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Abstract The stability and high-pressure behavior of
perovskite structure in MnGeO; and CdGeO; were
examined on the basis of in situ synchrotron X-ray dif-
fraction measurements at high pressure and temperature
in a laser-heated diamond-anvil cell. Results demon-
strate that the structural distortion of orthorhombic
MnGeO; perovskite is enhanced with increasing pres-
sure and it undergoes phase transition to a CalrO;-type
post-perovskite structure above 60 GPa at 1,800 K. A
molar volume of the post-perovskite phase is smaller by
1.6% than that of perovskite at equivalent pressure. In
contrast, the structure of CdGeOs perovskite becomes
less distorted from the ideal cubic perovskite structure
with increasing pressure, and it is stable even at 110 GPa
and 2,000 K. These results suggest that the phase tran-
sition to post-perovskite is induced by a large distortion
of perovskite structure with increasing pressure.
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Introduction

Recent experimental and theoretical studies have dem-
onstrated that the orthorhombic MgSiO; perovskite
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(space group: Pbnm) transforms to a post-perovskite
phase (Cmcm) above 125 GPa and 2,500 K (e.g.,
Murakami et al. 2004; Tsuchiya et al. 2004). Similar
phase transition was later observed in MgGeO; and
CalrO; at ~63 and ~1 GPa, respectively (Hirose et al.
2005a; Hirose and Fujita 2005). The chemical variations
that adopt post-perovskite structure are little known yet.
Here, we examined the stability and compression
behavior of perovskite in both MnGeO3; and CdGeO; at
high pressure and temperature by a combination of la-
ser-heated diamond-anvil cell (LHDAC) techniques and
synchrotron X-ray diffraction measurements.

MnGeO; crystallizes with an orthopyroxene structure
at ambient condition. It transforms to clinopyroxene
and then to ilmenite structure at 3.0 GPa and 973 K
(Ringwood and Seabrook 1963; Ross and Reynard
1991). The MnGeO; ilmenite further transforms to
orthorhombic perovskite structure at about 25 GPa (Liu
1976; Ito and Matsui 1979). The high-pressure poly-
morphs of CdGeO; have been also well studied (e.g.,
Ringwood and Major 1967; Prewitt and Sleight 1969;
Susaki et al. 1985). Akaogi and Navrotsky (1987)
reported that CdGeO; garnet, ilmenite, and perovskite
are formed at 4.0, 7.5, and 13.5 GPa, respectively. These
high-pressure phase transition sequences of MnGeO;
and CdGeOj; are similar to those of MgSiO; and
MgG€O3.

Experimental techniques

Starting materials of MnGeO3; and CdGeO; were syn-
thesized by using Boyd-England-type piston cylinder
apparatus. For MnGeQOs, a mixture of MnO and GeO,
powder was loaded into a graphite capsule and held at
2.0 GPa and 1,323 K for 20 h. This P-T condition is
within a stability of MnGeOj; clinopyroxene (Ringwood
and Seabrook 1963). The excess of GeO, in the run
product was confirmed by X-ray diffraction measure-
ment. For CdGeO;, the garnet form was synthesized at
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2.0 GPa and 1,323 K in 93 h from an equimolar mixture
of CdO and GeO, powder.

These starting materials were well ground to fine
powder and were mixed with platinum black that served
both as an internal pressure standard and a laser
absorber. The sample mixture was loaded into a 100-um
hole drilled in a Re-gasket together with insulation
layers. We used NaCl and pure CdGeOj; as insulation
layers in the MnGeO; and CdGeO; experiments,
respectively. They were compressed with 300-pm culet
diamond anvils. Heating was made by a focussed mul-
timode continuous wave Nd:YAG laser using the dou-
ble-side heating technique. Temperature was measured
from one side by the spectroradiometric method
(Watanuki et al. 2001).

Angle dispersive X-ray diffraction spectra were col-
lected on an imaging plate at BL10XU of SPring-8.
Exposure time was 2-5 min. An incident X-ray beam
was monochromatized to a wavelength of 0.4136—
0.4138 A. The X-ray beam was collimated to 20 pm in
diameter. Two-dimensional X-ray diffraction image was
integrated as a function of two-theta in order to give a
conventional one-dimensional diffraction profile using
the fit-2D program (Hammersley 1996).

The uncertainty in temperature within the 20 pm area
from which X-ray diffraction was collected was about
+10% (e.g., Kurashina et al. 2004). Pressure was
determined using the equation of state of platinum
proposed by Holmes et al. (1989) using both (111) and
(200) lines. The uncertainty in pressure was less than
+0.2 GPa at room temperature and 1.1 to 1.4 GPa at
1,520-2,150 K. The larger error at high temperature was
derived mainly from large uncertainty in temperature in
the application of P-V-T equation of state. The dif-
fraction patterns of the sample were repeatedly collected
at high temperatures and at room temperature before
and after heating.

Results
MnGeO 3

We conducted two separate sets of experiments at pres-
sures between 46 and 77 GPa and temperatures between
1,520 and 2,150 K. In the first run, the sample was
compressed at room temperature to 32 GPa and was
subsequently heated for 7 min at 4648 GPa and 1,520-
1,830 K. The diffraction peaks of orthorhombic perov-
skite (space group: Pbnm) immediately appeared within
2 min and did not change with further heating. The XRD
pattern also included peaks from platinum, NaCl, and
CaCl,-type GeO, phase (Ono et al. 2003) (Fig. 1a).

We compressed this sample further to 61 GPa at
room temperature. The diffraction peaks of perovskite
still remained. In the subsequent heating to 1,680-1,960
K at 73-77 GPa, 22 new peaks appeared within 2 min.
The XRD pattern obtained after heating intermittently
for a total of 74 min is shown in Fig. 1b. The Rietveld

analysis shows that these new peaks are assigned to
CalrO;-type post-perovskite (Cmcm) and a-PbO,-type
GeO, phases (Izumi and Ikeda 2000). The unit-cell
volume of post-perovskite phase is smaller by 1.6% than
that of coexisting perovskite at 72 GPa and 1,720 K.
This is consistent with the previous observations in
MgSiO; and MgGeO; (Murakami et al. 2004; Hirose
et al. 2005a). Upon decompression to ambient condi-
tion, the peaks of post-perovskite disappeared. The
MnGeO; post-perovskite phase is pressure-unquench-
able similar to MgGeO; (Hirose et al. 2005a).

In the second set of experiments, the sample was
compressed to 45 GPa at room temperature. We then
heated the sample to 1,620-2,150 K at 58-59 GPa for
20 min. The peaks both of perovskite and post-perov-
skite appeared within 5 min. However, the perovskite
peaks grew with time, while those of post-perovskite
became weak. These observations suggest that this P—7T
condition is within stability of perovskite but is very
close to the phase transition boundary. The stabilities of
perovskite and post-perovskite phases are summarized
in Fig. 2. Phase boundary should be located around
60 GPa at 1,800 K, which is much lower than the
125 GPa at 2,500 K in MgSiO;. This is close to the post-
perovskite phase transition boundary in MgGeO;
(~63 GPa at 1,800 K) (Hirose et al. 2005a).

CdGeO3

In the first set of experiments on CdGeQOs, the sample was
initially compressed to 23 GPa at room temperature. The
diffraction peaks from the starting material of tetragonal
garnet remained before heating. After heating at
~1,500 K for 10 min, orthorhombic perovskite was
formed, although the garnet phase still remained in the
diffraction pattern. The pressure decreased to 8.9 GPa
after quenching to room temperature, due to a stress
relaxation in the sample chamber. We again compressed
this sample to 22 GPa at room temperature and reheated
to ~1,700 K for 17 min at 23 GPa. The peaks from
garnet became weak relative to those of perovskite dur-
ing heating. This sample was further compressed to
67 GPa at room temperature. The diffraction peaks of
garnet disappeared, and the XRD pattern included peaks
only from perovskite and platinum before heating. The
pattern did not change by heating to 2,000 K at 62 GPa.

In the second run, the sample was directly com-
pressed to 100 GPa at room temperature. The perov-
skite phase was obtained after heating to 2,000 K at
110 GPa for 25 min. The perovskite peaks were rela-
tively broad at this pressure range.

Distortion of perovskite structure and the phase
transition

The changes in unit-cell parameters (a.=a/\N2, b.=b/N2,
and c¢.=c¢/2) of orthorhombic perovskites (MgGeOs,
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Fig. 1 a X-ray diffraction
pattern of MnGeO; at 46 GPa a
and 1,520 K. b Observed
(pluses) and calculated pattern
at 72 GPa and 1,720 K. Small
ticks show the peak positions of
each phase. Pv perovskite, PP
post-perovskite, Pt platinum, N
B2-type sodium chloride, C
CaCl,-type GeO,, 4 a-PbO,-
type GeO,. Unit-cell
parameters are: a

a=4.848(3) A, b=4.995(3) A,
and ¢=7.001(4) A for Pv, and b
a=2.703(1) A, b=8.921(3) A,
and ¢=6.668(1) A for PP and
a=4.792(3) A, b=4.933(2) A,
and ¢=6.915(6) A for Pv
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MnGeO;, and CdGeOs3) are shown in Fig. 3 as a func-
tion of pressure at 300 K. The data of MgGeO; perov-
skite are from Hirose et al. (2005a). Both in MgGeO;
and MnGeOj; perovskites, the values of a., b., and ¢,
diverge more with increasing pressure, indicating that
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Fig. 2 Phase diagram of MnGeOs. Open squares perovskite; closed
circles post-perovskite. Phase boundary is tentatively drawn with a
Clapeyron slope of +7.5 MPa/K as predicted by Tsuchiya et al.
(2004) for MgSiO3

the structural distortion from the ideal cubic perovskite
structure is enhanced with pressure. This is also sug-
gested from the change in the axial ratios (b./a. and ¢ /
ac), which increases with pressure in both MgGeO; and
MnGeO; perovskites (Fig. 4). The b./a. and ¢ /a, ratios
reach 1.060 and 1.036 in MgGeO;5 perovskite when it
transforms to post-perovskite at 63 GPa. Similarly, in
MnGeO; perovskite, the b./a. and c./a. ratios are 1.034
and 1.021 at 61 GPa near the post-perovskite phase
transition boundary.

In contrast, for CdGeO; perovskite, the lattice
parameters tend to converge with increasing pressure
(Figs. 3, 4), suggesting that the perovskite structure be-
comes less distorted at higher pressures. The b./a. and
¢c/a. ratios are close to unity at 55 GPa, and the post-
perovskite phase transition does not occur even at
110 GPa and 2,000 K. These observations strongly
suggest that post-perovskite phase transition is induced
by a large distortion of perovskite structure with
increasing pressure. The post-perovskite phase transi-
tion is most unlikely to occur in CdGeOs.

The distortion in MgGeO3 and MnGeO; perovskites
is possibly caused by the small sized Mg®>* and Mn?"
relative to Cd*>". Because their sites in post-perovskite
are smaller than those in perovskite (Iitaka et al. 2004;
Tsuchiya et al. 2004), they fit in post-perovskite better
than in perovskite.
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Fig. 3 Changes in the unit-cell parameters at 300 K as a function
of pressure for MgGeO;, MnGeO;, and CdGeO; perovskites.
Errors are smaller than the symbol size

ABO; compounds with post-perovskite structure

It is well known that a number of A" B** O3 compounds
adopt perovskite structure. In contrast, only MgSiOs,
MgGeOs, MnGeO;, and CalrOj; perovskites are so far
reported to transform to the post-perovskite structure.
These compounds are illustrated in Fig. 5 as functions of
ionic radii of sixfold-coordinated “A’ and ““B” cations
(Shannon and Prewitt 1969). The tolerance factors
1= (ra+ro)N2(rg+ro) are also shown on this diagram,
where r5 and rg are the ionic radii of eightfold-coordi-
nated “A” cation and sixfold-coordinated ““‘B* cation
respectively and rg is the ionic radius of oxygen anion.
Previous experimental studies by Andraut and Poirier
(1991) and Ross and Angel (1999) demonstrated that the
distortion of orthorhombic CaGeO; perovskite from
ideal cubic symmetry decreases with increasing pressure
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Fig. 4 Changes in the axial ratios of b./a. and c./a. at 300 K as a
function of pressure for MgGeO;, MnGeO;, and CdGeO;
perovskites

up to 10 GPa. Therefore, the post-perovskite phase
transition is not likely to occur in CaGeO; with
increasing pressure, similarly to CdGeO;. The cubic
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Fig. 5 Goldshmidt diagram showing the ABO; compounds with
post-perovskite structure. The ionic radii are from Shannon and
Prewitt (1969). Broken lines indicate contours of the tolerance
factors, t; closed circles, compounds in which perovskite phase
transforms to post-perovskite with increasing pressure; open circles,
compounds in which perovskite becomes unstable above 30—
70 GPa but transforms to the structure other than post-perovskite;
open squares, compounds whose structure becomes less distorted
with increasing pressure and is unlikely to transform to post-
perovskite or compound that is stable at least to 134 GPa (CaSiO;)



CaSiO; perovskite is stable, at least to 134 GPa and
2,300 K in a natural basalt composition (Hirose et al.
2005b).

In addition, we examined the phase transition of
CaTiO3, CdTiO3, MnTiO3, and CaSnO; perovskites at
high pressures (Fig. 5), on the basis of in situ X-ray
diffraction measurements which were same as that in this
study. Preliminary results indicate that all of these per-
ovskites do not transform into the post-perovskite
structure at least to ~70 GPa (Tateno et al. 2004). In
both perovskite and post-perovskite structures, the
coordination numbers are eight for A>* and six for B**
ions. The coordination numbers of Ti** and Sn** in-
crease from six to seven or eight at relatively low pres-
sures (Haines and Léger 1993; Haines et al. 1996). The
change in cation coordination number may lead to the
phase transition of titanate and stannate perovskites
into different structures other than post-perovskite.

These are summarized in Fig. 5. The chemical vari-
ation in A®*B*" 05 compounds that adopt post-perov-
skite structure cannot be simply explained by the cation
ionic radii. The structural change between perovskite
and post-perovskite with chemical composition is not
clear even at ambient condition; both CaTiO; and
CaSnO; have perovskite structure, whereas CalrO;
exhibits post-perovskite structure. Further studies are
necessary to clarify this issue.
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