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Abstract

Raman spectra of the perovskite (Pv) and post-perovskite (PPv) phases of MgGeOs were measured in the laser-heated diamond
cell up to 123 GPa. Between 14 and 51 GPa we observed a total of seven Pv modes, the frequencies and relative intensities of
which are similar to MgSiO;—Pv with systematically lower frequencies. We also observe a total of ten PPv modes which are much
more intense than Pv modes, indicating strong polarizability of the bonds in PPv. The observed Raman mode frequency range of
PPv extends to much higher frequencies than Pv, which can be related to the edge sharing of the GeOg octahedra in PPv which
would make Ge—O bonds stronger. The spectroscopic Griineisen parameters of Pv and PPv are constrained to be 1.56+0.10 and
1.1540.06, respectively, at the PPv transition. We also estimated that the thermal expansion parameter decreases by 25+10%
across the PPv transition. If a similar change occurs in MgSiO3, the low thermal expansivity would dynamically stabilize the PPv
layer at the lowermost mantle. Using our Raman measurements and a Kieffer-type model, the Clapeyron slope of the PPv transition
is constrained to be +20+10 MPa/K. The strong positive slope is consistent with the prediction for MgSiO; and is related to a
positive shift of phonon density of states at high-frequency region resulting from the formation of the edge sharing among the
GeOg (or SiOg) octahedra in PPv.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The recent discovery of a phase transition in MgSiOz—
perovskite (Pv) at conditions of the lowermost mantle, the
post-perovskite (PPv) transition (Murakami et al., 2004;
Oganov and Ono, 2004; Shim et al., 2004), has impacted
our understanding of seismic observations and dynamics
of the region [e.g., (Lay et al., 2005, 2006)]. A strong
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positive Clapeyron slope has been proposed for the PPv
transition from theoretical calculations, +7~10 MPa/K
(Oganov and Ono, 2004; litaka et al., 2004; Tsuchiya
et al.,, 2004; Sternik and Parlinski, 2006), which is
consistent with seismic observations of the D” disconti-
nuity (Sidorin et al., 1999). This strong positive
Clapeyron slope may affect dynamics of the core—mantle
boundary region (Nakagawa and Tackley, 2004; Matyska
and Yuen, 2005).

Changes in thermodynamic properties across the PPv
transition have not been well constrained by experiments.
It is challenging to carry out X-ray measurements of
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pressure (P)—volume (V)—temperature (7) relations for the
determination of accurate thermal equation of state (EOS)
at the stable P—T conditions for MgSiO;—PPv, 125-
140 GPa and 2000-3000 K, in the laser-heated diamond-
anvil cell (LHDAC) due to large thermal gradients and
uncertainties in temperature measurements (Boehler,
2000; Kiefer and Duffy, 2005). In a recent X-ray study
of MgSiO;—PPv (Guignot et al., 2007), additional
constraints from theoretical studies were necessary to
obtain some thermal parameters due to a limited P range
(110145 GPa) of the measurement. The fact that the
expected radial temperature gradients at the D" layer are
comparable to that of the Clapeyron slope of the PPv
transition enables constraints to be placed on heat flux out
of the outer core combined with seismic observations of
the double crossings (Hernlund et al., 2005; Shim, 2005;
Lay et al., 2006; van der Hilst et al., 2007). However,
unambiguous determination of the slope is very chal-
lenging using in situ X-ray diffraction (XRD) because of
sluggishness of the PPv transition, preferred orientation,
and thermal gradients in LHDAC (Hirose et al., 2006).
Furthermore, inconsistency among the internal X-ray
pressure scales (Shim et al., 2002) can also cause large
uncertainties in measured Clapeyron slope.

Vibrational spectroscopy, such as infrared (IR) and
Raman spectroscopy, can provide important constraints
on crystal structures and thermodynamic properties of
materials. These measurements have been successfully
conducted for many mantle minerals in the diamond-
anvil cell (DAC) [e.g., (Williams et al., 1987; Lu and
Hofmeister, 1994; Chopelas, 1996, 1999)]. In particular,
the Griineisen parameter can be obtained by monitoring
P-induced shifts of phonon modes. By making assump-
tions about the phonon density of states (PDOS), such as
Kieffer’s model, data from vibrational spectroscopy can
also constrain geophysically important parameters, in-
cluding heat capacity, thermal expansivity, entropy, and
Clapeyron slope (Kieffer, 1979a,b, 1982).

Magnesium germanates are known to be good analogs
for magnesium silicates (Ross and Navrotsky, 1988;
Akaogietal., 2005; Kubo et al., 2006; Runge et al., 2006).
They undergo a similar sequence of phase transitions but
at lower P. MgGeO;—Pv undergoes a phase transition to
PPv at 60—70 GPa (Hirose et al., 2005) which is much
lower than that in MgSiOs, 125 GPa. Raman measure-
ments on MgSiO;—PPv are challenging due to technical
issues at its stable P conditions (=125 GPa), including
strong fluorescence from diamond anvils (Xu et al., 1986)
and extremely weak signal from spectroscopic pressure
scales, such as ruby (Eggert et al., 1988). Therefore,
MgGeOj; provides opportunities to measure high-quality
Raman spectra of PPv at lower P.

2. Experimental techniques

Pure MgGeO; orthopyroxene (OPx) sample was
synthesized by heating a mixture of MgO and GeO, in
air at 1300 K for 40 h. The same sample has been used in
recent high P measurements (Kubo et al., 2006; Runge
et al., 2006; Merkel et al., 2006). A platinum foil was
sandwiched between two MgGeOs foils and the assembly
was loaded in a Re gasket hole in a DAC with an Ar
pressure medium. In order to prevent direct contact bet-
ween the sample and the diamonds, spacer grains of
MgGeO; were placed at the top and the bottom of the foil.
Ruby grains were placed near the edge of the hole to serve
as a pressure calibrant (Mao et al., 1986). Diamond
anvils with 300-pm flat and 150-pm beveled culets
were used for measurements up to 55 GPa and 123 GPa,
respectively.

Raman modes were excited by a 514.5-nm beam of an
Ar/Kr mixed ion laser at MIT. The laser power at the
sample is controlled to less than 10 mW. The Raman
spectra were collected using a CCD detector attached to a
0.5-m single spectrometer with collection times of 10—
15 min. The size of the focused beam at the sample was
less than 5 um in diameter. The spectrometer was cali-
brated from Ne spectral lines.

In order to synthesize stable high-P phases and to
reduce deviatoric stresses, the samples were heated
using a Nd:YLF laser (TEM) to 2000 K for 10 min for
synthesis and to 1500 K for 2 min for stress annealing
before each Raman measurement. In order to reduce
heterogeneity in stress conditions, we scanned the
sample across the laser beam. The size of the heating
spot was about 20 pm in diameter. Background spectra
were collected from a location in the gasket hole con-
taining only Ar.

3. Results

During compression at room 7, Raman modes of
MgGeO5;—OPx disappeared at 24 GPa (Fig. la—b) and
some broad features were observed at higher-frequency
region (700-1000 cm '). In X-ray measurements at
similar pressures, the diffraction lines of OPx were no
longer observed and some weak and broad new peaks
appeared (A. Kubo, personal communication). These
observations imply that the phase is crystalline but
possibly highly disordered.

After laser heating at 33 GPa, we observed six
Raman modes (Fig. 1). The highest frequency peak
shows asymmetry and splits into two peaks at higher
P (vg and v5 in Fig. 1c—e). Thus, we identify a total of
seven Raman modes for MgGeO;—Pv at high P.
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Fig. 1. Raman spectra of MgGeO;—Pv measured during compression
(c—e) and decompression (f—h). (a) Raman spectrum of the starting
material, OPx. (b) Raman spectrum of the sample before the first laser
heating at 33.2 GPa. The insets for low-frequency regions show weak
modes. The inset at high frequency in (h) shows a broad spectral
feature developed during decompression. The modes were tentatively
assigned (vi—v7) in the order of their frequencies. Backgrounds were
subtracted from the spectra.

The observed peaks become sharper after laser annealing,
indicating that deviatoric stresses are effectively reduced.

From group theory for Pbnm perovskite, 24 out of 60
total phonon modes are Raman active. In an earlier
measurement on MgSiO;—Pv by Williams et al. (1987),
only four modes were observed at ambient conditions.
Chopelas (1996) documented a total of nine and six
Raman modes below and above 40 GPa, respectively.
The weak intensity and limited number of observed
Raman modes has been attributed to the relatively small
distortion in MgSiOs;—Pv from an ideal cubic perovskite
structure (Williams et al., 1987). The b/a and c/a ratios
of MgGeO;—Pv are only 1.0 and 1.3% higher than those
of MgSiO;—Pv at 0-65 GPa (Runge et al., 2006),

indicating the crystal structure of MgGeO;—Pv is very
similar to that of MgSiO;—Pv.

In order to prevent a reverse transformation to low-P
phases, we did not laser anneal the samples during
decompression, resulting in broader peaks (Fig. 1f-h).
Nevertheless, the mode frequencies agree well with
compression data within the Pv stability field (Fig. 2).
However, below 14 GPa, the mode frequencies decrease
with higher rates, due perhaps to the metastability of Pv.
A spectrum measured at 1.2 GPa (Fig. 1h) shows some
new features, such as a broad feature above 600 cm™ !,
indicating a partial transformation to a low-P phase.

A separate sample was compressed without heating
to 82.7 GPa which is well above the reported PPv
boundary in MgGeOs;, 60—70 GPa (Hirose et al., 2005)
(Fig. 3). Broad modes of the unknown MgGeQOj; phase
were also observed to this pressure. After laser heating,
a total of 10 peaks were observed. The PPv modes are
extremely intense: the maximum number of counts for
PPv at 123 GPa is two orders of magnitude higher than
for Pv at 33 GPa for a given collection time. This in-
dicates strong polarizability of the bonds in PPv. A
spectral feature at 750 cm ' (Ns—N;) shows severe
asymmetry and a structure at the lower-frequency shoul-
der. As shown in the inset of Fig. 3e, three symmetric
peaks are necessary in order to fit the feature. A weak
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Fig. 2. Pressure-induced shifts of the Raman modes of Pv (square),
PPv (circle), and unknown phase (diamond) in MgGeO;. Solid and
open symbols represent data measured during compression and
decompression, respectively. Fitting of the data is shown by curves.
The size of error bar for mode frequency is smaller than that of the
symbols. Uncertainty in pressure is 3%. The frequencies of the modes
observed only during cold compression are also shown (UC,—UC,).
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Fig. 3. Raman spectra of MgGeOz;—PPv measured during compression
(b—f) and decompression (g—h). (a) Raman spectrum of the sample
before the first laser heating. The insets show expanded view of weak
modes (b,d—h) and peak asymmetry (e). (¢) and (d) are measured at
different locations in the same sample at the same load. Modes were
tentatively assigned (N;—Nj) in the order of their frequencies. In order
to cover a wide spectral range, we measured low- and high-frequency
regions (below and above 600 cm™ '), separately. Backgrounds were
subtracted from the spectra.

feature exists at the higher-frequency side of the most
intense peak (Nyo). The peak becomes clear at 101 GPa
(Fig. 3d).

Only a few Raman measurements have been reported
on PPv-structured materials. Four Raman modes were
resolved between 200 and 800 cm ' in CalrO; at
ambient conditions (Hirose and Fujita, 2005). Due to the
limited spectral coverage for CalrOs3, relating the Raman
spectrum of CalrO; to MgGeO;—PPv is not straightfor-
ward. Mn,O; transforms to a PPv-structured phase at
30-40 GPa and 300 K (Santillan et al., 2006). Our
Raman spectra of Mn,O3;—PPv show nine strong modes
between 100 and 900 cm™ ' at 29 GPa. There are striking
similarities between the MgGeO3; and Mn,Oj3 spectra
(Fig. 4): N, and N, appear similar to modes at 170 and
235 cm ! in Mn,O3—PPy, respectively. N3_4 and N5_5
can be related to the multiplets at 370 and 560 cm ™',
respectively. Two high-frequency modes, Ng and N,
can be related to modes at 650 and 790 cm ', res-
pectively. Not only relative positions but also relative

intensities among peaks are noticeably similar, even
though MgGeO; is chemically very different from
Mn,0;. Between 500 and 600 cm ', Mn,O;—PPv
shows a broad feature that appears to consist of at least
two peaks. The asymmetry of the lower-frequency struc-
ture suggests that it consists of 3 peaks similar to N5_7 in
MgGeO;—PPv.

In MgGeOs, another peak is observed at 900 cm™ ' in
one area of the sample throughout our measurements (7,
in Fig. 3c). This peak could be interpreted as a highly
orientation sensitive mode, provided that MgGeO;—PPv
can develop significant degree of lattice preferred
orientation which has been reported in not only
MgGeO3;—PPv (Merkel et al., 2006) but also other PPv
structured materials (Santillan et al., 2006; Miyajima
et al., 2006). It is also possible that this peak is from an
impurity which may be present in the starting material or
dissociation product of MgGeOs, such as GeO,. Howev-
er, the mode does not match with expected behaviors of
rutile or CaCl,-type GeO, (Fig. 5). Furthermore, previous
X-ray studies on MgGeOz;—Pv and —PPv did not observe
any evidence of dissociation (Kubo et al., 2006; Runge
et al., 2006). GeO, is known to transform to an a-PbO,-
type phase at 40 GPa. Because the Raman spectrum of the
a-PbO,-type phase is not known, we do not include this
peak in our analysis.

A mode at 300 cm ™ !, N, , is broader than the other
observed peaks. The peak remains symmetric through-
out our measurements. Therefore, we treat this as a
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Fig. 4. Raman spectra of (a) Mn,O3— and (b) MgGeO;—PPv.
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Fig. 5. Pressure-induced shifts of the Raman modes of MgGeO;—PPv
(solid lines) compared with rutile-type GeO, (dotted lines) (Haines et al.,
1998) and MgSiOs;—PPv (dashed lines) (Caracas and Cohen, 2006). The
mode frequencies of MgSiO;—PPv were obtained by fitting the peaks in
the calculated spectra published in Caracas and Cohen (2006). Only 7
modes have resolvable intensities in these spectra.

singlet. However, the width could indicate that the peak
consists of two adjacent modes with similar intensities.
It is notable that a related feature in PPv-structured
Mn, 05 at 220-260 cm ™' consists of two peaks, i.e., one
stronger and the other weaker (Fig. 4). If the peak is a
doublet and n; is also from MgGeO;—PPv, then the
number of observed PPv modes increases to twelve. For
the primitive cell of PPv (space group Cmcm), a total of
12 among 30 phonon modes are Raman active, so most
or all Raman active modes have been identified.

With decompression, widths of the peaks increase.
Moreover, the frequencies are systematically higher
than those under compression and decrease nonlinearly
(Fig. 2). This may be related to lack of annealing during
decompression. Below 67 GPa, we observe a significant
decrease in intensities of the low-frequency modes,
which may be due to the metastability of PPv. Below
25 GPa, five unknown modes appear and persist to
ambient P (open diamonds in Fig. 2). This indicates a
phase transition of PPv upon decompression to an
unknown crystalline phase, which persists to ambient
conditions.

4. Discussion
4.1. Raman spectra of MgGeO;—Pv and—PPv

Because polarized Raman measurements for appro-
priate single crystals do not exist, mode assignments
remain uncertain for MgSiO;— and MgGeO;—Pv. Using
systematics among perovskite-structured materials, a
Raman mode of MgSiO;—Pv at 499 cm™ ! was assigned
to a breathing vibration of the SiOg4 octahedra (Williams
etal., 1987). Also modes at 378 cm ™' and 251-280 cm !
are related to a symmetric stretching vibration of the SiOg
octahedra, and octahedral rotation and deformation
coupled with displacement of cations in the dodecahedral
sites, respectively. MgGeO;—Pv has the same structure as
MgSiO5;—Pv with similar degree of distortions. Further-
more, observed relative intensities among modes are very
similar between MgGeOs;— and MgSiO;—Pv. Therefore,
the contrast between Ge and Si could also help make
mode assignments.

The extrapolated frequencies of MgGeO;—Pv modes
are lower by Av=13-55 cm ' compared with
corresponding modes of MgSiO;—Pv at ambient P
(Fig 6). Lower-frequency modes, v,—vs, appear to be
more sensitive to the cation change (Av=27-55 cm ™'

1 1 1 1
700 MgGeO,-Pv (This work)
- - - MgSiO,-Pv (Chopelas 1996)

600

500

400
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300

200

0 20 40 60
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Fig. 6. Pressure-induced shifts of the Raman modes of MgGeOs;—
(solid lines) and MgSiO;— (dashed lines) Pv. The data for MgSiO;
were obtained from Chopelas (1996).
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except for v3 for which Av=13 ¢cm™ ') than the mode
related to a breathing vibration of the GeOg octahedra,
Ve, which shows Av=20 cm™'. The low sensitivity of
this mode to cation substitution is consistent with the
mode assignment because a breathing vibration of the
GeOyg octahedra is not involved with motion of Ge
atoms as they are at centrosymmetric positions. Yet, the
slightly high frequency in MgSiO;—Pv would be
explained by higher bond strength of Si—O than Ge—O.
However, it is interesting that the difference decreases
with P (Fig 6).

Another similarity between MgGeO;— and MgSiO3;—
Pv is that P-induced mode shift is highly nonlinear.
Chopelas (1996) attributed to a structural change at
40 GPa and fitted the trends separately below and above
40 GPa (Fig. 6). However, no X-ray diffraction study
has identified a structural change in MgSiO3;—Pv near
40 GPa (Fiquet et al., 1998; Shim et al., 2001). Although
we do not resolve any clear evidence of sharp changes in
slopes in MgGeO;, the modes shift with higher rates at
lower P, which can be due to the metastability of the Pv
phase.

Because frequencies and intensities of the modes are
very similar between MgSiO;— and MgGeO;—Pv and
the axial ratios between MgSiO3;— and MgGeO;—PPv
are in agreement within 2% (Kubo et al., 2006), it is
expected that the mode intensities and frequencies
would be similar between MgGeO;— and MgSiO;—PPv.
Raman spectra of MgSiO;—PPv have been calculated
using the density functional perturbation theory (Car-
acas and Cohen, 2006). Mode frequencies between
theory for MgSiO;—PPv and our measurement for
MgGeO;—PPv are significantly different. From our
comparison between MgGeO;— and MgSiO;—Pv as
well as previous studies on ilmenite and pyroxene
phases in MgSiO; and MgGeO3; (McMillan and Ross,
1987; Ross and Navrotsky, 1988), it is expected that
mode frequencies should be systematically higher by
20-80 cm ™' in MgSiO;. However, no such correlation
can be found between our measurements on MgGeO;—
PPv and calculated Raman frequencies for MgSiOs—
PPv (Fig. 5). Furthermore, the highest frequency mode
in MgGeO;—PPv is greater than that calculated for
MgSiO5;—PPv.

Raman mode frequencies predicted by first-princi-
ples methods have shown reasonable agreements with
observations. Predicted mode frequencies of MgSiO;—
Pv agree within Av=+19 cm ' (Karki et al., 2000;
Caracas and Cohen, 2006). For MgAl,O,4 spinel, the
difference is smaller than Av=+8 cm ' (Lazzeri and
Thilbaudeau, 2006). A recent calculation on Mg,SiO,
forsterite predicted systematically higher frequencies

but the difference did not exceed 20 cm™' (Noel et al.,
2006). Therefore, the discrepancies between our mea-
surements and first-principles appear significant.

It is notable that MgGeOz;—PPv has very high
frequency modes, e.g., 1063 cm 1, whereas the highest
mode frequency in MgGeOs;—Pvis 718 cm™ ' at 65 GPa.
The GeOg (SiOg) octahedra are connected by both edges
and corners in PPv, whereas they are linked by the
corners only in Pv (Murakami et al., 2004; Oganov and
Ono, 2004). We found that the extrapolated frequencies
of Ny (802 cm™ ') and Ny, (861 cm ') to 0 GPa are
indeed similar to the frequency of the B,, modes in
rutile-structured GeO, (870 cm™ ') (Scott, 1970) and
Si0, (967 cm™ ') (Hemley et al., 1986) which have the
octahedra connected by both edges and corners. An
intense high-frequency Raman mode has been docu-
mented in the ilmenite phases in MgGeOs5 at 722 cm™ !
(Ross and Navrotsky, 1988) and in MgSiO; at 798 cm ™'
(Reynard et al., 1996). The octahedra in ilmenite phases
are connected by edges. These highest-frequency modes
are related to stretching motion of Ge—O (Si—O) bonds
in the octahedra (Hofmeister and Ito, 1992). Therefore,
we postulate that the existence of the higher-frequency
modes in PPv is connected to the Ge—O stretching
vibrations in the octahedra with edge sharing.

4.2. Thermodynamic implications

Measurements of P-induced shifts of phonon modes
allow us to calculate mode Griineisen parameters,

(7111(0,‘
— 1
dlny’ (1)

where w; is the frequency of mode i. Together with
Eq. (1), we use the following relation in order to constrain
v; from our Raman data:

Vi = Yir (;)q 2)

where ¢ is the logarithmic volume derivative of the
Griineisen parameter, which is assumed to be a constant,
and subscript r denotes the reference conditions. The
volume at different pressures can be obtained from the
EOS ofMgGeO;—Pv and —PPv (Kubo et al., 2006; Runge
et al., 2006). We set the reference conditions to 65 GPa
where the PPv transition is reported in MgGeOs (Hirose
et al., 2005), because (1) we are interested in changes
across the PPv transition and (2) Pv and PPv phases show
some evidence of transitions during decompression near
ambient conditions. Therefore, we limit ourselves to using
the data points between 14 and 51 GPa (compression and

Yi



172 S.-H. Shim et al. / Earth and Planetary Science Letters 260 (2007) 166—178

decompression) and between 83 and 123 GPa (compres-
sion only) for Pv and PPv, respectively.

In most previous studies of this type, frequency has
been fitted to a polynomial function of pressure and then
the derivative has been used to obtain ;. However, this
ad hoc method can result in an increase of y; with P
when frequencies are fitted to a linear function of P
(Hofmeister and Mao, 2002). Such an increase is
unphysical for a crystalline phase within its stability
field, except for modes related to instability of the
structure. Our approach of combining Egs. (1) and (2)
avoids this problem and requires y; to be volume
independent if no clear nonlinearity can be resolved
from the data. In this case, the resulting y; can be viewed
as an average over the P range where data were mea-
sured. In fact, our scheme provides statistically as good
results as a simple polynomial fitting scheme. For
MgGeO;—Pv, we found 4 modes with statistically
significant volume dependences of y; (Table 1). How-
ever, we were not able to resolve the volume depen-
dence of p; for PPv.

By using the following weighting scheme, we can
obtain the average Griineisen parameter:

5= > Cry;
Zi G
where C; is the Einstein heat capacity. We obtained
1.56+0.10 and 1.15+0.06 for Pv and PPv at 65 GPa,
respectively. Simple averages give 1.55 and 1.17 for the

two phases. Thus, the Griineisen parameter decreases
by 25+6% across the PPv transition in MgGeOs;.

3)

Table 1

However, a first-principles study predicted that change
in the Griineisen parameter would be very small, only
2% decrease in magnitude (Tsuchiya et al., 2005).

In our approach the effect from dispersion is not
included, and only 12% and 33% of expected normal
modes are used for Pv and PPv, respectively. Neverthe-
less, it has been shown that 7y agrees well with
thermodynamic Griinisen parameter, 7y, for many
mantle minerals. For example, although only 19
Raman modes out of 84 total modes were used for
forsterite, y (1.09) agrees well with g, (1.17) (Chopelas,
1990). Good agreement was also found for Mg,SiO,-
spinel, y=1.10 and y4,=1.25 (Chopelas et al., 1994),
although only 5 Raman modes out of 42 total modes
were used. Hofmeister and Mao (2002) attributed this
agreement to the fact that Raman-active modes are
involved in vibrations at the whole unit-cell level.

Assuming the spectroscopic vy gives a reasonable
approximation to yy,, from the definition of yy,, we can
derive the following relations,

APy _ YCr /VKr|ppy
apy YOy /VKr|p,

4)

where Cy is the heat capacity and K7 is the isothermal
bulk modulus. At high temperature (Dulong—Petit
limit), C becomes 3R (R is the gas constant). From
the EOS of MgGeO;—Pv and PPv, V' and K can be
calculated. Thermal effect is included using the
Griineisen parameters we obtained and the Mié—
Griineisen equation. We found that this yields about

Frequencies, mode Griineisen parameters (7;), and ¢ (=d In y/dInV) of the Raman modes of MgGeO;—Pv and PPv at 65 GPa and 300 K

Perovskite Post-perovskite

Frequency Vi qi Frequency ;%

(em™ l) (cmﬁl)

0 GPa® 65 GPa 0 GPa® 65 GPa

195+3 305+2 1.99+0.13 1.29+0.81 187+4 217+1 0.76+0.07

221+1 335+2 2.10£0.13 a 220+3 277+1 1.14+0.05

269+1 346+1 1.27+0.08 a 346+3 446+1 1.26+0.03

355+3 461+2 1.18+0.08 1.18+0.85 366+3 468+1 1.22+0.04

352+3 491+1 1.04+0.06 4.58+0.67 53743 705+1 1.35+0.02

481+3 694+1 1.39+0.05 2.82+0.43 55343 719+1 1.30+0.02

497+1 718+1 1.87+0.03 a 556+3 726+2 1.33+0.10
711+3 881+1 1.06+0.12
802+3 1030+1 1.24+0.01
861+3 1063+1 1.05+0.01

Fitting was performed for a standard state at 65 GPa. The frequencies at 0 GPa are obtained by extrapolating the fitting results. The lower frequency of
vs than v, is due to the extrapolation. In fact, they are indistinguishable within the uncertainty.

? No significant volume dependence of 7y; is detected.
° Extrapolated to 0 GPa.
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254+10% decrease in thermal expansion parameter
across the PPv transition in MgGeO; at 65 GPa and
2000 K.

Assuming the same magnitude of changes across the
PPv transition for MgSiO;, we calculate the profiles of
the thermal expansion and Griineisen parameter of
mantle minerals as a function of pressure (or depth)
along 2000 K isotherm (Fig. 7). We use the Mié—
Griineisen—Birch—Murnaghan equation of state (Jack-
son and Rigden, 1996; Shim and Duffy, 2000).
Thermoelastic parameters of mantle silicates are
obtained from Ita and Stixrude (1992) and Jackson
and Rigden (1996) (and references therein). The
Griineisen parameter increases across most phase
transitions in the mantle except for the wadsleyite-to-
ringwoodite transition. The coordination number in-
crease in some of the mantle transitions has been related
to an increase in Griineisen parameter (Stixrude and
Karki, 2005). However, there is no coordination number
change for Si across the PPv transition.

As shown above, thermal expansion parameter may
decrease across the PPv transition. A similar magnitude
of changes in thermal expansion parameter has been
found for some other mantle transitions (Fig. 7). These
changes across the PPv transition may have important
implications for the bottommost mantle. For example, a

discontinuous decrease in thermal expansivity across the
PPv transition may dynamically stabilize the PPv layer.

The Clapeyron slope of the PPv transition can be
obtained through the following relation:

& Lo 5
dr AV’

where AS, and AV are the changes in entropy and
volume across the phase transition. Following the
method of Kieffer (1979a), entropy can be estimated
from vibrational spectroscopy together with an assumed
shape of phonon density of states (PDOS). Among the
required parameters for the calculation, longitudinal and
transverse wave velocities have not been measured for
MgGeO;—Pv and —PPv. We first calculate the bulk
sound speed from the EOS (Kubo et al., 2006; Runge
et al.,, 2006). Then the ratio between P and S wave
velocities is estimated from the first-principles calcula-
tions for MgSiO3;—Pv and PPv (Wentzcovitch et al.,
2006). Two averaged shear wave velocities are calcu-
lated using the estimated shear wave splitting of 7-10%
from first-principles calculations (Wentzcovitch et al.,
2006).

For the entropy contribution from the optic modes,
we use PDOS consisting of single continua for Pv and
PPv. The lower and upper limits of the continua are

Pressure (GPa)

1 2 3 4

Thermal Expansion (x 10° K

0.8 0.9 1.0 1.1 1.2 1.3 1.4
Gruneisen Parameter

Fig. 7. Thermal expansion and Griinisen parameters of mantle silicates and oxides at high P and 2000 K. The dotted horizontal lines indicate the
conditions corresponding to the 410, 660, and D" discontinuities (Ol: olivine, Wd: wadsleyite, Rw: ringwoodite, Px: pyroxene, Mj: majorite, Pv:
perovskite, Mw: magnesiowiistite, PPv: post-perovskite). Uncertainties in these parameters are 5—10%.
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calculated from our Raman measurements using the
scheme suggested by Kieffer (1979a). The volume change
across the PPv transition is obtained from the EOS of
MgGeO;—Pv and —PPv (Kubo et al., 2006; Runge et al.,
2006). We also take into account thermal effects on volume
and mode frequencies using the Griineisen and thermal
expansion parameters obtained above. AV, for the PPv
transition is —0.65 cm®/mol at 2000 K and 65 GPa. From
this model we obtain AS,=—12.9 J'mol 'K, resulting
in dP/d7=+20 MPa/K. The strong positive Clapeyron
slope is consistent with the predictions for MgSiOs,
+7~+10 MPa/K (Oganov and Ono, 2004; Tsuchiya et al.,
2004; Sternik and Parlinski, 2006).

It is important to point out that the shapes of the
PDOS functions are assumed and only Raman-active
phonon modes at the Brillouin zone center are used in
our calculation. Nevertheless, Clapeyron slopes esti-
mated using this approach have shown good agreement
with phase equilibria studies and calorimetry measure-
ments in magnesium silicates (Akaogi et al., 1984; Lu
and Hofmeister, 1994) and germanates (Ross and
Navrotsky, 1987, 1988). Furthermore, the Clapeyron
slopes of the phase transitions in MgGeOs and their
counterparts in MgSiO3 show similar magnitudes with
same signs: +2.6+1.3 MPa/K in germanate (Ross and
Navrotsky, 1988) and +3.1 (Pacalo and Gasparik, 1990)
~+4.5 MPa/K (Ulmer and Stalder, 2001) in silicate for
a transition from orthoenstatite to high-P clinoenstatite,
—8.2 MPa/K in germanate (Akaogi et al., 2005) and
—2.9 ~—3.5 MPa/K in silicate (Ono et al., 2001) for a
transition from ilmenite to perovskite.

The assumptions we used for the acoustic modes
could result in some uncertainty in the entropy
calculation. We found that a £15% variation (within a
reasonable range of Poisson’s ratio) in the assumed ratio
between P and S wave velocities results in variation of
Clapeyron slope less than £5 MPa/K. Varying the
amount of shear wave splitting up to 50% does not
change the slope more than +2 MPa/K. This relatively
low sensitivity (5—10%) is because the contribution
from the acoustic modes is much smaller than that from
the optic modes.

An important limitation of our estimation is that
we measure only 7 of 24 Raman modes of Pv. In the
studies by Chopelas (1996) and Williams et al. (1987), a
mode at 499 cm ! was the highest-frequency Raman
mode in MgSiO;—Pv, which seems to be related to vg of
MgGeOs—Pv (481 cm™ ' at 0 GPa). A mode at 542 cm ™'
has been observed in some ambient pressure Raman
measurements (Wang et al., 1994; Liu et al., 1994; Gillet
et al., 2000), which could be related to v; of MgGeO3—
Pv (497 cm™ ' at 0 GPa). However, Gillet et al. (2000)

and Durben and Wolf (1992) documented a mode
at even higher frequency, i.e., 666 cm ', at ambient
conditions in MgSiO;—Pv. This mode is extremely weak
and has never been observed at high P. Furthermore, we
found that the high-frequency region (above 600 cm™ ')
starts to gain some intensity during decompression out-
side the stability field of Pv. Therefore, caution must be
exercised for features that are only observed at low P
because of the potential instability of metastable Pv
under intense laser radiation.

In order to examine the effect of possible missing
DOS at higher frequency, we calculate entropy assum-
ing an upper limit at 800 cm™' for Pv at 65 GPa,
whereas we use the same optic continuum for PPv. This
yields a Clapeyron slope of +4 GPa/K. However, there
could be undetected DOS at lower frequency for Pv
which would then increase the Clapeyron slope. Con-
sidering all these factors, we believe a reasonable esti-
mate for uncertainty (1) for the Clapeyron slope is +
10 MPa/K.

The PDOS has been estimated for MgSiOs—Pv and
PPv by first-principles calculations (Karki et al., 2000;
Tsuchiya et al., 2005; Sternik and Parlinski, 2006).
These calculations show reasonable agreement in that
both Pv and PPv show a block of DOS at low to mid-
frequency range and an isolated peakshaped structure

Freguency (cm™)

Entropy (J mol' K™

700 800 900 1000 1100
Frequency (cm™)

Fig. 8. Variations in estimated entropy from an optic continuum for
PPv by changing (a) lower limit for a fixed upper limit (900 cm™ ') and
(b) upper limit for a fixed lower limit (200 cm™ ). Frequency increases
in the high-frequency modes across the PPv transition result in a
decrease in the entropy of PPv. Although frequency decrease in the
low-frequency modes may increase the entropy of PPv, the magnitude
of the change is smaller for the observed changes in low-frequency
region. (¢) A hypothetical PDOS (thin curve) together with different
Kieffer-type models with different upper limits (w;—3: maximum
frequency of each acoustic branch, @; and w,: lower and upper limits
of a Kieffer-type optic continuum).
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near upper frequency limits, similar to a hypothetical
DOS shown in Fig. 8c. The optic contribution to the
DOS of PPv by Tsuchiya et al. (2005) exists between
150 and 910 cm™ !, which is in good agreement with
the range bounded by our Raman measurements of
MgGeOs, i.c., 187-861 cm ' at 0 GPa. At the PPv
transition pressure, the predicted PDOS by theory for Pv
and PPv are extended to a similar frequency, e.g., 1120—
1130 cm™ ! (Sternik and Parlinski, 2006), unlike our
measurements. The discrepancy in the frequency range
for Pv is too large to be explained by difference in the
octahedrally coordinated cations (Si vs. Ge) and may
indicate that some high-frequency Pv modes may not be
detected in our Raman measurement.

Nevertheless, the predicted PDOS by theory shows
some features that are consistent with our spectroscop-
ically estimated PDOS in that more DOS exists at higher
frequency region in PPv than Pv. The intensity of the
high-frequency isolated peak in the DOS is higher in
PPv by 40% (Sternik and Parlinski, 2006). More clear
comparison can be made for the PDOS of NaMgF;
estimated by Umemoto et al. (2006) at the PPv transition
(Fig. 3a of their paper). An isolated high-frequency
peak-shaped structure centered at 640 cm™ ' in Pv shifts
to 690 cm™ ' in PPv.

In order to investigate the source of the entropy
decrease across the PPv transition, we calculate
entropies from optic continua with different limits
(Fig. 8). When the lower limit decreases by 100 cm™ ',
which is similar to the lower limit change from Pv to
PPv in our Raman measurements, entropy increases by
15 J'mol ""K~'. When the upper limit increases by
400 cm™ ', similar to the change from Pv to PPv, for a
fixed lower limit, the entropy decreases as much as
40 J-mol™ "K', Due to the potential existence of missing
high-frequency Pv modes as discussed above, our
estimation for AS, should be regarded as an upper
bound. Nevertheless, both the features observed in the
PDOS predicted by first-principles calculations and the
frequency range difference detected by our Raman study
support an increase in PDOS at high-frequency region in
PPv. Our model calculation shows that the lower entropy
of PPv may result from this PDOS increase at high
frequency in PPv.

High-frequency modes are related to the Ge—O (Si—O)
stretching motion in the GeOg (SiOg) octahedra (Hemley
et al., 1986; Haines et al., 1998). The increase in DOS of
PPv at higher frequency can be rationalized by the fact
that there are edge-shared as well as corner-shared
octahedra whereas all octahedra in Pv are linked by the
corners. Therefore, the Ge—O (Si—O) bond strength
would be higher in PPv than Pv. In fact, as pointed out by

Lu and Hofmeister (1994), the highest-frequency mode of
MgSiO;—Pv is lower than their counterparts in ilmenite
and stishovite which have the edge shared SiOg octahedra,
whereas, as we discussed above, the highest-frequen-
cy mode of MgGeO3;—PPv is comparable to those
of ilmenite-and rutile-type phases in germanates and
silicates.

Another expected consequence from change in the
linkage of the GeOg¢ octahedra is that vibrations of some
oxygen atoms would be more restricted in PPv due to
the edge sharing, unlike Pv where the vibration of
oxygen atoms are less restricted due to the corner
sharing. Therefore, vibrations involved with bending of
the Ge—O—Ge bonds and deformation of the Mg—O
polyhedra would have higher frequency in PPv than Pv.
This will lead to positive shifts of DOS at low frequency,
leading to an entropy decrease after the PPv transition,
as the bending and deformational modes exist in lower-
frequency region. Unfortunately this cannot be con-
firmed by our data, as vibrational spectroscopy at the
zone center cannot constrain the DOS directly. Howev-
er, this can be seen in the comparison of DOS of Pv and
PPv in NaMgF; presented by Umemoto et al. (2006):
DOS below 170 cm™ ' is higher in Pv than PPy, although
existence of acoustic modes in this range make clear
comparison difficult.

5. Conclusion

Our Raman measurements show that PPv has intense
modes at high frequency, i.c., 880-1063 cm ' at
65 GPa, whereas the highest-frequency mode in Pv
exists at 718 cm~'. The appearance of the high-fre-
quency modes in PPv is related to the formation of the
edge sharing between the GeOg octahedra across the
PPv transition which would make the Ge—O bonds
stronger.

Measured P-induced shifts of the Raman modes
suggest significant decreases in the Griineisen parameter
and the thermal expansivity across the PPv transition. If
a similar change occurs in MgSiOs, the discrete decrease
in the thermal expansion parameter across the PPv
transition would dynamically stabilize the PPv layer at
the lowermost mantle. Our estimated Clapeyron slope of
the PPv transition is +20+£10 MPa/K. The strong
positive slope is consistent with the predictions for the
PPv transition in MgSiO3, +7~+10 MPa/K (Oganov
and Ono, 2004; Titaka et al., 2004; Tsuchiya et al., 2004;
Sternik and Parlinski, 2000).

Our model calculations suggest that the lower
entropy of PPv may result at least partly from an
increase in phonon density of states (PDOS) at high
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frequency across the transition due to the formation of
the edge shared GeOg octahedra. Vibration of oxygen
atoms and deformation of the MgOg polyhedra would be
more restricted in PPv, resulting in a positive shift of
PDOS at lower frequency and consequently a decrease
in entropy. These interpretations are in qualitative
agreement with recent estimation of PDOS by first-
principles calculations.

We note that our Raman measurements provide
partial information on the PDOS of Pv and PPv. Infrared
spectroscopy measurements on Pv and PPv at in situ
high P will enhance the accuracy of the modeling
results. In particular, detecting more phonon modes of
Pv at high pressure is critical to better constrain the
Clapeyron slope. The discrepancy on the Raman spectra
of PPv between our measurements and theoretical
calculations should be carefully examined. Neverthe-
less, our results support the strong positive Clapeyron
slope of the PPv transition and reveal that change in the
connectivity among the octahedra may have profound
impact on the slope. Finally, vibrational spectroscopy
measurements on MgSiO;—PPv will provide more
direct constraints on the thermodynamic property
changes across the PPv transition, although several
technical issues need to be addressed carefully.
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