13] Equant cleavage fragments of �100 mm were taken from

the same crystals used in the ultrasonic study for single-crystal X-
ray diffraction. Approximately 20 reflections (5 nonequivalent)
were centered on a Huber four-circle diffractometer at the Bayer-
isches Geoinstitut using the method of eight-position centering
[King and Finger, 1979] and full profile peak fitting as described
by Angel et al. [2000]. Unconstrained least squares fitting of the
peak positions indicates that the samples do not deviate from cubic

symmetry within precision of the measurement. Lattice parameters
are listed in Table 1 and plotted in Figure 1a.
[14] Determination of the sample densities is required for

calculation of the elastic moduli. The crystals are too small for

Table 1. Single-Crystal (Mg,Fe)O Sample Descriptionsa

Sample �Fe/(�Fe + Mg) Fe3+/�Fe Formulab a, Å rcalc, kg/m
3

MgO 0 – MgO 4.2115(1) 3584(1)
Fe6c 0.058(3) 0.02(1) (Mg0.941Fe0.058&0.001)O 4.2190(1) 3723(8)
Fe15c 0.149(2) 0.01(1) (Mg0.850Fe0.149&0.001)O 4.2290(3) 3948(6)
Fe24d 0.239(3) 0.01(1) (Mg0.760Fe0.239&0.001)O 4.2421(2) 4157(6)
Fe27c 0.270(3) 0.05(3) (Mg0.725Fe0.268&0.007)O 4.2421(1) 4227(14)
Fe37c 0.366(2) 0.05(3) (Mg0.628Fe0.363&0.009)O 4.2513(1) 4452(18)
Fe53d 0.527(3) 0.09(3) (Mg0.462Fe0.515&0.023)O 4.2715(1) 4769(27)
Fe56c 0.561(2) 0.13(2) (Mg0.423Fe0.541&0.036)O 4.2621(2) 4847(19)
Fe75c 0.749(3) 0.12(3) (Mg0.240Fe0.717&0.043)O 4.2740(1) 5261(43)
Fe78d 0.783(3) 0.07(2) (Mg0.211Fe0.762&0.027)O 4.2862(2) 5370(32)
Fe0.946O 1 0.114e Fe0.946&0.054 O 4.3068(1) 5721(6)

aValues in parentheses are standard deviations.
bNormalized to one oxygen as described in the text.
cLess stoichiometric suite; interdiffusion carried out at 10�2 Pa fO2 at 1450�C for 200 hours and cooled at 300�C/h.
dMore stoichiometric suite; subsequently reequilibrated at 1300�C and 10�5 Pa fO2 for 20 hours and quenched at 30�C/s.
eDetermined from the correlation between cell parameter and �Fe/O for wüstite [Berthon et al., 1979].

Figure 1. (a) Variation of the cell parameter and (b) calculated
density of single-crystal (Mg,Fe)O. Open circles are used for the
more stoichiometric suite, and solid circles are used for the less
stoichiometric suite. Uncertainties are within the size of the
symbols. Also shown are polycrystalline values from Jackson et al.
[1978] (crosses) and Bonczar and Graham [1982] (pluses). A
dashed line is drawn between MgO [Jackson and Niesler, 1982]
and ‘‘stoichiometric’’ FeO [Hentschel, 1970], shown as open
squares. The open triangle is wüstite-Fe0.99O from Zhang [2000].
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direct measurement of the density by immersion, so the chemistry
and cell parameters are used. Given both �Fe/(�Fe + Mg) and
Fe3+/�Fe, a more representative formula reflecting the nonstoichi-
ometry, and thus the actual molecular weight, can be determined.
For example, the sample Fe53 has �Fe/(�Fe + Mg) = 0.527(2) and
cell parameter a = 4.2715(1) Å (where values in parentheses
indicate the standard deviation). Disregarding nonstoichiometry
results in the formula (Mg0.473Fe0.527)O, with a calculated density
of r = 4.85(2) g/cm3. Allowing for the value of Fe3+/�Fe = 0.09(3)
results in formula (Mg0.462Fe0.515)O with the cation stoichiometry
summing to 0.977. The compositional formula including VI5
vacancies can then be written (Mg0.462Fe0.51550.023)O. The new
formula results in rcalc = 4.77(2) g/cm3, a difference of �0.1 g/cm3

or �2% of the uncorrected density, thus illustrating the importance
of correcting for the actual stoichiometry in any study of
(Mg,Fe)O. The formula and calculated density of all the samples
are listed in Table 1 and plotted in Figure 1b.

2.2. Ultrasonics

[15] Developments in ultrasonic interferometry at near-optical
wavelengths enables measurement of high-precision elastic wave
travel times on submillimeter-sized single crystals [Spetzler et al.,
1993]. The gigahertz technology has also been interfaced to a
diamond anvil cell [Spetzler et al., 1996; Bassett et al., 2000]. To
date, the technique has been used to measure ultrasonic velocities
in periclase to 4.4 GPa and 207�C [Shen et al., 1998] and higher
pressures to 6.1 GPa at room temperature [Reichmann et al., 1998].
Near-optical wavelengths reduce the sample size requirement to
�50 mm, greatly increasing the number of samples, both natural
and synthetic, that can be investigated with this method.
[16] High-frequency compression waves are produced at a

thin-film ZnO piezoelectric transducer. The transducer is sput-
tered onto the polished and gold-coated end of an oriented c axis
sapphire buffer rod. The buffer rod delivers ultrasound to a
sample that is fixed onto the opposite end of the rod from the
transducer. Impedance contrasts at the buffer rod-sample interface
and at the far end of the sample (in air) produce echoes that are
recorded at the source transducer in a fashion typical of delay line
acoustics. The echoes arriving from the near and far end of the
sample can be overlapped in time by sending out a set of two
tone bursts spaced appropriately in time so the second near-end
echo interferes with the first far-end echo. An interference pattern
is produced when the frequency is scanned, typically from 0.5 to
1.0 GHz for the P wave buffer rod. The round-trip travel time
(t2l) is determined from the interference pattern at frequencies
corresponding to the extrema by the equation t2l = m/fm, where m
is the number of wavelengths in the round-trip distance through

the sample at frequency fm. The velocity is related to the sample
length (l) and the travel time by V = (2l )/t2l.
[17] P wave travel times were measured for the (Mg,Fe)O

samples in the [100] propagation direction. The thickness of each
sample was determined using a digital micrometer with an accuracy
of ±1 mm. The orientation of the samples was checked to be within
±1� by the X-ray precession method. The [100] thickness, P wave
travel times, and calculated velocities are listed in Table 2. The same
samples used in the VP

[100] experiment were then reoriented on a
precession camera andmounted on a glass slide on the [111] direction
for polishing new faces. Travel times were measured in a similar
manner and are reported in Table 2. The [100] and [111] P wave
velocities for the solid solution are plotted in Figure 2.WhereasMgO
exhibits a very large Pwave anisotropy ([Vmax� Vmin]/Vmean	 100)
of �10%, the anisotropy decreases with increasing Fe content to
�0% for wüstite-Fe0.946O. We fit error-weighted, third-order poly-

Table 2. Single-Crystal (Mg,Fe)O Ultrasonic Compression Wave Travel Times and Velocities Measured From 0.5 to 0.9 GHz in the

[100] and [111] Directionsa

Sample [100] Thickness,b

	 10�6 m
[100] Travel Time,c

	 10�9 s
VP

[100], m/s [111] Thickness,b

	 10�6 m
[111] Travel Time,c

	 10�9 s
VP

[111], m/s

MgO 383 84.00 9119(32) 441 87.11 10125(33)
Fe6 369 84.90 8693(31) 282 57.60 9792(49)
Fe15 295 70.47 8373(37) 282 60.29 9356(45)
Fe24 414 103.52 7999(25) 355 80.03 8872(33)
Fe27 378 94.90 7967(27) 282 65.21 8648(41)
Fe37 490 128.58 7622(20) 282 68.62 8220(38)
Fe53 417 116.81 7140(21) 358 67.68 7562(26)
Fe56 343 96.65 7098(25) 282 76.00 7421(33)
Fe75 453 135.93 6665(18) 282 81.68 6905(30)
Fe78 415 126.46 6563(19) 359 106.55 6739(23)
Fe0.946O 745 241.59 6167(10) 662 216.30 6121(11)

aCalculated standard deviation in the velocity is given in parentheses.
bUncertainty in the thickness measurement is estimated to be ±1 mm.
cRound-trip travel time with uncertainty of ±0.02 ns.

Figure 2. Single-crystal compressional (VP) and shear wave (VS)
ultrasonic velocities for (Mg,Fe)O in the [100] and [111]
propagation directions. The more stoichiometric suite is repre-
sented by open circles. Equations for the variation of velocity with
Fe content are given in the text.
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nomials to the variation of VP
[100] and VP

[111] with Fe content x =
�Fe/(�Fe + Mg):

V
100½ �
P ¼ 9:05 4ð Þ � 4:9 3ð Þxþ 3:1 7ð Þx2 � 1:1 4ð Þx3 km=s ð3Þ

V
111½ �
P ¼ 10:15 4ð Þ � 6:2 3ð Þxþ 3:1 8ð Þx2 � 0:9 5ð Þx3 km=s: ð4Þ

2.3. Description of the Gigahertz Frequency Shear Wave
Generator

[18] Until now, gigahertz frequency ultrasonics has been largely
limited to compressional waves because shear waves at near-
optical wavelengths have been difficult to produce with traditional
piezoelectric ultrasonic transducers. Earlier attempts to thin down
megahertz frequency ultrasonic shear transducers produced near
gigahertz shear but of relatively low quality, and only over the very
narrow frequency range of 590–605 MHz [Chen et al., 1997].
[19] Seismologists routinely use the conversion of elastic wave

particle motion in solids between compressional (P) and transverse
(S) waves upon reflection described by the acoustic analogy of
Snell’s law. We borrowed this idea to produce gigahertz frequency
shear waves by P-to-S conversion upon internal reflection in a
prism of single-crystal MgO (Figure 3a). P waves are generated at
a thin-film ZnO piezoelectric transducer, as described above. The
incident P wave strikes the conversion facet of the MgO prism at
an angle of incidence such that the converted Swave is orthogonal
to the incident P wave. For MgO the angle of incidence is 54� and
is subcritical. The 90� P-to-S conversion is the key to the success
of the shear wave prism for two reasons. First, it allows us to take
advantage of the orthogonal pure mode directions in cubic MgO.
Second, the orthogonal conversion ensures the symmetric return of
the energy for detection at the source transducer so the delay line
techniques remain the same. An echo reflecting off the far end of
the buffer rod will have undergone one P-to-S and, on the return,
one S-to-P conversion. Consequently, we call it the PSSP echo
(Figure 3b). In this way, we have produced high-quality purely
transverse wave energy continuously from �600 MHz to 2.1 GHz.
The bandwidth is limited at high frequency only by the upper limit
of our RF generator.
[20] Interferometry can be performed in a similar manner as the

P wave experiment described above and by Spetzler et al. [1993].
However, in this case the oriented sample is bonded to the far end
of the MgO prism where the PSSP reflection occurs. Part of the
shear strain energy is transmitted into the sample, and a back
reflection is observed at the free end of the sample. On the return
trip the sample shear wave echo is transmitted back across the
sample-buffer rod interface and reconverted to P on the conversion
facet. In this way, the returning P wave is incident on the source
transducer. An example of a shear wave echo train is shown in
Figure 3b for the sample Fe27. Interferometry is performed in an
analogous way to the P wave experiment. A set of two tone bursts
is introduced into the prism. They are spaced in time such that the
second PSSP echo overlaps with the first sample echo. The
frequency is stepped, and an interference pattern is produced.
Figure 4a shows a raw interference pattern for the same experiment
from 0.8 to 1.2 GHz. As with the P wave interferometry, modu-
lation in the interference pattern is caused by various system
responses and free echoes in the cable [Spetzler et al., 1993].
The modulation is removed analytically using the uninterfered
amplitude of the PSSP and sample echoes shown in Figure 4a. The
demodulated, normalized amplitude shear wave interference pat-
tern is shown in Figure 4b, from which the travel times are
determined (Figure 4c) using the method described above for the
P wave interferometry.
[21] Up to seven PSSP echoes have been observed, corre-

sponding to an elastic wave that has undergone fourteen con-
versions in the MgO. The echo train in Figure 3b shows only

two of the PSSP and sample echo sets. The efficiency of the
conversion can be calculated in terms of the amplitude normal-
ized reflection coefficients (displacement amplitude ratios) in the
P-SV system [e.g., Aki and Richards, 1980]. For the P wave
incident on the free conversion surface the P-to-Sreflection
coefficient (P^S) is given by

P^S ¼
4 VP

VS
p cos i

VP

1
V 2
S

� 2p2
� �

1
V 2
S

� 2p2
� �2

þ4p2 cos i
VP

cos j
VS

; ð5Þ

where the angles i and j are defined in Figure 3a with i being the
angle of incident P wave and j being the angle of reflected S wave.
The angles are measured from the normal of the conversion facet.
In this case, VP is the MgO P wave velocity in the [100] direction
and VS is the S wave velocity in the [010] direction. The ray
parameter ( p) relates the velocity on either side of the conversion
by the conservation of momentum, defined by Snell’s law:

p ¼ sin i

VP

¼ sin j

VS

: ð6Þ

Figure 3. (a) Schematic illustration of the new gigahertz
frequency shear wave buffer rod made of single-crystal MgO.
Incident P waves are generated at a ZnO thin-film transducer. The
P-to-S conversion occurs on a facet upon reflection such that the
total conversion angle (i + j) is 90�. This allows for the P and S
waves to travel in pure mode [100] directions of the buffer rod and
sets up the symmetric return of the echoes for detection at the
source transducer. Interferometry is performed by bonding a
sample to the far end of the prism and interfering the input tone
burst (PSSP) with one of the sample echoes. The buffer rod
dimensions are between 2.5 and 3.5 mm on each side. (b) Shear
wave echo train at 1.2 GHz for a 374-mm-thick sample of
(Mg0.725Fe0.268&0.007)O (Fe27). Two PSSP and several orders of
sample echoes are labeled.
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Using our own experimental values for VP
[100] = 9120 m/s and

VS
[100] = 6620 m/s for MgO given in Table 2 and the angles i = 54�

and j = 36�, we obtain for the P-to-S reflection coefficient in the
buffer rod given from (5) P^S = 0.75, which explains why so many
conversions from one tone burst can be observed. On the return
trip, the conversion is S-to-P. The corresponding reflection
coefficient (S^P) is given by

S^P ¼
4 VS

VP
p cos j

VS

1
V 2
S

� 2p2
� �

1
V 2
S

� 2p2
� �2

þ 4p2 cos i
VP

cos j
VS

: ð7Þ

Because the conversion occurs at 90�, the return is symmetric and
the elastic wave has the same ray parameter, and so the S^P
reflection coefficient is also 0.75. Theoretically, the S-S transmis-
sion coefficient is equal to 1.0 when the sample is MgO. As the Fe
content (and impedance contrast) of the (Mg,Fe)O sample
increases, the S-S transmission coefficient from the prism into
the sample is increasingly >1.0. On the return trip from the sample
into the prism the S-S transmission coefficient is increasingly <1.0
with increasing Fe content. Being symmetric, the transmission
factors cancel, and the resulting round-trip efficiency is �56%
(75% of 0.75) for all the compositions. A more durable shear wave
generator made from single-crystal sapphire is currently under
construction. The new buffer rod is shaped for use in the diamond
anvil cell in the same way as our P wave buffer rods [Reichmann et
al., 1998]. For sapphire the P wave angle of incidence (in the a axis
direction) is 61.5� to produce conversion at 90� for shear wave
propagation in the c axis direction of the buffer rod. The efficiency
of the sapphire shear wave generator will be even greater than that
for MgO, with P^S and S^P reflection coefficients of �0.98.
[22] The MgO shear wave generator was used to measure the

[100] propagation shear wave travel times for all the (Mg,Fe)O
samples in this study (Table 3). VS

[100] is calculated from the travel
times and sample thickness measurements, also listed in Table 3.
As with the P wave measurements, we reoriented the same samples
onto the [111] axis using a precession camera. [111] faces were
polished and the travel times measured. VS

[111] is determined in the
same fashion and listed in Table 3. Both the [100] and [111]
propagation directions are degenerate with respect to the shear
polarization vector, so the vibration directions are not important.
The [100] and [111] shear wave velocities for (Mg,Fe)O are plotted
in Figure 2. We observe a strong shear wave anisotropy of �13%
for MgO, which decreases with increasing Fe content to �0% for
wüstite-Fe0.946O. We fit error-weighted, third-order polynomials to
the variation of VS

[100] and VS
[111] with Fe content x = �Fe/(�Fe +

Mg):

V
100½ �
S ¼ 6:59 6ð Þ � 5:3 5ð Þxþ 1:8 9ð Þx2 � 0:3 5ð Þx3 km=s ð8Þ

V
111½ �
S ¼ 5:77 3ð Þ � 5:2 3ð Þxþ 3:6 6ð Þx2 � 1:3 4ð Þx3 km=s: ð9Þ

2.4. Static Compression

[23] We selected crystals Fe27, Fe56, and Fe75 for hydrostatic
compression studies. In one experiment a cleavage fragment of
Fe56 measuring 100 	 100 	 50 mm was loaded into a four-pin,
beryllium-backed diamond anvil cell (DAC) at the Bayerisches
Geoinstitut along with a crystal of quartz and several annealed
rubies to act as pressure standards in an 4:1 methanol:ethanol
pressure medium. The DAC used in this study has 0.6-mm culets
and is described in detail by Allan et al. [1996]. In a second DAC,
crystals of Fe27 (100 	 90 	 60 mm) and Fe75 (80 	 110 	 80
mm) were loaded together with the pressure standards. Compres-
sion experiments on multiple samples in situ provides a powerful
tool for measuring comparative compressibilites in the absence of
an absolute pressure scale [Hazen, 1981]. The ruby fluorescence
method [Piermarini et al., 1975;Mao et al., 1986] provides us with
a quick procedure for estimating the pressure between measure-
ments upon tightening the cell. For high-precision pressure meas-
urements we have chosen to use quartz as an internal diffraction
pressure standard [Angel et al., 1997]. Using the method of eight-
position centering on about six unique quartz reflections, the
volume of quartz can be measured to about one part in 104 and
then used to calculate the pressure from its equation of state (EoS)

Figure 4. (a) Raw interference data from the new gigahertz
shear wave generator with sample Fe27. The higher-frequency
regular modulation (�7 MHz) results from interference between
the PSSP echo in the prism and the first sample echo. The broad
modulation (�100 MHz) is due to system responses that can be
removed analytically using the uninterfered PSSP (top curve)
and sample (bottom curve) echoes. (b) The demodulated
interference pattern from which the travel time can be
determined. (c) Reduced travel time data for m(1) = 116, the
number of wavelengths in the sample for the first maximum.
Also shown are the consequences of choosing adjacent values of
m(1) = 115 and 117.
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[Angel et al., 1997]. Using this procedure, we are able to determine
pressure with a precision of �0.009 GPa at 9 GPa.
[24] Volume-pressure data on the three (Mg,Fe)O crystals were

measured on the Huber four-circle diffractometer (described ear-
lier) operating in the fixed-phi-mode [Finger and King, 1978]. We
begin with a zero-pressure measurement in the DAC without a
pressure fluid. The experimental zero-pressure volumes for Fe27,
Fe56, and Fe75 are, in order, 76.335(3), 77.453(5), and 78.084(4)
Å3. In pressure-volume EoS studies it is critical to measure the
zero-pressure volume in the cell because the volume at each
pressure is normalized (V/V0) for fitting to the Birch-Murnaghan
EoS. In addition, the experimentally determined V0 can be com-
pared to the fitted EoS parameter (V0). Eleven P-V data for sample
Fe56 were obtained up to 8.9 GPa (Table 4). Ten P-V data were
measured on Fe27 to 9.3 GPa (Table 5), and seven volumes were
measured for Fe75 to 7.2 GPa (Table 5). There are fewer data for
the Fe75 sample because it was thicker and apparently cracked
against the upper diamond around 8 GPa.
[25] The compression data were fit to a three-parameter (V0,

K0T, K
0), error-weighted third-order Birch-Murnaghan equation of

state [Birch, 1978] using the EoSFIT program [Angel, 2000]. The
EoS for each composition is illustrated by the solid lines against
the compression data in Figure 5. The EoS results are for Fe27
(Mg0.725Fe0.26850.007O); V0 = 76.336(2) Å3, K0T = 158.4(4) GPa,
and K0 = 5.49(11). For sample Fe56 (Mg0.423Fe0.54150.036O) we
obtain V0 = 77.453(4) Å3, K0T = 155.8(9) GPa, and K0 = 5.53(23).
For sample Fe75 (Mg0.240Fe0.71750.043O) we obtain EoS param-
eters V0 = 78.082(3) Å3, K0T = 151.3(6) GPa, and K0 = 5.55(19).
Results of the EoS fitting are also listed in Table 6. In all cases, the
experimental zero-pressure volume agrees with the EoS parameter
V0 to within less than one standard deviation.
[26] With high-precision data resulting from the use of an

internal diffraction pressure standard it is difficult to judge the
quality of the EoS fit from the compression curve alone
(Figure 5). It can be more revealing to use the Eulerian strain
f = [(V0/V)

2/3 � 1]/2 and normalized stress (or Birch pressure)
F = P/[3f (1 + 2f ) 5/2] so that compression data can be plotted
with the Birch-Murnaghan (BM) EoS as a straight line using
the expression F( f ) = K0T(1 + 3/2(K 0 � 4)f ) [e.g., Birch,
1978; Jeanloz, 1981; Angel, 2000]. This is done in Figure 6 to
illustrate that for all three (Mg,Fe)O samples K0 is clearly not
4.0, implied by second-order truncation of the BM EoS, as
would be indicated by a line of zero slope. K0 is �5.5 for all
three compositions, being similar to that obtained (�5) ultra-
sonically for FeO by Jackson et al. [1990].

2.5. Structure Refinements

[27] Single-crystal structure refinements were carried out on
all of the samples (except MgO) in air. Our main objective is

to determine the structural formula by fixing the ratio �Fe/
(�Fe + Mg) from electron microprobe, Fe3+/�Fe from Möss-
bauer, and refining the occupancy of tetrahedral ferric iron
located in the interstitial T site at (1/4, 1/4, 1/4) of the B1
structure. The structure refinements were carried out at the
Crystallography and Mineral Physics Laboratory in Boulder
on a Siemens rotating-anode four-circle diffractometer. The
instrument is powered by an 18-kW generator and uses an
incident beam graphite monochromator for removal of Kb
radiation.
[28] Intensity data collections were made in Fm3m on the

entire Ewald sphere (8	 redundant) to ±h, ±k, ±l = 8 resulting
in �212 reflections with 4� � 2q � 90�. We used variable
speed q–2q scans ranging from 4 to 20� 2q per minute in order
to maximize the I/s(I ) ratio. The diffractometer was operating at
50 kV and 200 mA. The detector features a scintillating crystal
ahead of two photomultiplier tubes providing an average count
for two measurements. Additional data collection parameters are
listed in Table 7.
[29] Intensity data were reduced and corrected for Lorentz

polarization effects and X-ray absorption using the analytical
procedure of Sheldrick [1990] in which the path distance through
the crystal is determined for each reflection based on the measured
crystal size and indexed faces. The calculated absorption coeffi-
cients (m) for each sample are listed in Table 7. For example,
sample Fe56 with �Fe/(�Fe+Mg) = 0.56 has m = 10.27 mm�1,
corresponding to a maximum Mo-Ka transmission of �0.60 for
this data set.

Table 3. Single-Crystal (Mg,Fe)O Ultrasonic Shear Wave Travel Times and Velocities Measured From 0.8 to 1.2 GHz in the [100] and

[111] Directionsa

Sample [100] Thickness,b

	 10�6 m
[100] Travel Time,c

	 10�9 s
VS

[100], m/s [111] Thickness,b

	 10�6 m
[111] Travel Time,c

	 10�9 s
VS

[111], m/s

MgO 185 55.89 6620(43) 436 150.70 5786(15)
Fe6 366 116.70 6272(20) 282 104.27 5409(22)
Fe15 292 101.40 5759(23) 282 111.29 5068(20)
Fe24 414 151.95 5449(15) 355 149.22 4758(15)
Fe27 374 139.64 5357(16) 282 122.60 4600(18)
Fe37 194 80.69 4809(28) 282 132.18 4267(16)
Fe53 417 197.00 4233(11) 358 187.43 3820(11)
Fe56 343 165.35 4149(13) 282 149.80 3765(14)
Fe75 156 87.62 3561(24) 282 166.84 3380(13)
Fe78 415 241.49 3437(9) 246 151.04 3257(14)
Fe0.946O 745 52.50 2838(4) 662 462.25 2864(5)

aCalculated standard deviation in the velocity is given in parentheses.
bUncertainty in the thickness measurement is estimated to be ±1 mm.
cRound-trip travel time with uncertainty of ±0.02 ns.

Table 4. Volume-Pressure Data for Fe56 and Quartz Pressure

Standarda

Fe56: (Mg0.423Fe0.54150.036)O

Quartz Volume, Å3 Pcalc,
b GPaa, Å V/V0

4.26264(8) 1.00000 113.007(7) 10�4

4.25903(11) 0.99738(10) 111.767(12) 0.419(6)
4.25644(9) 0.99564(9) 111.007(8) 0.699(4)
4.25152(10) 0.99219(9) 109.606(6) 1.243(4)
4.24291(7) 0.98617(8) 107.244(7) 2.272(5)
4.23559(10) 0.98108(9) 105.509(10) 3.128(7)
4.22446(4) 0.97337(6) 103.007(9) 4.535(6)
4.21181(8) 0.96465(8) 100.491(7) 6.182(7)
4.20359(6) 0.95901(7) 98.968(6) 7.309(7)
4.19793(7) 0.95514(8) 97.936(5) 8.134(7)
4.19247(9) 0.95142(9) 97.009(7) 8.923(8)

aValues in parentheses are standard deviations.
bThe pressure is calculated form the Birch-Murnaghan equation of state

for quartz [Angel et al., 1997].
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[30] The refinement procedure was carried out stepwise,
using neutral spherical atomic scattering factors [Sheldrick,
1990]. To start the refinement, the six-coordinate octahedral
cation site was modeled with a mixture of Mg and Fe based
on the ratio �Fe/(�Fe + Mg) determined from microprobe
analyses (Table 1). The total occupancy of the site was fixed to
be deficient using the vacancy parameter assuming all the Fe3+

occupies the six-coordinate site. Isotropic thermal displacement
parameters were refined for the six-coordinate cation site and
for oxygen. Next, electron density difference Fourier maps were
calculated through a plane containing the B1 structure inter-
stitial site at (1/4, 1/4, 1/4) (Figure 7). For samples with Fe3+/
�Fe > �0.02 a residual ranging from 1 to 4 el/Å3 was
observed. An Fe atom was placed at that position and its
occupancy refined, using the same isotropic thermal displace-
ment parameter as the six-coordinate cation site. The resulting
occupancies were then used to adjust the amount of Fe in the
six-coordinate cation site and the number of octahedral vacan-

cies. With these parameters fixed, the occupancy of the IVFe
position was rerefined, and the procedure was repeated until the
model converged and the occupancy of the IVFe remained
unchanged. In all cases the R factors for the refinement were
significantly reduced when tetrahedral Fe is modeled. Final
model occupancies of the six- and four-coordinate sites are
listed in Table 7 along with additional model statistics, thermal
displacement parameters, and interatomic distances.
[31] After the final model converged, difference maps were

recalculated for the structure without IVFe. The size of the
residual for each composition is listed in Table 7. An example
of the difference map calculated for Fe37 (�Fe/(�Fe + Mg) =
0.37 and Fe3+/�Fe = 0.05) is plotted in Figure 7 to illustrate
the ease for which an atom can be refined at that position. In
all cases the residual at (1/4, 1/4, 1/4) was the largest in the
model. From the occupancy of IVFe, a complete structural
formula can be determined assuming all the IVFe is ferric, as
described earlier. The structural formula for each model is

Table 5. Volume-Pressure Data for Fe27, Fe75, and Quartz Pressure Standarda

Fe27: (Mg0.72Fe0.2750.01)O Fe75: (Mg0.24Fe0.7250.04)O

Quartz Volume, Å3 Pcalc,
bGPaa, Å V/V0 a, Å V/V0

4.24204(6) 1.00000 4.27419(7) 1.00000 113.012(7) 10�4

4.23125(5) 0.99239(6) 4.26270(5) 0.99195(6) 109.630(9) 1.239(5)
4.21955(6) 0.98418(6) 4.25039(6) 0.98338(6) 106.472(5) 2.648(4)
4.21248(5) 0.97924(6) 4.24302(6) 0.97828(6) 104.766(5) 3.531(4)
4.20841(6) 0.97641(6) – – 103.866(6) 4.035(4)
4.19879(5) 0.96972(5) 4.22881(6) 0.96848(6) 101.803(5) 5.299(4)
4.19004(6) 0.96367(6) 4.21960(6) 0.96217(6) 100.081(5) 6.484(5)
4.18507(5) 0.96025(5) 4.21444(6) 0.95864(6) 99.149(11) 7.179(9)
4.17868(7) 0.95586(6) – – 97.988(6) 8.102(6)
4.17061(7) 0.95033(6) – – 96.605(8) 9.292(8)

aValues in parentheses are standard deviations.
bThe pressure is calculated from the Birch-Murnaghan equation of state for quartz [Angel et al., 1997].

Figure 5. Single-crystal static compression data (solid circles) fitted to third-order Birch-Murnaghan P-V equations
of state (solid lines) for (a) Fe27, (b) Fe56, and (c) Fe75. The use of quartz as in internal diffraction pressure standard
[Angel et al., 1997] allows for precision in the pressure measurement of �0.009 GPa at 9 GPa so that refinement of K0

is possible, even for P-V data below 10 GPa. Compression of samples Fe27 and Fe75 was measured simultaneously
during one diamond cell run.
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listed in Table 8, and r = VI5/IVFe3+, the ratio of octahedral
vacancies to tetrahedral ferric iron is calculated. For these
(Mg,Fe)O samples, r ranges from �1.8 to 4.3 which is
consistent with similar combined Mössbauer and X-ray studies
of wüstite Fe1�xO [Bauer and Pianelli, 1980].

3. Results

[32] New results of this study are the single-crystal elastic
constants and structure refinements for ferropericlase-magnesio-
wüstite (Mg,Fe)O. The elastic constants are determined from the
density and velocity data. The density (Figure 1b) is calculated
from the formula weight and the cell parameter (Figure 1a), also
given in Table 1. P and S wave velocities are calculated from the
crystal thickness and the round-trip travel time, given in Tables 2
and 3. Solutions to the Christoffel equation for elastic wave
propagation in anisotropic media give pure mode directions for
determining the elastic constants [Brugger, 1965]. We have
chosen to use compressional and shear wave velocities in the
[100] and [111] directions. These directions are radially degen-
erate with respect to the polarization vector, so the polarization
direction need not be specified. The complete set of elastic
constants can be found from the relations

r V
100½ �
P

� �2

¼ c11; ð10Þ

r V
100½ �
S

� �2

¼ c44; ð11Þ

r V
111½ �
P

� �2

¼ 1=3 c11 þ 4c44 þ 2c12ð Þ; ð12Þ

r V
111½ �
S

� �2

¼ 1=3 c11 þ c44 þ c12ð Þ; ð13Þ

where V are the velocities and r is the sample density. Once c11
and c44 are determined (Table 6), c12 can be calculated in two
different ways. Our reported values of c12 are estimated from the
average of those determined by (12) and (13). A plot of the
elastic constants for (Mg,Fe)O is shown in Figure 8. The c11
elastic constant decreases rather uniformly with increasing Fe
content with the exception of a sharp (5%) decrease for the first
(Mg,Fe)O sample, Fe6. Excluding MgO, the error-weighted
second-order polynomial fit to the variation of c11 with Fe
content, x = �Fe/(�Fe + Mg) is

c11 ¼ 287 2ð Þ � 85 9ð Þxþ 16 7ð Þx2GPa; ð14Þ

where uncertainties are given in parentheses. The c12 elastic
constant increases with Fe content and is fitted to a third-order
polynomial using all the data:

c12 ¼ 95 3ð Þ þ 99 23ð Þx� 123 51ð Þx2 þ 51 31ð Þx3 GPa: ð15Þ

The c44 elastic constant decreases with Fe content and is fit to a
second-order polynomial:

c44 ¼ 156 2ð Þ � 154 7ð Þxþ 44 5ð Þx2 GPa: ð16Þ

While the functions have no physical significance, they do provide
excellent fits to the data with R-squared values being 0.995, 0.940,
and 0.998 for the fits to c11, c12, and c44, respectively. To
summarize, the rate of change in cij with Fe content is greatest near

Table 6. Adiabatic and Isothermal Elastic Properties of (Mg,Fe)Oa

Sample c11, GPa c12, GPa c44, GPa Ab K0S, GPa G0
c, GPa K0T, GPa @KT/@P

MgO 298(2) 92(5) 157(2) 0.36(2) 160(3) 133(2)
Fe6 281(2) 101(5) 147(1) 0.40(2) 161(3) 121(2)
Fe15 277(3) 111(5) 131(1) 0.35(2) 166(3) 109(2)
Fe24 266(2) 114(4) 123(1) 0.36(2) 165(2) 102(3)
Fe27 268(2) 109(4) 121(1) 0.31(2) 162(3) 102(2) 158.4(4) 5.49(11)
Fe37 259(2) 117(4) 103(1) 0.25(2) 164(3) 89(2)
Fe53 243(2) 120(3) 86(1) 0.20(2) 161(2) 75(3)
Fe56 244(2) 117(3) 83(1) 0.16(2) 159(2) 75(1) 155.8(9) 5.53(23)
Fe75 234(2) 123(4) 67(1) 0.10(2) 160(3) 62(2) 151.3(6) 5.55(19)
Fe78 231(2) 122(3) 63.4(4) 0.08(1) 159(2) 60(3)
Fe0.946O 218(1) 122(1) 46.1(2) �0.02(1) 153(1) 46.8(4)

aValues in parentheses indicate standard deviations.
bThe anisotropy factor A = [(2c44 + c12)/c11] � 1 is equal to zero for the isotropic crystal.
cCalculated from the mean of the Hashin-Shtrikman bounds for cubic symmetry [Hashin and Shtrikman, 1962].

Figure 6. Birch-normalized pressure (F) against the Eulerian
strain ( f ) from the compression study illustrates that deviation of
K0 from 4 is significant. The equations of state are plotted (solid
lines) with F( f ) = K[1 + 3/2(K0 � 4) f ] so that the slope of the
compression data in an F-f plot is zero when K0 = 4.0 [e.g., Birch,
1978; Angel, 2000].
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MgO so that introducing Fe into periclase has a greater effect on the
elastic properties than adding Mg into wüstite.
[33] Elastic anisotropy of materials results from varying

stiffness for different directions. Increasing elastic anisotropy
with pressure or composition for a given crystal structure often
indicates elastic shear mode softening and potential instability.
In the cubic system, elastic anisotropy can be expressed as the
anisotropy factor A = [(2c44+ c12)/c11] � 1 [Karki et al., 1997]
where A = 0 for the elastically isotropic crystal. The elastic
anisotropy of (Mg,Fe)O exhibits rather unusual behavior in that
A is essentially constant (0.35 ± 0.02) from periclase to
compositions with �25 mol % FeO but then decreases in a
sharp and linear fashion such that wüstite is nearly isotropic
with A = �0.02 ± 0.01 (Figure 9). This is consistent with the
results of Berger et al. [1981], who point out that wüstite has
one of the highest Cauchy numbers (g = c12/c44) among the
known monoxides with g = 2.65. It is not clear why FeO
should be isotropic. It is possible that there is a more uniform
spatial distribution of electron density in the structure through
the introduction of the hybridized d orbitals at the six-coor-
dinate site. It is also possible that the trend toward isotropy for
FeO is caused by the defect structure. However, that fact that
variation of cij with total Fe content is essentially the same for
both suites having different Fe3+/�Fe suggests that perhaps it
has more to do with the introduction of Fe into the six-
coordinate site of the rock salt structure rather than due solely
to the defect structure.
[34] To facilitate the usefulness of these data with respect to

seismic observation, we have used methods of polycrystalline
averaging to estimate the bulk elastic properties from the single-
crystal elastic constants. We invoke the variational approach to
estimating K and G for a theoretical isotropic aggregate of cubic
crystals after Hashin and Strikman [1962]. This method has been
shown to place tighter upper and lower bounds on the effective
isotropic moduli of an aggregate than do the methods assuming
uniform strain or uniform stress [e.g., Hill, 1952; Thomsen, 1972;
Watt, 1988]. The results explicitly apply to the truly isotropic
aggregate of components (each with cij) having arbitrary crystal
shapes. The relevant equations and a thorough review of the
subject is given by Watt et al. [1976].

Table 7. Results of the (Mg,Fe)O X-Ray Structure Refinementsa

Fe6 Fe15 Fe24 Fe27 Fe37 Fe53 Fe56 Fe75 Fe78 Fe0.946O

Absorption coefficient m, mm�1 2.07 3.68 5.21 5.69 7.30 9.78 10.27 13.20 13.86 16.63
Crystal volume, mm3 0.972 1.386 1.200 0.768 0.400 0.324 0.450 0.637 1.025 0.900
Number of reflections 212 212 212 212 212 224 210 224 224 90
<I/s(I )> 102.8 66.4 103.3 86.8 55.8 54.5 64.9 52.5 72.6 45.3
Number of unique reflections with I >2s(I ) 29 29 29 29 29 31 29 31 27 31
Rint 0.029 0.031 0.118 0.025 0.010 0.046 0.012 0.037 0.131 0.015
R(F ) 0.011 0.025 0.018 0.017 0.008 0.015 0.014 0.020 0.021 0.015
GoF 2.84 2.42 1.69 3.23 1.52 1.92 2.32 1.89 1.43 1.89
F000 83.10 88.40 93.44 94.62 99.82 107.76 108.44 118.14 121.38 130.02
M site occupancyb

x(VIMg) 0.941 0.850 0.760 0.725 0.628 0.462 0.423 0.240 0.211 0.00
x(
PVIFe) 0.058 0.149 0.239 0.260 0.352 0.508 0.516 0.678 0.745 0.915

T site occupancy
x(VIFe3+) not refined not refined not refined 0.008(6) 0.011(2) 0.007(4) 0.025(4) 0.039(5) 0.017(6) 0.031(6)

Uiso(M site), 	 100 0.44(3) 0.72(3) 0.52(2) 0.47(4) 0.66(1) 0.67(3) 0.88(2) 1.1(3) 0.90(5) 1.11(3)
Uiso(O), 	 100 0.44(3) 0.73(4) 0.58(2) 0.51(4) 0.76(2) 0.86(3) 0.96(4) 1.20(5) 1.08(5) 1.45(6)
R(M–O),b Å 2.109 2.114 2.121 2.121 2.125 2.136 2.131 2.137 2.143 2.154
R(M–M)b = R(O–O), Å 2.983 2.990 3.000 3.000 3.006 3.021 3.014 3.022 3.031 3.046
R(T–O)b = R(T–M), Å 1.827 1.831 1.837 1.837 1.841 1.850 1.846 1.851 1.856 1.865
T site residual, ce�/Å3 not refined not refined 0.65 0.72 1.11 0.94 2.30 3.62 2.55 2.94

aValues in parentheses are standard deviations. <I/s(I )>, average observed intensity (I ) to s(I ) ratio; Rint, internal data-merging discrepancy factor of
symmetry equivalent reflections; ½Rint ¼ F2

hkl � F2
hkl

�� ���F2
hkl�; R(F ), structure refinement R index on F; R(F ) = |Fobs� Fcalc|/Fobs;. GoF, goodness of fit;

GoF = [
P

w(Fobs� Fcalc)
2/(m � n)]1/2, where w = [s2(F ) + (0.0003)F2]�1, m is number of observations, and nis number of variables; F000, number of

electrons in the forward direction (total number in one unit cell); Uiso, isotropic thermal displacement parameter; R(X � Y ), interatomic distance between
site X and Y.

b Indicates fixed parameter.
cResidual at T site (1/4,1/4,1/4) without tetrahedral ferric Fe in the model.

Figure 7. (a) Electron density difference Fourier map (�r
calculated from Fobs� Fcalc) for Fe37 (with Fe3+/�Fe = 0.05)
illustrating the large residual at the interstitial T site (1/4, 1/4, 1/4)
when IVFe is not modeled. In this map, contours are drawn from
�0.1 to 0.4 electrons (el) per Å3 at 0.05 intervals. The dashed
contours are negative. For clarity, contouring is stopped at 0.4 el/
Å3, but the peak of the residual at the T site here is �1.11 el/Å3.
Additional residue in the map likely results from modeling neutral
spherical atoms and our inability to model bonding. (b) Structure
drawing of the ideal B1 structure illustrating the orientation of the
difference map in the structure.
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[35] The isotropic moduli for (Mg,Fe)O from this study, as well
as some literature values for FeO, are plotted in Figure 10. There
has been some controversy over whether or not the bulk modulus
of (Mg,Fe)O should increase or decrease with Fe content. While
the value of K for MgO (�160 GPa) has been confirmed by a large
number of researchers [e.g., Spetzler, 1970; Jackson and Niesler,
1982; Reichmann et al., 1998; Fei, 1999; Sinogeikin and Bass,
2000], the bulk modulus of wüstite has been given a wide range of
experimental values ranging from much less then periclase (142 ±
10 GPa for Fe0.90O [Mao et al., 1969]) to values being consid-
erably greater (175 ± 5 GPa for Fe0.99O [Zhang, 2000]). A large
number of results for wüstite lie somewhere in between, with K
being �155 GPa for Fe1�xO with a wide variety of stoichiometries
[Hazen and Jeanloz, 1984].
[36] The slope dKS/dx (x = �Fe/(�Fe + Mg) using all our data

for (Mg,Fe)O is slightly negative having a slope of about �8 ± 3
GPa/x (dashed line in Figure 10). This is similar, though offset
due to the adiabatic/isothermal difference, with the linear fit for

dKT/dx = �14 ± 4 GPa/x (dot-dashed line in Figure 10). This is
consistent with the value of dKT/dx = �15 GPa/x given by Fei
[1999]. It is possible that the slight decrease in K with total Fe
content is due to defect structure resulting from increasing Fe3+.
If a linear approximation for dKS/dx is made using the samples
having Fe3+/�e � 0.02 (MgO, Fe6, Fe15, and Fe24), the slope is
positive with

K0S ¼ 161 1ð Þ þ 21 10ð Þx GPa: ð17Þ

Equation (17), plotted with dots in Figure 10, intersects with the
experimental value for MgO and those for nearly stoichiometric
Fe0.99O [Zhang, 2000] and stoichiometric FeO from theory
[Jackson et al., 1990]. Also, this trend of increasing K0S with Fe
content by 21 GPa/x is similar to that reported by Bonczar and
Graham [1982] of 19 GPa/x for polycrystalline ultrasonic data that
had been corrected for porosity. On the basis of our (low Fe3+)
function for K0S with Fe content, we estimate the bulk modulus of
a nominally stoichiometric phase with potential lower mantle
composition (Mg0.80Fe0.20)O to be �165 ± 2 GPa, which is not that
much greater than pure periclase. The presence of Al in coexisting

Table 8. Structural Formulae for (Mg,Fe)O Based on the Structure Refinementsa

Sample x(VIMg2+) x(VIFe2+) x(VIFe3+) x(VI5) x(IVFe3+) rb

Fe27 0.725 0.255 0.005 0.015 0.008(6) 1.9
Fe37 0.628 0.345 0.007 0.020 0.011(2) 1.8
Fe53 0.462 0.469 0.039 0.030 0.007(4) 4.3
Fe56 0.423 0.471 0.045 0.061 0.025(4) 2.4
Fe75 0.240 0.631 0.074 0.082 0.039(5) 2.1
Fe78 0.211 0.709 0.036 0.044 0.017(6) 2.6
Fe0.946O 0.00 0.838 0.077 0.085 0.031(6) 2.7

aFormulae are of the form, VI(Mg2+Fe2+Fe3+)IVFe3+O2�. The ratio �Fe/(�Fe + Mg) is constrained by microprobe analysis, and the ratio Fe3+/�Fe is
constrained by Mössbauer spectroscopy.

bRatio of octahedral vacancies to tetrahedral ferric iron: r = (VI5/IVFe3+).

Figure 8. Single-crystal elastic constants for (Mg,Fe)O. The
more stoichiometric suite is represented by open symbols.
Equations for the elastic constants and their variation with
composition (x = Fe/�Fe + Mg) are given in the text. The greatest
rate of change in elasticity (@cij/@x) occurs between MgO and
(Mg,Fe)O with �25 mol % FeO, coinciding with the range of
potential mantle composition.

Figure 9. Elastic anisotropy factor A = [(2c44 + c12)/c11] � 1 for
(Mg,Fe)O. The more stoichiometric suite is represented by open
circles. Wüstite-Fe0.95O is nearly isotropic.
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perovskite has been shown to bring the (Mg,Fe) partition
coefficient closer to unity [Wood and Rubie, 1996; Andrault,
2001], lowering the Fe content of (Mg,Fe)O and thus bringing the
value of K0 for ferropericlase of potential mantle composition even
closer to that of pure periclase.
[37] Variation of the shear modulus with Fe content is fitted to a

second-order polynomial to all the data resulting in

G0 ¼ 130 2ð Þ � 134 18ð Þxþ 78 42ð Þx2 � 27 25ð Þx3 GPa: ð18Þ

Here, as for the elastic constants, the greatest rate of change in
elasticity with composition occurs immediately upon the addition
of Fe into periclase. On the basis of (18) we estimate the shear
modulus of nominally stoichiometric (Mg0.8Fe0.2)O to be �106 ± 2
GPa, or �20% less than that of pure periclase.

4. Discussion

[38] In order to investigate the possible effects of the defect
structure due to nonstoichiometry on the elastic properties of
(Mg,Fe)O we synthesized two suites of samples at different
conditions. Samples Fe6, Fe15, Fe27, Fe37, Fe56, and Fe75 were
annealed for 200 hours at 1450�C and 10�2 Pa fO2. Samples Fe24,
Fe53, and Fe78 were annealed under the same conditions but were
subsequently reequilibrated for 20 hours at 1300�C and 10�5 Pa

fO2. Since the latter conditions are less oxidizing, we would expect
the samples Fe24, Fe53, and Fe78 to have less Fe3+ relative to the
other samples with a similar value of �Fe/(�Fe + Mg). Indeed, for
the samples Fe27 and Fe24 with �Fe/(�Fe + Mg) �0.25, �5% of
the Fe is ferric in Fe27, whereas only �1% is ferric in Fe24. For
samples Fe56 and Fe53 with �Fe/(�Fe + Mg) �0.5, �13% of the
iron is ferric in Fe56, whereas only 9% is ferric in Fe53. Finally, for
Fe75 and Fe78 with �Fe/(�Fe + Mg) �0.75, �12% of the iron is
ferric in Fe75, whereas only �7% is ferric in Fe78. Consequently,
we can compare the physical properties (unit cell, density, veloc-
ities) between samples having similar total Fe contents but differ-
ent Fe3+/�Fe ratios.
[39] The effects of composition and nonstoichiometry due to

Fe3+on the cell parameter and density of (Mg,Fe)O are illustrated
in Figure 1. The cell parameter of samples with less Fe3+ (but
similar total Fe content) is closer to the ideal 1:1 mixing line. The
sample Fe24 is relatively stoichiometric (Fe3+/�Fe = 0.01 ± 0.01)
for its Fe content and actually lies slightly above the 1:1 line. This
is consistent with energetic calculations of an ideal (Mg,Fe)O solid
solution showing that there should be some excess volume of
mixing [Burdett and Nguyen, 1993]. With relatively few samples
we cannot conclude a simple relation between the cell parameter of
(Mg,Fe)O and stoichiometry. The molar volume is dependent on
many parameters of the synthesis conditions including pressure,
temperature, oxygen fugacity, and quench rate. It is therefore
important for future studies of (Mg,Fe)O to report the details of
the synthesis conditions.
[40] The effects of nonstoichiometry due to Fe3+ on the veloc-

ities and elastic properties are more subtle than for the molar
volume. The trends of VP and VS with total Fe content are the same
for the two suites of samples within uncertainty of the measure-
ment (Figure 2). Even for the cij elastic constants (which are
affected by the density), the two suites have similar behavior
within error (Figure 8). This is consistent with the observations
of Berger et al. [1981] for wüstite, who reported that the elastic
constants of Fe0.927O and Fe0.950O synthesized at different con-
ditions were identical within error. Therefore it is concluded that
the defect structure is either imparting only a second-order effect or
that various effects are canceling. For example, this could be
explained by the combination of more incompressible tetrahedral
Fe 3+ units with the softening properties of the vacancy clusters.
Similar behavior has been observed for the bulk modulus (K0T) by
Hazen [1981], who reported the comparative compressibilities of
Fe0.91O, Fe0.94O, and Fe0.96O from simultaneous single-crystal
diffraction studies in the diamond cell. For these samples, Hazen
[1981] obtains values of the bulk modulus 152 ± 2, 153 ± 2, and
154 ± 2 GPa which are identical within error. On the other hand,
Zhang [2000] recently observed a very large (�25%) increase in
the bulk modulus of Fe0.99O relative to less stoichiometric samples.
Zhang [2000] reported values of the bulk modulus determined
from synchrotron X-ray diffraction on powders to �10 GPa in a
large-volume multianvil apparatus for Fe0.95O, Fe0.96O, and
Fe0.99O, obtaining K0T = 141 ± 5, 143 ± 5, and 175 ± 5 GPa,
respectively. From this study, we conclude that the effects of non-
stoichiometry on Fe3+-bearing (Mg,Fe)O with a variable degree of
defect concentration is simply not that great.

5. Conclusions and Geophysical Application

[41] Ultrasonic P and S wave velocities can now be routinely
measured on samples as small as 50 mm in thickness, increasing by
manifold the available pool of materials that may be studied using
gigahertz ultrasonic interferometry. For example, other high-pres-
sure phases important to Earth and planetary interiors such as the
Mg2SiO4 polymorphs wadsleyite (b) and ringwoodite (g), major-
ite-MgSiO3, and silicate perovskite-MgSiO3, which can now be
synthesized in �50 mm sizes in large-volume multianvil presses,
are potentially good candidates for this technique. There are no

Figure 10. Plot of the isotropic elastic moduli K and G for
(Mg,Fe)O calculated from the elastic constants by the method of
Hashin and Strikman [1962]. Open circles and open squares are KS

and G, respectively, for the more stoichiometric suite. KT from the
compression study is shown by solid up-triangles and fitted with
the dash-dotted line. Fits to all the KS and G data are shown by
dashed lines and are given in the text. The inverted triangle
represents the isothermal values for single-crystal Fe1�xO (x =
0.09–0.04) given by Hazen [1981]. Also, KT for Fe0.99O is shown
(open diamond) [Zhang, 2000]. A linear trend for dKS/dx
(x = Fe/�Fe + Mg) fit through the samples with Fe3+/�Fe �
0.02 (dotted line) nearly intersects with the theoretical value of KS

for stoichiometric FeO (	) [Jackson et al., 1990], suggesting that
the decrease in KS with Fe content is a result of the defect structure
due to nonstoichiometry.
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optical requirements so that opaque oxides or metals may be
studied provided they are single crystals or the grain size is
submicron. We are modifying the new shear wave technology to
a sharpened sapphire buffer rod for use in the diamond anvil cell.
[42] New aspects of gigahertz ultrasonic interferometry have

been demonstrated on submillimeter samples by measuring P and S
wave travel times in the [100] and [111] directions of single-crystal
(Mg,Fe)O across the solid solution. At ambient P-T the effects of
composition on the elastic properties of (Mg,Fe)O are most
pronounced upon the addition of small amounts of Fe (�5%) into
periclase. Ultrasonic velocities for samples having similar �Fe/
(�Fe + Mg) ratios, but different Fe3+contents, are similar within
uncertainty of the measurements. The effects of nonstoichiometry
on (Mg,Fe)O are more pronounced on the cell parameter and thus
density of the crystals. The isothermal bulk modulus of Fe3+-
bearing (Mg,Fe)O decreases by �8 GPa/mol % FeO between MgO
and FeO. However, for samples containing relatively small
amounts (�2%) of ferric iron, the trend @KS/@xFeO is positive
suggesting that stoichiometric wüstite may indeed have a higher
bulk modulus than periclase as originally suggested by Jackson et
al. [1978].
[43] Static compression of these Fe3+-bearing (Mg,Fe)O single

crystals with total Fe contents ranging from 25 to 75% reveal that
@KT/@P is significantly >4.0, the value implied by second-order
truncation of the Birch-Murnaghan equation of state. The measured
value of K0 = �5.5 for our (Mg,Fe)O crystals is similar to the
ultrasonically obtained value of �5 for wüstite [Jackson et al.,
1990]. It is possible that the defect structure of Fe3+-bearing
(Mg,Fe)O is undergoing a different compression mechanism alto-
gether from periclase. If @KT/@P for ideal stoichiometric (Mg,Fe)O
of potential lower mantle composition varies from 4.0 by this
amount, a miscalculation in the density of �1% would occur at 30
GPa, being the approximate pressure at depth where an oxide of
Mg and Fe disproportiates from ringwoodite-Mg2SiO4. There is
still considerable uncertainty about whether or not (Mg,Fe)O will
form a solid solution in Earth’s lower mantle. The properties of
Fe2+ and Mg2+ (such as ionic radii) are likely to differ more at high
pressures and temperatures, especially if Fe2+ undergoes a high-
spin to low-spin transition. If Fe2+ and Mg2+no longer substitute
for each other in the six-coordinate site of (Mg,Fe)O, it is possible
that an Fe-rich oxide phase such as the B8 structure FeO will
exsolve from a Mg-rich ferropericlase somewhere in Earth’s lower
mantle, potentially causing an observable seismic discontinuity.
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lithospheric P, T conditions, Eur. J. Mineral., 13, 871–881, 2001.

Bonczar, L. J., and E. K. Graham, The pressure and temperature depen-
dence of the elastic properties of polycrystal magnesiowüstite, J. Geo-
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