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ABSTRACT: The postperovskite phase of ZnGeO; was confirmed by laser heating
experiments of the perovskite phase under 110—130 GPa at high temperature. Ab
initio calculations indicated that the phase transition occurs at 133 GPa at 0 K. This
postperovskite transition pressure is significantly higher than those reported for other
germanates, such as MnGeOj; and MgGeOj;. The comparative crystal chemistry of the
perovskite-to-postperovskite transition suggests that a relatively elongated b-axis in
the low-pressure range resulted in the delay in the transition to the postperovskite
phase. Similar to most GdFeOs-type perovskites that transform to the CalrOs-type
postperovskite phase, ZnGeQOj; perovskite eventually transformed to the CalrO;-type
postperovskite phase at a critical rotational angle of the GeO4 octahedron. The
formation of the postperovskite structure at a very low critical rotational angle for
MnGeO; suggests that relatively large divalent cations likely break down the corner-
sharing GeOg4 frameworks without a large rotation of GeOg to form the postperovskite phase.
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B INTRODUCTION

The postperovskite phase with the CalrOj; structure has been
recognized as a typical high-pressure phase of oxide and
fluoride compounds since the discovery of MgSiO; postper-
ovskite at the extreme conditions (125 GPa and 2500 K) of the
lowermost part of the Earth’s mantle.”> Many ABO,
compounds have been tested for transformation to the
postperovskite phase in high-pressure experiments to inves-
tigate the criteria required to crystallize the CalrOj; structure. A
few postperovskite phases have been found in related
compounds of CalrO; with iridium replaced by other platinum
group elements, such as CaRhO;,>* CaRuO;,” and CaPtO,.%”
However, for silicates, the ASiO; end-member compositions (A
= Fe, Mn, Co, and Ca) have been found not to be the CalrO,
structure.® Moreover, no titanates (ATiO5: A = Fe, Mn, Zn, and
Ca) have been reported to crystallize in the CalrOj structure.
Instead, the dissociation of ATiO; perovskite into dense
compounds have been reported for FeTiO;”'° MnTiOs,"
CaTiO;,"* and ZnTiO5."

However, there are several reports of postperovskite phase

occur at ~55—65 GPa by in situ high-pressure and -temper-
ature experiments. Note that the reported transition pressures
were significantly lower than that observed for MgSiO;.
Theoretical studies also reported phase transition pressures of
47 GPa at 0 K'® and 51-56 GPa at 300 K'? for MgGeO;. For
germanates consisting of larger divalent cations, such as
CdGeO; and CaGeO;, there is no agreement between theory
and experiments on the postperovskite transition pressure.
Although ab initio calculations predict a transition pressure of
78 GPa'® for CdGeOs, no postperovskite transition was found
up to 110 GPa in laser heating experiments under high
pressure.'® Theoretical studies of CaGeO, suggest that the
postperovskite transition occurs at 36 GPa,”® 44 GPa,*® or 55
GPa."® However, experimental evidence is not sufficient to
confirm the theoretical results.”’

The tendency to transform to the postperovskite phase is
correlated with the orthorhombic distortion of perov-
skites.¥*"?% In fact, theoretical calculations suggest that such
distortion of GdFeOj-type perovskite could trigger the

transitions in germanates. The phase transitions of
MgGeO,'*"* and MnGeO;'®"” have been confirmed to
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postperovskite transition.” The Goldschmidt tolerance factor™
(t) represents the orthorhombic distortion in ABOj; perov-
skites: t = (ry + ro)/[\/Z (rg + ro)], where r,, 1, and r are the
ionic radii** of the 8-fold A cation, 6-fold B cation, and oxygen,
respectively. The Goldschmidt diagram shown in Figure 1 is
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Figure 1. Goldschmidt diagram with tolerance factors of A*B*O,
compounds. The tolerance factors, indicated as broken lines, were
calculated from the ionic radii of the 6-fold coordinated B cations
(horizontal) and 8-fold coordinated A cations (vertical). The ionic
radii are from Shannon.** Open squares are compounds that have
been confirmed to have the CalrOj;-type structure. Solid squares are
compounds that have not been confirmed to transform into a CalrO;-
tygle structure. The experimental result of CaSnOj is from Tateno et
al.

often used to indicate the tolerance factor using both the A and
B cationic radii in the perovskites. Less distorted perovskites,
which give larger t, are unlikely to transform into the
postperovskite phase. Indeed, germanate perovskites with
large cations, such as CaGeO; (t = 0.923) and CdGeO; (t =
0.916), are not believed to transform into the CalrO; structure
because of decreasing orthorhombic distortion with increasing
pressure.1 23

In this paper, we focus on the ZnGeO; compound to
investigate the criteria for stabilizing the CalrO; structure in
germanates. Because the ionic radius of Zn®* is close to that of
Mg** and Mn*', the tolerance factor of ZnGeOj; (t = 0.843) is
close to that of MgGeO; (t = 0.835). The stable ZnGeO,
perovskite structure under high pressure cannot maintain its
structure during decomzpression and changes into a metastable
LiNbO;-type structure.”® This retrogressive transformation has
also been observed in MgGeO;.>” Considering the similarity of
these high-pressure behaviors, the postperovskite transition also
probably occurs for ZnGeO;. However, the ZnGeO;
postperovskite phase has not been reported. Therefore, to
investigate the postperovskite transitions in ZnGeO;, we first
conducted in situ high-pressure X-ray diffraction (XRD)
experiments combined with a laser-heated diamond anvil cell
(LHDAC). Then, the phase stabilization and transition
pressure were investigated by density functional theory
(DFT). Additionally, XRD experiments were performed for
the MnGeOj; polymorphs because the lattice parameters at
room temperature were not given in previous studies.'®"”

Finally, based on the crystallographic data of AGeO; (A = Ca,
Cd, Mn, Zn, and Mg), we developed a comparative crystal
chemistry approach for stabilizing the postperovskite phase of
germanates.

B EXPERIMENTAL SECTION

The ilmenite phase sample of ZnGeO; was synthesized from a mixture
of ZnO and GeO, using a Kawai-type high-pressure apparatus at 10
GPa and 1473 K*° The XRD pattern of the ilmenite phase indicated
that the lattice parameters (a = 4.9606[1] A and ¢ = 13.8645[11] A)
are in good agreement with the previously reported values.”**” In this
product, very small amounts (less than a few percent) of GeO, (rutile-
type) and Zn,GeO, (spinel-type) compounds were also detected by
XRD analysis. Two types of samples were prepared for the LHDAC
experiments: one was crushed in a corundum mortar with a small
amount of gold powder (~0.1 wt %) as a pressure calibrant, and
another was crushed without any additives.

To prepare the starting sample of MnGeO; for the LHDAC
experiments, an orthopyroxene phase was first synthesized from a
mixture of MnO, and GeO, at 973 K for 20 h in air. The
orthopyroxene phase was then used to synthesize MnGeOj ilmenite at
7 GPa and 1473 K for 8 h in a Kawai-type apparatus. Several of the
pink single crystals (200—300 ym) were then crushed in a corundum
mortar with a small amount of gold powder.

A symmetric diamond anvil cell (DAC; Syntek Co. Ltd., Yokohama,
Japan) was used for the high-pressure and -temperature XRD
experiments. Depending on the target pressure range, we prepared
two types of diamond anvils with different culet diameters. For
compression up to 78 and 135 GPa, flat anvils with a 0.3 mm diameter
and beveled anvils with a 0.1 mm diameter were used, respectively.
The samples were loaded into 100- to 30-ym-diameter holes in a 60-
to 30-um-thick rhenium gasket. A few ruby pressure markers (1-3
um) were placed on the sample without the gold powder additive. The
in situ XRD experiments were conducted at BL10XU (SPring-8,
JASRI, Hyogo, Japan) and AR-NE1 (Photon Factory, KEK, Tsukuba,
Japan). The monochromatic X-rays (30 keV) were collimated to 50—
1S pm and focused on the sample in the DAC. The diffracted X-rays
were detected with an imaging plate (Rigaku R-AXIS) and CCD
(Bruker APEX). The Debye rings recorded on the detectors were
converted into intensity versus 26 data using the IPanalyzer program.*
A double-sided Nd:YAG laser heating system on the beamline at
BL10XU or a Nd:YLF laser at NIMS was used for the LHDAC
experiments. The laser beams were focused on a 10 to 30 #m diameter
spot on the sample. The temperature was monitored by measuring the
gray-body radiation emitted from the sample. The laser beam scanned
the sample at steps of 10 ym. We mainly collected the XRD data after
laser heating because we did not observe a high-temperature phase
during laser heating.

The ab initio calculations were performed using DFT®" with the
generalized gradient approximation (GGA).>*** Ultrasoft pseudopo-
tentials for zinc, germanium, and oxy3gen were generated nonempiri-
cally using the methods of Vanderbilt.>* The chosen plane-wave cutoff
was at 50 Ry. The irreducible parts of the Brillouin zone were sampled
on 4 X 4 X 4 (10 points), 4 X 4 X 4 (12 points), 4 X 4 X 2 (4 points),
4 X 4 X 2 (6 points), 4 X 4 X 4 (10 points), and 4 X 4 X 4 (4 points)
Monkhorst—Pack meshes® for the LiNbOj-type, ilmenite, ortho-
rhombic perovskite, and CalrOj;-type structures and for decomposition
assemblages of ZnO (B1) and GeO, (pyrite-type), respectively. The
structures were optimized using the variable cell-shape constant-
pressure-damped molecular dynamics technique®® using Quantum
ESPRESSO>” until the residual forces became less than 1.0 X 1075 Ry/
au. The effects of using a larger cutoff and a greater number of k points
on the calculated properties were found to be insignificant.

B RESULTS AND DISCUSSION

Pressure of the Perovskite-to-Postperovskite Tran-
sition of ZnGeO;. In a previous study,”® we confirmed the
phase transition from ZnGeO; ilmenite to perovskite after
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heating at 1300 K up to 31.5 GPa. In the present study, we
conducted four independent LHDAC experiments at pressures
higher than 35 GPa to investigate the postperovskite transition
in ZnGeO;. Considering the correspondlng phase transition for
MnGeO,;'*"” and MgGeOz,,14 we expected that the
postperovskite transition would occur at ~55—-65 GPa.
However, no other phase apart from the perovskite phase
and weak peaks from GeO, (pyrite structure) was observed
after heating at 1600—1750 K and 97.8 GPa (Figure 2a). The

To confirm the considerably higher transition pressure of
ZnGeO; compared with that of MnGeO; and MgGeOj;, we
repeated the LHDAC experiments using a sample including
gold powder as a pressure calibrant.** All of the results of the
LHDAC experiments are summarized in Table 1. The
transition pressure from the LHDAC experiments was roughly
determined to be 110—130 GPa at high temperatures, as shown
in Figure 3.

Table 1. P—T Conditions and Phases Identified in Laser

Heating Experiments
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Figure 2. XRD profiles of laser-heated samples of ZnGeOj; at (a) 97.8
GPa (#2g012), (b) 114.9 GPa (#2g017), and (c) 126.2 GPa (#2g024).
The vertical bars represent the calculated positions of the diffraction
peaks of the perovskite (Pv), postperovskite (pPv), and pyrite
(GeO,[py]) structures of GeO,.

first sign of the postperovskite transition was observed at 114.9
GPa (Figure 2b) after heating, and the transition was almost
complete after reheating at 126.2 GPa (Figure 2c). The weak
peaks of GeO, (pyrite structure) remained after heating at
126.2 GPa. However, the 111 and 200 peaks of ZnO (rock salt
structure) did not appear at 10.7° and 12.4°, respectively, where
the 26 angles were estimated from the compression study™® of
ZnO. Therefore, we concluded that the decomposition reaction
into GeO, and ZnO, suggested by the ab initio calculation as
described below, did not occur in the present high-pressure
experiments. The XRD pattern was fitted to the CalrO;
structure usmg the LeBail method in the GSAS package
program,® and the lattice parameters were determined to be a
= 2.5742(4) A, b = 82450(3) A, and ¢ = 6.3854(6) A. Ruby
pressure markers were used in the first LHDAC experiment.
However, it was difficult to observe the ruby fluorescence above
100 GPa, probably because of the phase transition of ruby
itself.*” Because the sample did not include gold powder as a
pressure calibrant, we used the lattice parameters of GeO,,
which crystallizes in the pyrite-type structure in this pressure
range,*! to determine the pressure. Further information on the
pressure calibration using the lattice parameters of GeO, is
given in the Supporting Information (Figure S1). The volume
change from the perovskite phase to the postperovskite phase
was calculated to be 1.6% at 114.9 GPa, where both the
perovskite and postperovskite phases were observed.

PAu

Bty GeOZ—ly

run (GPa) (GPa) (GPa) T (K) phase
28009 62.8 NA® 1700 + 100  Pv
2g012 86.0 NA® 97.8 1675 + 75 Pv
28017 NAS  NAS 1149 2000 + 500 Pv+pPv
28024 NA® NA® 126.2 2000 + 500 pPv
282023 NA€ 111.54 NA€ 2700 +£250 Py
282032 NA® 130.16 NA® 2800 + 300  pPv
282040 NA® 129.36 NA® 2500 + 500  pPv
282062 NA® 107.89 NA® 2700 + 300  Pv+pPv®
282067 107.29 3100 + 100 Pv+pPv®
2g4009 NA® 821 NA€ 3500 £ 300 Py
2g4013 NA® 108.98 NA® 3400 + 400  Pv
2g4016 NA® 117.11 NA€ 3300 + 100  Pv
2g4019 NA® 122.55 NA® 3700 + 200  Pv
284023 NA® 130.79 NA® 2750 + 150 PvP+pPv
2g4025 NA® 130.89 NA® 2750 + 150 PvP4+pPy
284027 NA® 130.14 NA® 3300 + 200  PvP+pPv
2g4030 135.72 3300 + 200  PvP+4pPv
AG1002 NA® 35.0 NA® NA“ Pv
AGI004  NA® 488 NA® NA“ Pv
AG1006 NA® 60.6 NA® NAY Pv
AG1008  NA® 718 NA€ NA“ Pv
AG1009 NA® 76.1 NA® NA“ Pv

“The ratio of pPv phase significantly decreased. YThe peaks of Pv were
weak but traceable. “The pressure calibrant was not available. “The
sample was laser-heated but temperature was not measured.

Ab initio calculations provide useful information about the
phase stability under high pressure. The relative differences in
the enthalpy of perovskite-type ZnGeOj are plotted against
pressure in Figure 4. The crossover point corresponding to the
transformation from the ilmenite to the CalrO;-type phase at
53 GPa was not realized because of the stabilization of the
perovskite phase prior to the CalrO;-type phase. The ilmenite-
to-perovskite transition pressure was calculated to be 29 GPa,
which is in reasonable agreement with the experimental
transition pressure of 31.5 GPa’® The calculation clearly
indicates that the perovskite phase further transformed to the
postperovskite phase. The crossover point for the perovskite-
to-postperovskite transition was predicted to be 133 GPa. The
pressure is also much higher than the pressures determined for
the post}l)erovslqte transitions of MgGeO;'*'>'” and
MnGeO,.'*"” This calculation showed that the LiNbO,
phase, which appeared in the retrograde transition from the
perovskite phase in the previous study, seemed to be unstable.
The enthalpy curve indicating the decomposition reaction into
ZnO (B1) and GeO, (pyrite) cut across the perovskite prior to
the postperovskite transition phase. However, this decom-
position reaction can only be realized in a static condition
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Figure 3. Estimated phase boundary between perovskite and
postperovskite (solid line) from the P—T conditions and the products
of the LHDAC experiments (Table 1). The Clapeyron slope of +7.6
MPa/K predicted by Tsuchiya et al.'’ for MgGeO, was tentatively
used to draw the phase boundary. Solid squares, open squares, and
half-solid squares indicate that the products were perovskite,
postperovskite, and their mixture, respectively. Dotted arrows show
the path of the LHDAC experiments.
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Figure 4. Enthalpy differences relative to perovskite for the ilmenite
(A), LINbO; (M), perovskite (@), and CalrO; (®) phases of
ZnGeO;, and the decomposition reaction into ZnO (B1) plus GeO,
(pyrite) (O) from DFT-GGA calculations.

because the CalrO;-type structure was clearly observed after
sufficient annealing in the laser heating experiments.
Equation of State Parameters of ZnGeO; and MnGeO,
Perovskites. To clarify the characteristics of the unusually
high transition pressure for ZnGeO;, we followed the
compressive behavior of the perovskite phase. All of the lattice
parameters collected at room temperature are shown in Table
S1 of the Supporting Information, and the volumes are plotted
in Figure S. We determined the bulk modulus (K,) of the
perovskite phase by fitting the volume data to the Birch—
Murnaghan equation of state and obtained K, = 221(5) GPa
with the pressure derivative (K,’) set to 4. This value is
consistent w1th K, = 216(3) GPa reported for MgGeO,
perovskite.”> However, we could not obtain a reliable value
for the bulk modulus of the postperovskite phase because there
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Figure S. Compression curves and volume data of the perovskite (H)
and postperovskite (@) phases of ZnGeOs. The data of ilmenite (+),
lithium niobate (O), and perovskite () are from a previous study.26

are only data far away from the volume at ambient pressure
(Vo).

The high-pressure behavior of MnGeOj; perovskite was also
investigated for comparison with the other germanate perov-
skites. The first appearance of the postperovskite peaks in the
XRD profile (Figure 6b) was at 58.0 GPa after heating. This
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Figure 6. XRD profiles of laser-heated samples of MnGeO; at (a)
332, (b) 58.0, and (c) 69.4 GPa. The vertical bars represent the
calculated positions of the diffraction peaks of perovskite (Pv),
postperovskite (pPv), and gold (Au).

result is consistent with the high-pressure XRD study of Tateno
et al,'® where they suggested that the postperovskite transition
occurred at 58—59 GPa after laser heating. In the present study,
the lattice parameters of the perovskite phase were collected in
a wide pressure range. Consequently, the bulk modulus was
able to be calculated: K, = 241(5) GPa and V, = 191.0(4) A®
with Ky’ set to 4 in the Birch—Murnaghan equation of state.
The volume compression curves are shown in Figure 7. The
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Figure 7. Compression curves and volume data of the perovskite (H)
and postperovskite (4) phases of MnGeO;. The volume at
atmospheric pressure (% on the y-axis) was determined from the
XRD profile of the recovery product.

postperovskite transition involves a volume change of 2.0—
2.2%. The perovskite phase can be recovered after releasing the
pressure, and then the lattice parameters are a = 5.1916(4) A, b
=7.2832(6) A, and ¢ = 5.0575(8) A, with V = 191.23(2) A, All
of the lattice parameters of the MnGeO; experiment are
summarized in Table S2 in the Supporting Information.

High-Pressure Behavior of AGeO; (A = Zn, Mg, and
Mn) Perovskites. As described above, the orthorhombic
distortion in perovskite is highly related to the transformation
to the postperovskite phase. To determine the orthorhombic
distortion from ideal cubic perovskite, we plotted the
pseudocubic unit cell parameters (i.e., a, = a/\/2, b, = b/2,
and ¢, = ¢/ \/ 2 for the Pnma setting) and their axial ratio with
pressure, which are shown in Figure 8a,b, respectively. Then,
the deviation of the axial ratio from 1 indicates the degree of
orthorhombic distortion in the perovskite structure. For
comparison, we also performed the same data analyses for
MgGeO; and MnGeO; perovskites (Figure 8c—f). The axial
ratios of the MgGeO; and MnGeOj; perovskites generally
increased with increasing pressure. This has been suggested to
be a criterion for the transition from the perovskite phase to the
postperovskite phase with CalrO; structure.'® However, the
criterion cannot be simply applied to ZnGeO; perovskite. In
fact, a,/b,, for ZnGeOy; increases to 1 at 45 GPa with increasing
pressure, although the other axial ratios move further away from
1 with increasing pressure. The a, parameter becomes greater
than bP at ~45 GPa, and then the ap/bP ratio becomes greater
than 1. This peculiar behavior is mainly because of the initial
elongation of the b parameter in the low pressure range and
might cause a delay of the pressure to transform into the
postperovskite phase.

Relationship between Postperovskite Transition In-
duced by Rotation of BXs; Octahedra and Divalent
Cationic Radius. Considering the structural change from the
perovskite to the postperovskite phase in ABX; compounds, the
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Figure 8. Pseudocubic unit cells and their ax1a1 ratios of (a, b) ZnGeOs, (c, ¢) MnGeOs3, and (d, f) MgGeO;. The open symbols in (a) and (b) were
calculated from the data of a previous study.”® The lattice parameter data of MgGeOs are from Runge et al.**
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rotation of the BX4 octahedra is thought to be closely related to
the transformation mechanism.”> The rotation angle (®) is
geometrlcally calculated from the equation ® = cos 1(\/ 28/
ab),** where a, b, and ¢ are the cell parameters of GdFeO5- type
orthorhombic perovsklte (space group Pnma). Fujino et al®

and Tateno et al>' attempted to construct a criterion for the
transformation of perovskites to the postperovskite phase based
on their high-pressure experiments of oxide perovskites with
A*B*O0; composition, such as CaSiO;, MnSiO;, MnGeO,,
CdGeO;, and CaSnO;. The criterion is as follows: for the
postperovskite transition, it is necessary that the orthorhombic
distortion increases with pressure; otherwise, the transition
never occurs. In other words, @ reaches a critical angle, and
then the postperovskite phase forms. Tateno et al.* suggested
that the postperovskite transition in oxide perovskites mostly
occurs at ~® = 25°. Recent compression studies of fluoride
perovskltes with Na+B2+F3 composmon, such as NaMgF,,*
NaCoF;,** NaNiF,;”* and NaZnF,*® indicated that the
transition started at ® = 24—27°. Therefore, to confirm the
validity of the transition pressure of ZnGeOj, it is necessary to
investigate the pressure variation of ® in ZnGeOj; perovskite.
In the low-pressure range considered in a previous study, the
change of @ with pressure was too small to assess the
relationship between @ and the phase transition. However, the
current study performed for a higher pressure region clearly
shows that @ increases with increasing pressure and reaches
24° at the transition pressure (Figure 9). Therefore, ZnGeO,
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Figure 9. (a) GeOg rotation angle (®) in perovskites as a function of
pressure. Circles, squares, and triangles represent the @® values of
MgGeO3, ZnGeOs, and MnGeOj, respectively. The lattice parameters
used to calculate @ of MgGeO3 were from Runge et al.*> Open
squares are from a previous study.”® (b) Relationship between ®,, and
the divalent cationic radii of MgGeO3, ZnGeOj;, and MnGeO;.

almost agrees with the criterion mentioned above. To compare
@ of the various germanates with different divalent cations, the
variation of ® with pressure for MgGeO; and MnGeOj; are also
plotted in Figure 9. The gradient of ® is almost independent of
the divalent cation species. However, note that the ® value at
the transition pressure (®,) for MnGeO; is very low (@, =
18°) compared with the values of other compounds. The ionic
radius of Mn*" (0.96 A) is significantly larger than that of Mg**
(0.89 A) and Zn?>* (0.90 A). Therefore, the low @, value for
MnGeOj suggests that the CalrOs-type postperovskite phase

crystallizes with the large divalent cation suppressing the
rotation of GeOg octahedra in the perovskite structure. In fact,
there is a correlation between ®, and the divalent cationic
radius (Figure 9b). Therefore, in the perovskites with large
divalent cations, the corner-sharing GeOg4 frameworks could
not retain sufficient space to incorporating the cations by
increasing the tilting angle. These frameworks likely break
down to form the postperovskite structure without a large
rotation of GeOg octahedra. The scheme for the transformation
is illustrated in Figure 10.

Perovskite

Postperovskite

Small cations — large rotation angle

Shrinking interlayer distance
TTTTT) 2

| eceeee

Expanding interlayer distance

Large cations — small rotation angle

Figure 10. Schematic illustrations of the phase transition from the
perovskite to the postperovskite phase consisting of (a) small A site
cations and (b) large A site cations. Dotted circles show the
breakdown points of corner-sharing GeOg4 during the phase trans-
formation.

According to the geometry of the CalrOj; structure, divalent
cations incorporate into the GeOg layered structure perpen-
dicular to the b-axis. Therefore, the b-axis should be the most
sensitive to the divalent cationic radius. In fact, the b-axis of
MnGeOj; is considerably longer than those of other
germanates, as shown in Figure 11. This can be attributed to
the ability of the CalrOj structure to incorporate large divalent
cations.

Postperovskite Transition in Germanate Perovskites
Containing Large Divalent Cations. Investigation of the
germanate postperovskites containing divalent cations larger
than Mn** (0.96 A), such as CdGeO; and CaGeO,, is not
complete. Wu et al.*° detected an XRD peak corresponding to
the postperovskite phase of CaGeOj; at 43 GPa, although they
did not report the lattice parameters of postperovskite. We
calculated @ from their reported perovskite lattice parameters
and found that @ exhibited abnormal behavior with increasing
pressure as shown in Figure S2 of the Supporting Information.
Less distorted orthorhombic lattices, such as CdGeO; and
CaGeO; perovskites, tend to affect the accuracy of the d-values
because of the difficulty in the peak-fitting analysis of multiple
overlapping peaks (e.g, 200, 121, and 002 for the Pnma
setting). Therefore, the inaccurate lattice parameters of the
perovskite phase probably make it difficult to discuss the
relationship between the postperovskite transitions with ®@. A
high-pressure X-ray single-crystal study of CaGeOj; up to 8. 5
GPa indicated that @ decreased with increasing pressure.”
This is in agreement with the tendency of the perovskite phase
to move toward the ideal cubic perovskite structure.
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Figure 11. Comparison of the lattice parameters of various
postperovskite phases as a function of pressure. Triangles, squares,
and circles represent the lattice parameters of MnGeOj3, ZnGeOj3, and
MgGeO;, respectively. The lattice parameters of MgGeOj; are from
Kubo et al.¥’

In situ XRD experiments of CdGeOj; have been reported by
Tateno et al.'® They reported that the @ value decreased with
increasing pressure and finally reached a value close to 0° at 55
GPa. Consequently, the postperovskite transition is unlikely to
occur in CdGeO; because the rotation of GeOy is to the
opposite side of the orthorhombic distortion. Thus, we can
conclude that the postperovskite transition does not occur in
germanate perovskites containing divalent cations larger than
Cd**. However, further high-pressure XRD experiments should
be performed for both CaGeO; and CdGeOj; perovskites up to
much higher pressure to confirm that the postperovskite
transition does not occur.

B SUMMARY

The postperovskite phase of ZnGeO; with the CalrO; structure
was observed above 115 GPa after laser heating the sample.
Although the transition pressure was considerably higher than
the corresponding pressures for other germanate postperovskite
transitions, the transition pressure was consistent with the
theoretical result. The orthorhombic distortion indicator (®) of

ZnGeOj; perovskite gradually increased with increasing pressure
and reached 24° at the transition pressure, which is in
agreement with many other perovskite—postperovskite tran-
sitions of ABX; compounds. The very low @, value in
MnGeOj; suggests that the corner-sharing GeOg frameworks
could not retain sufficient space to incorporate the large
divalent cations by increasing the tilting angle. This could also
contribute to the ability of the postperovskite structure to
incorporate large divalent cations. Germanate perovskites
incorporating divalent cations larger than Cd** cannot
crystallize in the CalrO; structure because increasing the
pressure does not promote octahedral rotation to induce the
postperovskite transition.
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