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Abstract

We have performed in-situ X-ray diffraction measurements on MgSiO3 up to 144.5 GPa and 2535 K to obtain a precise
experimental determination of the elastic properties of the post-perovskite polymorph of MgSiO; at high pressure and temperature.
The complete dataset is comprised of 24 data points at ambient temperature and an equal number at high temperature. Fitted
physical properties are the room temperature bulk modulus, the Griineisen parameter with its volume dependency, the thermal
expansion with its temperature dependency, and the linear incompressibilities as well as thermal expansions and their temperature
dependency on each axis. Elastic anisotropy is observed, the structure being much more compressible along the b axis, and less
compressible along the ¢ axis, in agreement with theoretical calculations. We also demonstrate with the present study that
experiments can provide precise information on the elasticity of complex materials at extreme pressure and temperature conditions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The recent discovery of a new MgSiO; high pressure
polymorph [1,2] has had a considerable impact on our
understanding of the structure and dynamics of the deep
Earth’s mantle. This post-perovskite phase with the
Cmcem CalrO; type-structure (hereafter noted ppv) is
produced via phase transition from Pbnm perovskite
MgSiOj; at a pressure of 110—125 GPa. This corresponds
roughly to the depth of the D” layer, a mantle region
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where a very complex seismic signature has been
reported, related mainly to a high lateral heterogeneity
and shear-wave splitting (see [3] and references therein).
The focus of our research is now to determine how much
the occurrence of the ppv phase can explain these seismic
anomalies, and which features remain to be explained by
other possible sources like downwelling of the subducted
slabs, partial melting of the mantle, or core—mantle
chemical interactions. A major drawback is that the
pressure and temperature conditions prevailing at those
depths, about 135 GPa and possibly up to around 4000 K,
are extremely high for accurate measurements of material
properties. Ab-initio calculations have proved to be very
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useful in obtaining this kind of information beyond the
limit of experimental possibilities. They, however, often
remain contradictory from one study to another. Here we
present the first P—V—T'equation of state of ppv performed
at megabar pressures. The results are used to discuss the
anisotropy properties of the ppv phase.

2. Experimental

The new ID27 beamline facilities at the ESRF
(Grenoble) were used to collect in-situ high temperature
angle-dispersive X-ray diffraction patterns of ppv at
high pressure. A laser-heated diamond anvil cell,
equipped with 100-300 pm beveled diamond anvils,
combined with our new laser-heating setup (an
evolution of the previous ID30 setup) [4,5], permitted
data acquisition from 111 to 144.5 GPa with tempera-
tures reaching 2535 K. The setup is composed of two
40 W single-mode continuous YAG lasers with
excellent power stability focused on each side of the
sample. This configuration is the best to minimize the
axial, radial, and temporal temperature gradients within
the sample. The X-ray beam intensity is sufficient to
obtain high quality angle-dispersive diffraction patterns
in less than 100 s, which further minimize any potential
temperature deviation to a few tens of K. Note that a
critical point with in-situ X-ray diffraction is the
alignment of the laser hotspot with the focused X-ray
beam (4x8 pum? spot, 2=0.3738 A) during exposure.
Due to radial temperature gradients, a misalignment of
even a few microns can produce temperature measure-
ment errors up to several hundreds of K. A perfect
alignment is generally a problem because of the
difficulty in imaging the monochromatic X-ray beam.
This is however possible on ID27 because the very high
flux excites the fluorescence of the diamond which
enables visualization of the X-ray spot in the visible and
UV range, thus allowing the X-ray/laser alignment with
a precision at the micron level. The X-ray beam being
very small and focused on the flat part of the Gaussian
profile of the hot spot, the radial temperature gradient is
considered to be negligible. We measured temperature
on one side of the sample by the spectroradiometric
method using reflective collecting optics. The method-
ology used and the accuracy of such temperature
measurements are described by Benedetti and Loubeyre
[6]. Errors given in Table 1 correspond to the standard
deviation of the histogram of the two-color temperature
[6] and the temperature deviation with time.

Mg,Si04 powder has been used as starting sample
and mixed with platinum for optimum laser absorption.
We loaded that mixture in a 30 um hole drilled in a Re

gasket together with thin NaCl plates that serve as both
pressure transmitting media and thermal isolators. Non-
hydrostatic component of the applied pressure can be
quantified by St values (multiplication of the elastic
anisotropy factor S and the uniaxial stress term 7) [7].
Values below 0.005 are usually considered to be poorly
affected by non-hydrostaticity. Laser annealing per-
formed during 10 min after each pressure increase kept
deviatoric stresses minimal, with St value of 0.004 at
140.4 GPa and 2500 K (corresponding to the diffraction
pattern displayed in Fig. 1) and 0.001 at 128.6 GPa and
300 K.

The detector used in this study is a MAR 345. The
2D diffraction images were integrated using Fit2D. The
GSAS software [8] was used to refine the phases’ unit-
cell volumes.

3. Pressure measurement and formalisms

The free-MgO produced by the decomposition of
Mg,Si0,4 has been used to measure the pressure at any
temperatures through the use of the P—V-T equation of
state (EoS) of periclase. The classical way to describe the
pressure at any given volume and temperature for a given
phase is to decompose it into a room temperature term and
a thermal pressure term. The MgO room temperature term
used in this paper is a primary pressure scale [9,10]. Our
initial choice of the MgO thermal pressure model based
on several experiments done by Speziale et al. (2001)[10]
yielded ppv thermal expansion values significantly higher
than the ones obtained from ab-initio calculations. We can
wonder however if this is real or linked to experimental
uncertainties. An overestimation of MgO thermal expan-
sion compared to different calculations [11,12] is for
example visible in Fig. 12 of the paper. On the other hand,
the thermal expansion values derived from these
theoretical calculations as well as the one from another
study [13] are compatible with each other, and almost
undistinguishable in the megabar pressure range, though
being generated from different calculation methods. Since
all theoretical models are consistent, we chose the one
from Karki et al. [12] to get thermal pressure of MgO at
high temperature, and discarded Speziale et al. high
temperature EoS. Note that the problem of pressure
calibration is recurrent in the mineral physics community
(see for example [27]). In the present case, the use of
Speziale et al. model to extract the pressure at high
temperature would yield pressures a few GPa higher than
those obtained from our method. The pressure shift from
actual pressures due to the choice of the pressure gauge is
however unknown and we will only take into account the
experimental error that comes from uncertainties in the



164 N. Guignot et al. / Earth and Planetary Science Letters 256 (2007) 162—168

Table 1

P—V—-T data on MgSiO; post-perovskite phase

P a b c V T angO
(GPa) N ) ) A% ) A
111.1(5) 2.473584 8.105783 6.134658 123.00(8) 300 3.7522
114.8(5) 2.467492 8.089385 6.127964 122.32(7) 300 3.7437
115.4(5) 2.468392 8.080647 6.124279 122.16(7) 300 3.7423
117.4(5) 2.466453 8.071189 6.118184 121.80(10) 300 3.7380
118.5(5) 2.466175 8.060682 6.116515 121.59(5) 300 3.7355
118.2(5) 2.465687 8.063539 6.114923 121.58(5) 300 3.7361
117.9(5) 2.467123 8.065793 6.116477 121.71(6) 300 3.7368
121.7(5) 2.462973 8.047212 6.107080 121.04(3) 300 3.7285
123.0(5) 2.460243 8.042772 6.102291 120.75(4) 300 3.7258
123.3(5) 2.460619 8.039013 6.103719 120.74(8) 300 3.7252
123.5(5) 2.461332 8.037754 6.100445 120.69(8) 300 3.7248
123.8(5) 2.460076 8.039284 6.101700 120.67(4) 300 3.7240
124.0(5) 2.460758 8.035878 6.099467 120.61(4) 300 3.7236
127.5(5) 2.455981 8.018187 6.091888 119.96(3) 300 3.7163
129.5(5) 2.454011 8.009941 6.086818 119.65(4) 300 3.7122
129.5(5) 2.452957 8.010430 6.089190 119.65(3) 300 3.7122
128.6(5) 2.455264 8.018196 6.093702 119.97(5) 300 3.7140
129.1(5) 2.456719 8.004843 6.090545 119.77(4) 300 3.7129
129.4(5) 2.454427 8.010681 6.092878 119.80(4) 300 3.7123
131.4(5) 2.453198 7.994507 6.084594 119.33(4) 300 3.7082
131.6(5) 2.450566 7.996241 6.089450 119.32(5) 300 3.7079
132.0(5) 2.449594 7.995782 6.086390 119.21(5) 300 3.7070
132.4(5) 2.447289 8.004339 6.083857 119.18(4) 300 3.7063
132.4(5) 2.449522 7.993332 6.083714 119.12(4) 300 3.7063
121.2(1.3) 2.467457 8.092840 6.128891 122.39(5) 1435(100) 3.7448
121.4(1.0) 2.469872 8.089529 6.128890 122.46(8) 1556(60) 3.7462
124.5(1.3) 2.467560 8.071865 6.120382 121.90(6) 1511(100) 3.7387
130.0(1.3) 2.461717 8.044656 6.106192 120.92(4) 1569(100) 3.7275
135.8(1.1) 2.454950 8.013754 6.090868 119.83(5) 1468(60) 3.7139
134.7(1.0) 2.454899 8.019738 6.095531 120.01(5) 1508(60) 3.7167
137.5(0.9) 2452777 8.000587 6.093049 119.57(4) 1496(50) 3.7107
122.5(1.0) 2.470041 8.086730 6.134717 122.54(4) 1663(50) 3.7456
124.0(1.1) 2.469941 8.091329 6.129780 122.50(7) 1872(70) 3.7455
125.2(1.2) 2.468495 8.081565 6.125894 122.21(8) 1857(80) 3.7426
125.9(1.3) 2.470325 8.082417 6.123755 122.27(7) 2015(90) 3.7435
127.8(1.4) 2.463649 8.087713 6.124510 122.03(3) 2040(100) 3.7396
134.0(1.7) 2.461169 8.046782 6.106779 120.94(3) 2059(140) 3.7265
134.3(1.3) 2.460057 8.042340 6.103836 120.76(4) 1973(90) 3.7244
139.1(1.2) 2.454031 8.018744 6.093710 119.91(4) 1984(80) 3.7146
141.1(1.1) 2.453369 7.999222 6.089490 119.51(4) 2023(60) 37111
134.0(1.8) 2.461477 8.047301 6.107495 120.98(5) 2134(150) 3.7275
137.2(0.9) 2.455503 8.026113 6.099758 120.21(5) 2082(50) 3.7199
143.7(1.2) 2.453575 7.999313 6.093167 119.59(4) 2438(80) 3.7119
128.7(1.3) 2.469960 8.090684 6.131126 122.52(5) 2455(100) 3.7442
130.2(1.7) 2.469278 8.083961 6.127606 122.32(3) 2511(140) 3.7418
137.3(1.8) 2.461784 8.047246 6.106985 120.98(3) 2535(150) 3.7266
140.4(1.3) 2.456805 8.033451 6.103889 120.47(4) 2500(100) 3.7197
144.5(1.9) 2.453780 8.001490 6.096827 119.70(4) 2520(160) 3.711
temperature measurement and on the MgO volume This could be due to partial reactions or specific physical
determination using X-ray diffraction (the later remaining properties due to the nano-size of Pt particles.

to about 0.1%). The pressures given by MgO and NaCl The choice of correct formalisms and approximations
standards at room temperature differ by less than 1%. The is critical to make accurate extrapolations beyond the

use of Pt as a pressure standard leads to unreliable results. pressure and temperature conditions of the experiment.
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Fig. 1. Diffraction pattern obtained at 140.4 GPa and 2500 K. Sharp peaks correspond to post-perovskite phase, MgO, Pt and NaCl.

Room temperature data is fitted to a third order Birch—
Murnaghan EoS. We used the Mie—Griineisen—Debye
model to determine thermal pressure. The Griineisen
parameter is considered to be temperature independent
and its volume dependence can be accurately described
by the formula y="7.,+(yo—Vs) (V/ Vo)’ [14]. We also
fitted the thermal pressure component with a thermal
expansion model. A polynomial thermal expansion
model, including the linear case a=a+ b7, is often used
in the literature. This approach is not accurate at high
temperatures as it leads to underestimate thermal
expansion when extrapolating with a second degree
polynomial, and overestimate it in the linear case. We
found that the exponential form a=a,, exp(=b/(1+7))
is much more accurate to model temperature depen-
dence of thermal expansion, especially by introducing a
constant value of a for temperatures well above the
Debye temperature. Given the high pressures and the
limited pressure range investigated in this study, we can
consider as good approximations that thermal expansion
does not depend on pressure and that dK/d T is constant.

4. Results and discussion

We started the experiment by producing an intimate
mixture of MgSiOj; perovskite+MgO at 94 GPa, via the
decomposition of Mg,SiO4. We observed the perov-
skite/ppv transformation at 111.1 GPa, after 10 min of
laser annealing at 2000 K. The ppv has then been clearly
identified up to 144.5 GPa and 2520 K. The diffraction
pattern displayed on Fig. 1 represents the overall quality

of the diffraction peaks obtained during this experiment.
More than 15 sharp ppv reflections were used to refine
its unit-cell volume, and peaks of all phases can easily
be indexed.

The complete dataset of ppv unit-cell volume, com-
prising 24 data points at ambient temperature, and an
equal number at high temperature, is represented in Fig. 2.
The corresponding values are summarized in Table 1.
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Fig. 2. Collected data points compared to the compression curves
calculated by Ono and Oganov [14]. Our results agree very well with
the model in the studied P—T range. Note the very good resolution
obtained in the present study, the effect of a temperature excess of
100 K on ppv volume being clearly visible above one megabar.
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Most of the high temperatures achieved in this experiment
are close to 1500 K, 2000 K and 2500 K. All the fitted EoS
parameters are summarized in Table 2 together with those
of recent studies [ 14—17]. Note that the room temperature
bulk modulus is similar when using NaCl as a pressure
standard (232.4(3) GPa instead of 231.2(1) GPa when
using MgO). The accuracy of the fits is very good,
particularly at high temperature, with 3 (Pcalc
—Pobs)*=2.5 to 5 GPa?, depending on the thermal
pressure model used. The agreement with the calculations
of Ono and Oganov [14] is excellent in the studied P—T'
range. A slight shift compared to the Tsushiya et al. [15]
model is observed, but their thermal expansion values are
found to be very similar to this study. It is thus possible to
assert that calculations and experiment converge on the
high temperature elastic properties of MgSiO; ppv phase.

The compression behavior of the ppv phase appears
strongly anisotropic. This can be illustrated by the
differences in (a, b, c) linear incompressibilities
determined using a fitting method described in [18].
We provide here not only 300 K and 0 GPa values, but
also those at high pressure and temperature together
with thermal expansions on each axis (see Table 3). The
compression behavior on each axis is illustrated on
Fig. 3. The structure appears to be the less compressible
along the ¢ axis with a linear incompressibility close,
though significantly higher than the one on « axis. The
structure is with no doubt much more compressible

Table 2
MgSiO; ppv P—V—-T equation of state parameters

300 K elastic parameters

This study ~ Ono Shieh Tsuchiya
et al. [16] etal. [17] etal. [15]
Vo (A%) 162.2* 162.86" 164.9(6) 163.8
Ko (GPa)  231.2(1) 237(1), 219(5) 215.9
226(1), 248(1)
Ky 4.0° 4.0 42 4.41
HT parameters
This study Ono and Oganov [14]
Voo 1.114* 1.114
Yo 1.553% 1.553
p 13(1) 4.731
This study Tsuchiya et al. [15]
(110-150 GPa)
0, (107K 1.48(10) 1.58 (100 GPa),
1.40 (125 GPa)
b (K) 396(40) 275 (100 GPa),
289 (125 GPa)
dK/dT (GPa-K™ ") —0.015° —-0.015
? Fixed.

Table 3
MgSiOs ppv single axis elastic properties

300 K and 0 GPa elastic parameters

Axis Unit-cell parameter Linear incompressibility
A) (GPa)
a 2.68(2) 855(78)
9.35(6) 330(27)
c 6.53(2) 1209(72)
HT elastic parameters (110—-150 GPa)
Axis dK/dT Oloo b
(GPaK™ (107>K ™Y (K)
a -0.015* 1.64(16) 760(70)
b -0.015* 1.71(17) 319(30)
-0.015* 1.29(13) 488(50)
Linear incompressibilities (GPa) at HP and HT
Axis 136 GPa, 3000 K 135 GPa, 4000 K
This study Stackhouse This study Stackhouse
et al. [3] et al. [3]
a 2010(100) 2020.4 1878(95) 1985.1
b 1401(70) 1543.7 1290(65) 1478.9

2370(120) 2345.6
? Fixed.

2235(110) 2088.2

along the b axis: 3.7 times more compressible than the ¢
axis at 0 GPa and 300 K, 1.7 time at 136 GPa and
3000 K. These results are in very good agreement with
previous calculations [3]. Such an anisotropy previously

1,002 . . . .
1,000
0,998
0,096

% 0,994
0,092

0,99

0,988

0,986 1 1 & 1 1
110 120 130 140 150 160

Pressure (GPa)

Fig. 3. Evolution of X/X; with pressure, where X denotes either a, b or
¢ ppv unit-cell parameter and JX; the values of these parameters at the
lowest pressures for a given temperature. The ppv structure clearly
appears much more compressible along the b axis, and less
compressible along the ¢ axis.
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pointed out on MgGeO; analog [19] is to be linked to
the MgSiO; ppv layered structure composed of flat
sheets of SiOg octahedra placed perpendicularly to the b
axis [1]. It is less straightforward to understand,
however, why the ppv phase is less compressible
along the c¢ axis where octahedra share corners
compared to the a axis where octahedra share edges. It
is possibly due to the fact that the shortest O—O bonds
lie along the ¢ axis. Overall, the elastic anisotropy of the
ppv phase appears largely different from that of the
perovskite for which the linear compressibilities differ
only by about 53% at 0 GPa and 300 K [20]. Therefore,
the seismic properties of the deep lower mantle may be
considerably affected by any preferential orientation of
the ppv phase. However, this preferential orientation is
not likely to occur along {010}, but along {110}or
{100} instead according to first-principles metady-
namics calculations and plastic deformation of
MgGeOj3 [21,22].

Elastic anisotropy is not the only difference between
ppv and perovskite structures. The volume reduction
along the phase transition is found to be 1.93% at
130 GPa and 300 K, if compared to perovskite data
recently remeasured by Andrault et al. [20]. The
experimental PVT-EoS available today for the MgSiO;
perovskite may not be of similar accuracy as that of the
present study, especially above 100 GPa. Nevertheless,
because the ab-initio calculations show similar elastic
properties for both MgSiOj; perovskite and ppv phase at
pressure and temperature conditions close to that of the
phase transitions [15], we can expect a density jump of
about 2%. Note that the elasticity of the lower mantle
ppv phase may be more complex, since the effects of Al
and Fe must be taken into account before drawing any
conclusions on the D” transition. Just like in the pv
structure, Al could be present in different sites
(octahedral or as a cation in-between the ppv sheets)
and Fe could be found with different valences depend-
ing on the Fe—Al coupling in the crystal. Present
literature is contradictory on that subject, be it from
theoretical [23—25], or experimental studies [26—28].

Beyond implications for the deep Earth, we could
observe with that study an excellent agreement with
calculations. This opens new perspectives of collabora-
tions in the next future.
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