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ABSTRACT: The effect of incorporation of Fe2+ on the perovskite (Pbnm)
and postperovskite (Cmcm) structures was investigated in the (Mg,Fe)GeO3
system at high pressures and temperatures using laser-heated diamond anvil
cell and synchrotron X-ray diffraction. Samples with compositions of Mg# ≥
48 were shown to transform to the perovskite (∼30 GPa and ∼1500 K) and
postperovskite (>55 GPa, ∼1600−1800 K) structures. Compositions with
Mg# ≥ 78 formed single-phase perovskite and postperovskite, whereas those
with Mg# < 78 showed evidence for partial decomposition. The
incorporation of Fe into the perovskite structure causes a decrease in
octahedral distortion as well as a modest decrease in bulk modulus (K0) and
a modest increase in zero-pressure volume (V0). It also leads to a decrease in the perovskite-to-postperovskite phase transition
pressure by ∼9.5 GPa over compositions from Mg#78 to Mg#100.

■ INTRODUCTION

The discovery of the postperovskite (ppv) phase (CaIrO3-type,
Cmcm) in MgSiO3 at high pressure1 has led to strong interest
in perovskite (pv) to ppv phase transitions in other ABX3

GdFeO3-type (Pbnm, X = O, F) pv in recent years. The ppv
phase has been found in a variety of compositions, including
Mg−Fe silicates, germanates (MnGeO3

2 and MgGeO3
3), and a

stannate (CaSnO3
4). A variety of transition-metal oxides of the

form CaMO3 (M = Ir, Rh, or Ru5,6) as well as several fluorides
(NaMF3, M = Mg, Fe, Ni, Co, or Zn7−9) also undergoes this
phase transition. Whereas GdFeO3-type pv consists of a
network of corner-sharing BO6 octahedra surrounding distorted
eightfold coordinated A sites, ppv consists of corner- and edge-
sharing BO6 octahedral sheets alternating along the b-axis with
face sharing anticubic eightfold coordinated A sites. The ability
of a given pv to transform to the ppv structure has been found
to be related to both the Goldschmidt tolerance factor t = (rA/
rO)/√2(rB/rO) (where r is the ionic radius of A, B, or O) as
well as to the degree of octahedral tilting relative to an ideal
cubic pv [111] axis. This is primarily because the pv−ppv phase
transition proceeds through a tilting/shear mechanism of the pv
octahedral network accompanied by bond reconstruction.10

Understating the effect of cation substitution on the properties
of pv and ppv as well as on the pv−ppv phase transition is
relevant to high-pressure geophysics, where it is believed that
the anisotropic compressibility of ppv and the Clapeyron slope
of the pv−ppv phase transition in (Mg,Fe)SiO3 (the most
abundant chemical species within the Earth’s mantle) may be

responsible for a variety of seismic observations in the deep
Earth.11

Germanates such as MgGeO3 have long been used as
analogues for silicates in studies of structure and phase
transitions,12−16 rheological17 and magnetic properties,18−20

and the behavior of glasses and melts.21−23 Radius ratio
considerations (Ge4+ = 0.53 Å versus Si4+ = 0.4 Å24) suggest
that germanates will achieve higher-coordination environments
at pressures lower than those of corresponding silicates: it has
been found that the pv−ppv phase transition is lowered from
125 GPa in the case of MgSiO3

1 to 63 GPa in the case of
MgGeO3.

25 The Fe end members, FeGeO3 and FeSiO3, have
both been reported to decompose into oxides rather than form
the pv phase at high pressures,15,26,27 although other studies
suggest FeGeO3 pv may be stable.28−30 To date, no high-
pressure studies have been reported on intermediate
compositions in the (Mg,Fe)GeO3 system.
Here, we document an isomorphic model chemistry for

silicates with similar phase transition pathways. Because the
chemical leap from silicates to germanates is relatively small,
this system is one of the closest analogue sets that can be used
in this type of study. We report a synthesis of (MgxFe1−x)GeO3

pyroxenes over a range of Mg/Fe compositions and investigate
their high-pressure behavior using the laser-heated diamond
anvil cell in conjunction with synchrotron X-ray diffraction.
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■ EXPERIMENTAL DETAILS
Pyroxene Synthesis. A suite of polycrystalline (Mgx,Fe1−x)GeO3

samples was prepared by solid-state ceramic sintering in evacuated
silica tubes following the method of Redhammer et al.31 For each
composition, GeO2 (rutile-type), MgO, Fe2O3, and Fe were ground
under ethanol in stoichiometric proportions, dried, pelletized, and
placed into silica tubes. The silica tubes were evacuated, welded shut,
and heated to 1023 K for 3 days. After the initial heating, the samples
were reground, placed into new silica tubes, and heated to 1223 K, a
procedure that was repeated several times. Reaction completeness was
evaluated between heating steps via powder X-ray diffraction.
Characterization of the final synthesis products was carried out using
high-resolution synchrotron powder X-ray diffraction at beamline 11-
BM of the Advanced Photon Source (APS), Argonne National
Laboratory. Chemical analysis of the samples was performed by
electron microprobe and inductively coupled plasma mass spectrom-
etry (ICP-MS) analysis. Major cation abundances (Mg, Fe, and Ge)
were determined to ∼0.5% precision. The samples were also examined
by Raman spectroscopy using a Horiba LabRam HR Evolution system.
High-Pressure Experiments. High-pressure experiments were

carried out in symmetric-type diamond anvil cells (DACs) using anvils
with 100−300 μm diameter culets. Germanate samples were ground to
a few micrometer grain size and mixed with 10 wt % gold powder
(Goodfellow Corp., 99.95% purity), which served as a laser absorber
and pressure calibrant. The mixtures were pressed into a thin layer and
loaded into DACs using Ne as a quasi-hydrostatic pressure-
transmitting medium. Diamond anvils were mounted on tungsten
carbide or cubic boron nitride backing plates. Sample chambers were
formed by drilling holes in Re gaskets that were preindented to 20−30
μm thickness.
Angle-dispersive X-ray diffraction was performed at beamline 13-ID-

D of the APS. X-rays with a wavelength of 0.3100 or 0.3344 Å were
focused to a 4 × 3 μm beam size and directed through the diamond
anvils, and the diffracted signal was collected with a Mar165 charge
coupled device (CCD) detector. The detector position and orientation
were calibrated using LaB6 as a standard. High temperatures were
achieved by double-sided laser heating using two diode-pumped
single-mode ytterbium fiber lasers (λ = 1064 μm), each with output
power up to 100 W. Beam-shaping optics were used to produce a flat-
topped laser profile with a spot size of ∼24 μm. Temperatures were
measured from both sides of the sample by spectroradiometry. The
laser power on each side of the sample was independently controlled
to achieve uniformity of temperature across each sample to less than
50 K difference between upstream and downstream sides. Additional
details of the X-ray diffraction and laser heating systems used here are
reported elsewhere.32

X-ray diffraction patterns were typically collected for 30−120 s. In
some cases, the cell was rotated by ±4° in ω during data collection to
reduce preferred orientation effects. The two-dimensional CCD
images were integrated to produce 1D diffraction patterns using the
programs DIOPTAS

33 and FIT2D.34 Initial peak positions were
determined by fitting background-subtracted Voigt line shapes to the
data. Pressure was determined from the (111) diffraction peak and
thermal equation of state of gold.35 Lattice parameters were refined by
the LeBail method using GSAS

36 and EXPGUI.37 For selected diffraction
patterns, Rietveld refinements were also performed.

■ RESULTS AND DISCUSSION
Synthesis of Germanate Pyroxene Starting Materials.

The compositions of the (Mg,Fe)GeO3 pyroxenes were
determined by ICP-MS and microprobe analysis to be
Mg#100, Mg#92, Mg#78, Mg#61, and Mg#48, where Mg# =
Mg/(Mg+Fe) × 100 (see Table S1 in the Supporting
Information). Microprobe analysis across several spots in
selected samples showed little deviation, indicating that the
elemental distribution was homogeneous. The measured
compositions of the Mg#78 and Mg#48 samples yield an
(Mg+Fe)/Ge ratio lower than the expected pyroxene value,

suggesting the presence of excess GeO2. Ambient-pressure X-
ray diffraction patterns for all compositions are shown in Figure
S1. All samples can be indexed as orthopyroxenes (space group
Pbca). Lattice parameters for all compositions were determined
via LeBail refinement of the synchrotron X-ray diffraction data
(Table S2). The lattice parameters and volume of the MgGeO3
composition are similar to those previously reported.38,39 The
Mg#78 and Mg#48 samples were found to also contain minor
rutile-type GeO2, consistent with their slightly low (Mg+Fe)/
Ge ratios. The unit cell volumes and lattice parameters of
(Mg,Fe)GeO3 orthopyroxene display a linear dependence on
Mg# (Figure 1), as also observed in silicate orthopyroxenes.40

However, the germanates exhibit a relative dependence on the
volume and a- and b-lattice parameters slightly smaller than
those of the corresponding silicates.40 This is expected, as the
ionic radius of Ge4+ is larger than that of Si4+, and so the
volume and lattice parameter increase relative to the magnesian
end-member will be smaller in germanates due to the larger
overall volume of the germanate unit cell (900.0 and 830.4 Å3,
respectively, for the Mg end-member). Raman spectra for all
compositions are shown in Figure S2a. Raman frequencies of
the Mg#100 sample match those reported by Ross and
Navrotsky13 (Table S3). The mode shifts of the major Raman
peaks exhibit a linear frequency dependence on Mg# (Figure
S2b), as observed in silicate orthopyroxenes.41 Raman peaks
broaden as a function of Fe content possibly due to cation
disorder. These results indicate good chemical and structural
homogeneity across the pyroxenes that are used as starting
materials in the high-pressure experiments described below.

Perovskite and Postperovskite Synthesis at High
Pressures. Upon room-temperature compression of the
pyroxene samples in a diamond anvil cell to approximately 32
GPa, the observed diffraction peaks across all compositions
became weak and broad and no longer corresponded with
expected orthopyroxene positions. The samples were then laser
heated. After less than 5 min of heating to 1500−1800 K, all
compositions exhibited new diffraction peaks that could be
attributed to the GdFeO3-type (Pbnm) pv structure (Figure 2).
The resulting lattice parameters for each composition are listed
in Table 1, and a comparison of measured and calculated d
spacings is given in Table S4. In the case of the Mg#61 and
Mg#48 samples, peaks attributable to GeO2 as well as a few

Figure 1. (a) Volume and (b) lattice parameters of silicate40 and
germanate orthopyroxenes as a function of Mg# at ambient conditions.
Values are normalized to the magnesian end-member. Solid lines are
linear fits to the data.
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peaks at high d spacing of unknown origin were also observed.
For the Mg#48 sample, this may be due to excess GeO2

observed in the starting material. The presence of GeO2 peaks
in the Mg#61 sample, however, may indicate a maximum
solubility of iron in the pv structure, as has been observed for
silicates.42

In a further set of experiments, previously unheated samples
with composition between Mg#100−48 were first compressed
to 70−80 GPa and then heated to ∼1500−1900 K. Prior to
heating, only weak broad peaks were observed in the starting
material. Within 5 min of heating, those peaks disappeared, and
peaks corresponding to the ppv phase appeared (Figure 3). For
compositions with Mg# ≥ 78, all observed peaks could be
indexed as ppv, Au, or Ne. At these pressures, GeO2 is expected
to be in the pyrite (Pa3 ̅) phase, and its major diffraction peaks
coincide with either ppv or Au; thus, its presence cannot be
conclusively ruled out. For the Mg#61 and Mg#48
compositions, additional unexplained peaks were observed
after prolonged heating, indicating possible decomposition or

chemical reaction. When ppv was synthesized for the Mg#48
composition at 103 GPa, no additional peaks were observed,
suggesting that in compositions with higher Fe content (Mg# <
78), single-phase ppv can be synthesized at higher pressures.
Rietveld refinements were carried out on Mg#78 pv and ppv

samples (Figure 4). The background was manually fit for each
pattern using a Chebyshev polynomial and then refined. Once a
good fit was found, Rietveld refinement was performed. First,
phase fractions were allowed to refine. The atomic position of
Fe was constrained to the same coordinates as those of Mg, and
initial fractional coordinate estimates were made based on
values reported for Mg#95 silicate pv43 or Mg#100 germanate
ppv.44 Thermal displacement parameters were taken from
Kubo et al.44 and fixed throughout. The Mg:Fe ratio was also
fixed based on microprobe results of the starting material.
Fractional coordinates of all atoms were refined. Preferred
orientation was accounted for in the case of pv, and sixth-order
spherical harmonics in a cylindrical geometry were applied
during the refinement. Final lattice parameters and atomic

Figure 2. (a) Synthesis of Mg#78 perovskite at 32 GPa. (b) Representative X-ray diffraction patterns for (Mg,Fe)GeO3 perovskites at room
temperature after laser heating near 32 GPa (Table 2). Expected peak locations are shown by tick marks underneath each pattern. Selected Miller
indices (hkl) are indicated. Q = 2π/d is used to compare data collected at different wavelengths.

Table 1. Perovskite and Postperovskite Unit Cell Parameters at Select Pressures

a (Å) b (Å) c (Å) V (Å3) P (GPa)

perovskite
Mg#100 4.743(9) 4.966(9) 6.89(2) 162.4(5) 32.0
Mg#92 4.753(7) 4.970(8) 6.89(1) 162.9(4) 31.2
Mg#78 4.772(6) 4.974(7) 6.91(1) 164.0(3) 31.7
Mg#48 4.810(4) 4.981(4) 6.924(6) 165.9(2) 31.7

postperovskite
Mg#100 2.611(3) 8.450(9) 6.427(5) 141.8(2) 80.7
Mg#92 2.6938(4) 8.405(1) 6.3913(7) 139.34(5) 88.4
Mg#78 2.604(1) 8.442(3) 6.415(2) 141.0 (1) 85.3
Mg#61 2.621(6) 8.44(3) 6.421(8) 142.1(4) 78.6
Mg#48 2.621(2) 8.512(4) 6.458(4) 144.1(1) 76.3
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fractional coordinates for pv and ppv are listed in Table 2. We
are not aware of any previous reports of Rietveld refinement on
germanate pv compositions.
Phase Relations. The pv to ppv transition boundary was

investigated for Mg#78 and Mg#100. Previously unheated
samples were compressed at room temperature to pressures
near the expected phase boundary, and then heated between
1000 and 2600 K in ∼200 K intervals. Consistent with earlier
studies,45−47 we found that both pv and ppv could be
synthesized rapidly from disordered starting material (especially
at pressures well above or below the phase boundary), but once
one phase formed, the transformation in both the forward and
reverse direction was very sluggish unless significant over- or
under-pressure was applied.
In Mg#100, the phase boundary is univariant, but we observe

a wide pressure range over which both pv and ppv coexist due
to the sluggish transition kinetics (Figure S3). The first
appearance of ppv in this study corresponds well with the
observations of Hirose et al.25 and Ito et al.48 Heating for 10−
15 min intervals at a fixed pressure and temperature did not
significantly alter the ratio of pv:ppv in the Mg#100 sample, in
accordance with prior observations of slow reaction kinetics.48

The presence of small amounts of pv in the sample even at high
pressures suggests either the existence of a temperature
gradient or that the transition from starting material to pv is
kinetically more accessible despite the metastability of pv in this
pressure and temperature regime. Coexistence of pv and ppv to
high pressures was also observed by Hirose et al.25 and Ito et
al.48

In (Mg,Fe)SiO3, the pv to ppv phase transition is divariant
with an expected coexistence region in pressure−temperature
space. We observe the presence of both phases over a wide

range of 54−79 GPa and 1350−2575 K (Figure 5), but this
may reflect kinetics as discussed above. Notably, the first
appearance of ppv peaks occurs at pressure significantly lower
than that in Mg#100 samples. This indicates that the presence
of Fe lowers the pv to ppv phase transition pressure in
germanates, similar to observations in silicates.46,49−52 Our
lower boundary for the pv−ppv two phase loop is indicated by
a solid black line (Figure 5), assuming a Clapeyron slope similar
to that of Ito et al.48 We find that the inclusion of 22 at % Fe
reduces the lower boundary of the divariant loop by ∼9.5 GPa
relative to Mg#100. We were unable to reliably determine the
upper boundary of the two phase loop in Mg#78. However, we
observe single phase ppv in Mg#78 at all pressures above 80
GPa and observed instances of single-phase Mg#78 ppv at
pressure and temperature conditions as low as 1850 K and 70
GPa when synthesized from previously unheated material
(Figure 5).
In an additional experiment, Mg#100 and Mg#78 samples

were loaded adjacent to each other within the same cell, and pv
was synthesized in each composition at 30 GPa by heating to
1600 K. These samples were then compressed to 74 GPa with
heating to ∼1700−1800 K every 5 GPa. At ∼1700 K above
55.7 GPa, we observe evidence for the incipient formation of
ppv in Mg#78 but not in Mg#100 (Figure S4). With increasing
pressure, the intensity of the ppv peaks grows significantly in
Mg#78. Ppv is not observed in Mg#100 below 74.0 GPa, at
which point weak diffraction spots associated with this phase
begin to appear. This supports our conclusion that the presence
of Fe enhances ppv phase stability in germanates.

Equations of State. Perovskite. The equations of state of
Mg#100 and Mg#78 pv were also measured using two adjacent
samples in a separate loading. In this instance, pv was

Figure 3. (a) Synthesis of Mg#78 postperovskite at 80.2 GPa. (b) Representative X-ray diffraction patterns for (Mg,Fe)GeO3 postperovskites at
room temperature after laser heating. Expected peak locations are shown below each pattern. Au peaks were truncated for clarity. Select Miller
indices (hkl) are indicated. Asterisks denote diffuse peaks corresponding to single perovskite grains; these peaks disappear with annealing at higher
pressures.
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synthesized at ∼31 GPa in each sample by laser heating to
∼1900 K with a laser spot size of 24 μm at the full-width half-
maximum (fwhm). The two samples were approximately 34 μm
apart, and X-ray diffraction patterns taken from the region
between the two heating spots showed the presence of only
unheated starting material. This indicates that no significant
heating occurred between the two samples, and thus they

would not be expected to chemically interact. Pv samples were
compressed up to 50 GPa in 2−3 GPa steps with laser
annealing for 3−5 min at ∼1500 K every ∼5 GPa. Above 50
GPa, the samples were compressed in 2−3 GPa steps without
further annealing to prevent conversion to the ppv phase. Unit
cell volumes and lattice parameters as a function of pressure for
Mg#78 and Mg#100 are plotted in Figure 6. To assess the
possible degree of nonhydrostatic stress, we analyzed the fwhm
of the Au(111) reflection as a function of pressure in both
Mg#100 and Mg#78 (Figure S5). Up to 50 GPa, there is little
change in the peak width. For Mg#100, the peak width
increases above 50 GPa after annealing stopped, but no similar
increase was observed for the Mg#78 sample.
Incorporation of Fe into the pv unit cell leads to an increase

in the a-axis, a smaller increase in the c axis, and little change in
the b-axis (Figure 6). This effect is similar to observations in
silicate pv, where the a- and c-axes respond to Fe substitution
more strongly than the b-axis, which appears to be almost
insensitive to Fe content.46 The effect of Fe incorporation can
also be examined through its effect on the distortion of the pv

Figure 4. Rietveld refinement of Mg#78 (a) perovskite at 40 GPa (χ2

= 2.1) and (b) postperovskite at 89 GPa (χ2 = 3.2). Pressure was
determined from the Raman edge of diamond59 and the Au equation
of state.35

Table 2. Lattice Parameters and Atomic Positions from Rietveld Refinement of Mg#78 Perovskite and Postperovskitea

perovskite −40 GPa postperovskite −89.1 GPa

a (Å) b (Å) c (Å) V (Å3) a (Å) b (Å) c (Å) V (Å3)

4.7282(2) 4.9437(3) 6.8803(6) 160.83(1) 2.5980(8) 8.420(2) 6.399(2) 140.01(5)
x y z F x y z F

Mg 0.528(1) 0.5667(8) 0.25 0.78 0.0 0.251(2) 0.25 0.78
Fe 0.528(1) 0.5667(8) 0.25 0.22 0.0 0.251(2) 0.25 0.22
Ge 0.5 0.0 0.5 1 0.0 0.0 0.0 1
O1 0.126(3) 0.456(3) 0.25 1 0.0 0.937(4) 0.25 1
O2 0.185(2) 0.189(2) 0.559(2) 1 0.0 0.629(2) 0.442(4) 1
χ2 2.1 3.2

aAtomic fraction (F) was fixed to the value found by microprobe analysis.

Figure 5. Mg#78 phases in pressure and temperature space. Color
blocks indicate the Mg#100 perovskite−postperovskite observed phase
distribution for comparison.
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away from ideal cubic symmetry. Assuming regular octahedra,

the tilt, Φ, i.e. of the octahedra about the cubic crystallographic

⟨111⟩ axis, is defined as4,53,54

Φ = − ⎛
⎝⎜

⎞
⎠⎟

a
bc

cos
21

2

In an ideal cubic pv, Φ = 0. In both germanate and silicate pv,
Φ increases as a function of both pressure and Mg# (Figure
7a). This indicates that the structure becomes increasingly
distorted with the application in pressure, but distortion
decreases with incorporation of Fe.4

Lattice parameter ratios a/c and b/c are also used to
characterize noncubic distortion in pv (Figure 7b). Both of
these ratios are equal to 1/√2 (dashed line on Figure 7b) for a

Figure 6. (a) Unit cell volumes and (b) lattice parameters of Mg#78 and Mg#100 perovskite measured upon compression. Lattice parameters were
determined using LeBail refinement. Sold lines indicate Birch−Murnaghan equation of state fits with K0′ fixed at 4.

Figure 7. (a) Octahedral tilt, Φ, and (b) lattice parameter ratios as a function of pressure in (Mg,Fe)GeO3 and (Mg,Fe)SiO3 perovskite. The dashed
line in panel b corresponds to 1/√2, the value expected for a cubic perovskite. (Mg,Fe)SiO3 perovskite data is from Dorfman et al.46
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cubic pv when described using an orthorhombic lattice. In both
germanates and silicates, a/c increases with Fe content toward
cubic values. There appears to be little dependence of a/c on
pressure in silicate or germanate pv, although there is some
evidence for an increase in distortion in silicates with high Fe
contents above 80 GPa. Conversely, the b/c ratio shows less
dependence on composition in both silicates and germanates
but a stronger pressure effect with increasing pressure leading
to greater deviation from the ideal value.
Overall, the a-lattice parameter shows the strongest depend-

ence on Fe content in both silicate and germanate
compositions, and all three parameters contribute to the
pressure-induced distortion of the pv structure. The a- and c-
axes exhibit similar compressibilities, while b is less compres-
sible, producing the trends observed in Figure 7b. The addition
of the larger Fe2+ cation into the A site of the pv thus leads to a
reduction in the tilting of the octahedra surrounding the site. In
effect, Fe2+ prevents the collapse of the octahedral cage around
the A site, and Fe2+ incorporation causes the octahedral tilt to
decrease primarily in the ac- and ab-planes. In contrast, the
addition of pressure leads to an increase in octahedral tilt that is
more pronounced along the bc- and ab-planes.
Unit cell volumes of the pv compositions were fit using the

third order Birch−Murnaghan equation of state:

= −
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where P is the pressure, K is the isothermal bulk modulus, K′ is
the pressure derivative of the bulk modulus, V is the unit cell
volume, and the subscript 0 refers to ambient pressure
conditions. K0 and V0 were fit by constraining K0′ to be either
4 or to the value of 3.7, as determined in previous study.55 The
results of the fits are presented in Table 3. Our results agree
with an earlier study for Mg#100,55 but the present data exhibit
less scatter and cover a pressure range wider than that in the
previous work (Figure 6). For a given K0′, we observe a small
decrease (∼7%) in K0 between Mg#100 and Mg#78, while the

fit value of V0 increases by 1.6%. In silicate pv, equation of state
measurements indicate that V0 increases by 0.8% and that K0
does not change within uncertainty across a broad range of
Mg−Fe substitution.46 Overall, the germanate pv is more
compressible than the corresponding silicates (e.g., K0 = 221
GPa versus K0 = 255 GPa for Mg#100 germanate versus silicate
pv) and has a higher V0 (e.g., 182.6 versus 162.3 Å

3 for Mg#100
germanate versus silicate pv).46,56

Postperovskite. The equation of state of Mg#100 ppv was
measured in two separate runs. In the first run, starting material
was compressed to ∼75−80 GPa at room temperature and then
converted to ppv by heating to ∼1800 K for 5 min. The sample
was then compressed to 130 GPa in 2−5 GPa steps with
annealing for 2−5 min at 1800 K every 5 GPa. In the second
run, a pv sample at 76 GPa was heated to 1800 K for 12 min to
induce phase transformation to ppv. Nevertheless, some weak
pv peaks remained evident, and further heating was not
performed. This sample was decompressed to 29 GPa, but no
annealing was performed below 50 GPa to prevent conversion
to pv. Differential stress was estimated from the measured
lattice strain of Au using the method outlined by Singh et
al.57,58 Our results indicate that differential stresses in Au were
between 0.5 and 1.3 GPa, consistent with those reported in
prior equation of state studies of this composition.3

Third-order Birch−Murnaghan equation of state fits of the
unit cell volumes as a function of pressure are reported in Table
3. K0′ was fixed in these fits to 4 or 4.4, which are the values
previously used in studies of silicate ppv.3 The volume and
lattice parameter measurements as well as the calculated K0 and
V0 of Mg#100 match prior studies,3,44 but the current work
exhibits less scatter (Figure 8). A comparison of equation of
state fits shows that the Mg#100 ppv V0 is 3.7% smaller than
that of pv, while K0 is 9% larger. The ppv lattice parameter
ratios measured here also exhibit behavior similar to that found
by Kubo et al.3,44 (Figure S6) with b/a showing a response to
pressure greater than that of c/a. This effect is more
pronounced in germanates than in silicates and is due to
greater compressibility along the b-axis (the direction of layer
stacking in the ppv structure). This may suggest that the
germanate octahedra display increased compressibility relative
to that of their silicate counterparts.

■ CONCLUSIONS
Orthopyroxene germanates were synthesized in the
(MgxFe1−x)GeO3 system with compositions between x =
100−48. The samples show a linear dependence of unit cell
volume and Raman shift on Fe content. High-pressure
experiments were carried out in the laser-heated diamond
anvil cell coupled with synchrotron X-ray diffraction. Single-
phase perovskite and postperovskite were obtained for
compositions with Mg# ≥ 78 at 30 GPa and 1500−1800 K
and 70 GPa and 1500−1900 K, respectively. Evidence for
possible decomposition was observed in Mg#61 and Mg#48,
indicating that these compositions may not be able to fully
incorporate large amounts of Fe in their structures. Fe
substitution into the perovskite A site leads to a decrease in
distortion of perovskite relative to the cubic ideal, similar to
observations in silicates. This is manifested mainly through an
increase in the a-lattice parameter of the perovskite unit cell
relative to b and c. We find that Fe substitution may lead to a
slight decrease in the bulk modulus as a function of Fe content
in perovskite. The equations of state of Mg#100 and Mg#78 pv
and Mg#100 postperovskite were determined. The Mg#100

Table 3. (Mg,Fe)GeO3 Equation of State Parameters in
Perovskite and Postperovskite from Experimental Studies

V0 (Å
3) K0 (GPa) K0′

perovskite
this study, Mg#100 182.6(5) 221(4) 4b

181.7(4) 236(4) 3.7b

this study, Mg#78 185.5(3) 205(3) 4b

184.6(3) 219(3) 3.7b

Runge et al.,55 Mg#100 182.9(3) 216(3) 4b

182.2(3) 229(3) 3.7b

180.16(5) 221.3(7) 3.90a

postperovskite
this study, Mg#100 175.9(3) 241(3) 4b

177.5(3) 216(3) 4.4b

Kubo et al.,3 Mg#100 175.9(5) 245(5) 4b

179.2(7) 207(5) 4.4b

178.0 201.9 4.3a

Hirose et al.,25 Mg#100 183.1 ± 0.8 192 ± 5 4b

aTheoretical calculation. bValue fixed during fit.
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postperovskite equation of state is in good agreement with that
in prior studies.3 We also find that Fe substitution lowers the
perovskite−postperovskite phase transition boundary, up to
∼9.5 GPa in the case of the Mg#78 composition. Overall, our
results confirm that germanate perovskite and postperovskite
with Mg# ≥ 78 function as good analogues for the
corresponding silicates with regard to structural and phase
transition behavior.
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