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ABSTRACT

We studied MgSiO, with the perovskite structure heated to temperatures up to 1500 K
at pressures between 36 and 110 GPa with in-situ X-ray diffraction. The new pressure-
volume-temperature (P-V-T) data were combined with literature data to provide thermal
expansivity « and compressibility g against T (in K): «; = 271 X 105 + 1.80 X 10° T
— 148 T2 (Model 1) or a; = 213 X 105 + 757 x 10° T — 1.02 T2 (Model 2), and B,
=3736x 107+ 327 x 102 T + 6.60 X 105 T2 Model 1 yields physical properties
of perovskite that confirm Anderson’s (1998) Debye approach; the model is valid for
extrapolation to 3000 K or more. The parameters at 300 K are: a = 1.1 X 10-5, K, (bulk
modulus) = 261 GPa, K, = 4 and (0K/dT), = —0.027. Therma expansivity from this
model does not fit the data of Funamori et a. (1996) at high temperature for P = 25 GPa.
Model 2 uses an equation for « based on the data of Funamori et al. (1996), fits the
available experimental data closely, and maintains conformity with Anderson’s Debye ap-
proach. Heat capacity, C,, data for perovskite is given by either: C, = 110.8 + 8.031 X
10T — 1302 X 107 T2 — 1.647 x 10" T2 + 2.755 X 10° T-3 + 267.5 T-°5 + 9287
T2 (Model 1) or C, = 121.33 + 2.77 X 103 T — 2585 x 106 T2 — 1.710 x 10" T +

2792 x 10° T2 — 169 T-°s + 15782 T-* (Model 2).

INTRODUCTION

Perovskite (MgSiO,) is considered to be an important
phase in Earth’'s mantle. This is reflected in the number
of several recent papers on this topic (Mao et al. 1991,
Wang et al. 1994; Morishima et a. 1994; Utsumi et al.
1995; Fiquet et a. 1998; Anderson 1998; Funamori et al.
1996). Fiquet et al. (1998) reviewed the previous exper-
imental studies and concluded a definite need existed for
in-situ P-V-T data on perovskite at deep mantle pressures.
They extended the pressure range to 57 GPa by several
GPa over that of Funamori et al. (1996) and heated sam-
ples up to temperatures of 2668 K. In the present study,
pressures up to 110 GPa and temperatures close to 1500
K were reached. The goal was to obtain a complete set
of physical parameters for perovskite.

EXPERIMENTAL TECHNIQUE

The external electric heater for diamond-anvil cell that
was used in this study had two Re or Mo gaskets in which
holes were drilled large enough to alow the diamond
anvils pass to nearly one third of their height (Fig. 1).
Electric leads were attached and the current passed
through graphite foils between which the sample holding
gasket was sandwiched. A micro thermocouple (PH type
B) was attached to the sample gasket diamond interface.

* E-mail: surendra.saxena@geo.uu.se
0003-004X/99/0003-0226%$05.00

An Re gasket with a 50 um hole was used here. This
design had the advantage that the entire sample chamber
including significant parts of the diamonds were sur-
rounded by the graphite heater and heated uniformly. For
the safety of the diamonds, Ar with 1% H, was contin-
uously passed through the piston-cylinder assembly of the
cell. In-situ melting temperature for indium and tin using
this method could be determined with an accuracy of 7
°C at a pressure of 15 GPa (Rekhi et al. 1998).

The starting material was natural enstatite (Stakhol-
men, Halsingland, Sweden) with less than 1% aluminum
and iron obtained from U. Halenius, Riksmuseet, Stock-
holm. It was mixed with a small piece of platinum, com-
pressed into a thin disk, and placed in the 50 um hole in
the rhenium gasket. The sample was studied at ESRF,
Grenoble, with in-situ X-ray diffraction. The diffraction
studies were carried out using monochromatic radiation
(A = 0.3738 A). X-rays were focused to a spot of 10 pm
in diameter on the sample. The data (e.g., Fig. 2) were
collected from 4 to 25 ° 6 using imaging plate employing
the fast-scan technique developed at ESRFE The pressure
at room temperature as well as at higher temperatures was
obtained from the equation of state of platinum (Jamieson
et al. 1982), and the temperature was measured directly
from the type B micro-thermocouple. The power was in-
creased in small increments and X-ray data was collected
at each temperature for 1 to 3 min.
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Ficure 1. The high-temperature cell assembly using graph-
ite foils. See text for description.

ResuLTs

Table 1 shows the pressure-volume-temperature data as
mesasured in this work. Because the sample is uniformly
hested, temperature gradient in the sample is not a signif-
icant factor (Rekhi et a. 1998; Dubrovinsky et a. 1998).
The studies of Meng et al. (1993) and Fiquet et al. (1998)
have shown that the effect of differential stressis minimal
a high temperatures. One former study (Dubrovinsky et
al. 1998) established that differential stress decreases from
~1.5 GPa at 600 K to ~0.25 GPa at 850 K.

ANALYSIS AND DISCUSSION
Thermodynamics
Saxena et al. (1993) demonstrated the importance of
relating the physical (therma expansion and compress-
ibility) and thermochemical (heat capacity) parameters
and showed their internal consistency when extrapolating
data; C, is given by:

C, = C, + o?VK,T
+ other anharmonic and ordering contributions (1)

where V is the molar volume.
Polynomial expressions in T have been used for fitting
a and K to experimental data:
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Ficure 2. X-ray diffraction pattern of a heated perovskite.
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TaBLE 1. Measured volume data on MgSiO, perovskite
p* Tt v
(GPa) (K) (cmé/mol)
36.2 300 21.874 (11)
53.8 300 20.995 (12)
60.1 300 20.717 (9)
65.5 300 20.491 (11)
67.5 300 20.410 (10)
73.3 747 20.257 (8)
74.3 685 20.203 (13)
75.8 1138 20.262 (9)
77.6 300 20.022 (8)
78.0 805 20.090 (12)
78.4 1087 20.148 (13)
78.6 300 19.986 (11)
78.7 1022 20.120 (12)
79.5 915 20.063 (11)
79.7 947 20.063 (14)
79.9 747 20.000 (10)
80.1 300 19.93 (9)
81.1 1180 20.069 (9)
81.3 585 19.920 (11)
81.5 1280 20.082 (10)
81.8 1140 20.034 (12)
82.2 300 19.857 (11)
82.5 300 19.846 (14)
82.8 1485 20.09 (10)
84.1 655 19.834 (11)
84.9 917 19.865 (12)
87.4 1170 19.839 (12)
91.9 1245 19.700 (10)
92,5 1087 19.562 (11)
94.3 1357 19.646 (12)
94.4 1357 19.643 (10)
97.7 1255 19.506 (13)
101.4 1170 19.368 (14)
104.2 1170 19.279 (12)
107.3 1357 19.226 (14)
108.9 747 19.047 (13)
109.1 1357 19.172 (15)

* Pressure determined from Pt equation of state. Points with error 0.5
GPa were rejected.
T Temperature errors as measured by thermocouple are less than = 10° K.
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Ficure 3. Dataon thermal expansion of perovskite at 1 atm.
Model 1 data are essentialy as chosen by Anderson (1988).
Model 2 data are generated by taking into consideration the ther-
mal expansivity of Funamori et al. (1996).
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Ficure 4. (left) Experimental data on molar volume from this study and from Fiquet et al. (1998) plotted against the calculated
data using Model 1 (Egs. 14 and 17) and Model 2 (Egs. 20 and 17). The present data fit both the model with same precision (Model
2 points not shown). Similarly the data of Fiquet et al. (1998) fit both the models quite well. The data cover the pressure range of
0 to 105 GPa at temperatures up to 3000 K. (right) Three sets of experimental data are plotted to show the vaiation of molar volume
with pressure and temperature. The curves are calculated using Model 1.

TABLE 2. Data calculated using Model 1

T C, Ky V(mol) o C, K. aK;

K J/mol GPa Yrn cm? 10-9/K J/mol GPa S, MPa
300.00 78.68 260.51 0.89 24.45 112 78.44 261.26 9.26 2.92
400.00 90.71 258.00 1.27 24.49 1.86 89.84 260.49 5.64 4.79
500.00 101.49 255.45 1.37 24.54 2.21 99.95 259.30 4.79 5.64
600.00 108.98 252.87 1.40 24.59 241 106.80 257.97 4.44 6.09
700.00 114.16 250.25 141 24.65 2.53 111.36 256.43 4.26 6.34
800.00 117.86 247.61 141 24.72 2.62 114.45 254.88 4.16 6.49
900.00 120.60 244.95 141 24.78 2.69 116.61 253.34 4.10 6.59
1000.00 122.73 242.26 1.40 24.85 2.74 118.16 251.42 4.06 6.64
1100.00 124.44 239.56 1.40 24.92 2.79 119.29 249.89 4.05 6.67
1200.00 125.87 236.84 1.40 24.99 2.82 120.14 247.90 4.04 6.69
1300.00 127.09 234.11 1.39 25.06 2.86 120.80 246.38 4.04 6.69
1400.00 128.17 231.38 1.39 25.13 2.89 121.31 244.34 4.04 6.68
1500.00 129.14 228.63 1.38 25.21 291 121.72 242.36 4.05 6.66
1600.00 130.04 225.89 1.38 25.28 2.94 122.06 240.25 4.07 6.64
1700.00 130.88 223.14 1.38 25.35 2.96 122.33 238.73 4.08 6.62
1800.00 131.68 220.39 1.37 25.43 2.99 122.57 236.58 4.10 6.59
1900.00 132.45 217.65 1.37 25.51 3.01 122.78 234.53 4.12 6.55
2000.00 133.19 214.92 1.36 25.58 3.03 122.96 232.46 4.14 6.52
2100.00 133.91 212.19 1.36 25.66 3.05 123.12 230.84 4.17 6.48
2200.00 134.61 209.48 1.36 25.74 3.08 123.27 228.76 4.19 6.44
2300.00 135.31 206.77 1.36 25.82 3.10 123.40 226.67 4.22 6.40
2400.00 135.99 204.08 1.35 25.90 3.12 123.53 224.43 4.25 6.36
2500.00 136.66 201.41 1.35 25.98 3.14 123.65 222.32 4.27 6.32
2600.00 137.33 198.75 1.35 26.06 3.16 123.77 220.74 4.30 6.27
2700.00 138.00 196.11 1.34 26.15 3.18 123.88 218.65 4.34 6.23
2800.00 138.66 193.49 1.34 26.23 3.20 123.99 216.55 4.37 6.18
2900.00 139.31 190.89 1.33 26.31 3.21 124.10 214.28 4.40 6.14

3000.00 139.97 188.32 1.33 26.40 3.23 124.21 212.18 4.43 6.09
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Ficure 5. Heat capacity data plotted as a function of tem-
perature. C, calculated from Model 1 differs from that calculated
by Model 2 because of different o, data of Funamori et al.
(1996). The C, is for a Debye-like solid as calculated by An-
derson (1998). The «? VKT terms are from Equations 17 and 14
for Model 1 and from Equations 17 and 20 for Model 2.

a=a+ bT +cT2 2
K=K, + KT+ ... ©)]

The use of polynomial expressions and their pitfalls
has been discussed by Saxena et al. (1993) where a de-
scription of obtaining internally consistent data can also
be found.

For bulk modulus, extrapolation of the data in opti-
mizing the C, and C, relationship yields better fitsif com-
pressibility is used instead (Saxena et al. 1993).

B =B+ BT+ B, T2+ ... 4
The Birch-Murnahan (B-M) equation of state is given by

3 \o\ 3 VONE
g
3 Vo) 23
X{l—z(4—K-’|—0)(v> —1+} 5)

where K;, and K;, (=[8K;,/3P];) are the isothermal bulk
modulus and its pressure derivative at 298 K, respective-
ly. (The zero will be dropped from the subscript in the
labels and instead stipulated that K, and K’; are values at
0 pressure).

Because al the information available on the tempera-
ture dependence of «, and K, the isothermal form of the
B-M equation of state (see Saxena and Zhang 1989) at
different temperatures can be applied predictably as
follows.

VdP was calculated by adopting the third-order B-M
equation of state (Eg. 5) where the temperaure depen-
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dence of the isothermal bulk modulus was included and
Vo/V was replaced by V(1,T)/V(P,T). The temperature de-
pendence of all variables, except of the pressure deriva-
tive K’ was known from the data systematization (An-
derson 1998; Fiquet et al. 1998; Funamori et al. 1996).
By using the experimental data on in-situ P-V-T deter-
minations, the temperature dependence of the pressure
derivative K, may be determined by expressing (oK,/
&P); with an appropriate function, e.g.,

(5K, /dP), = K + Ku(T — 300)In(T/300)  (6)

where K’,, is the pressure derivative in the B-M equation
and K, the temperature coefficient (not to be confused
with K” the second derivative of the bulk modulus). Sax-
ena et al. (1993) called this model the high-temperature
Birch-Murnahan (HTB-M) model. For convenience, PdV
may be calculated from Equation 7 instead of from VdP.
The relation between PdV and VdP is given by

P V(1,T)
deP=f PdV + V(P - 1) 7)
1 V(P,T)
where
V(LT)
f PdV
V(P,T)
= g K,V(L,T) 2(1 +2X)(Y43 - 1)
3 1
~S@EYE - - ox(: -1 (©)
and
3, (K _ V@)
X=g4 (aP)T ad Y=gp1y O

Equation 7 is sufficient to determine the pressure part
of the Gibbs energy of any phase (within the range of
pressure of the applicability of the equation of state);
however, due to assumptions involved in the C./C, opti-
mization (e.g., empirical polynomia forms and/or Kief-
fer's model of C,), it is necessary to calculate certain
characteristic parameters as used in other P-V-T models
(e.g., Anderson 1995; Jeanloz and Knittle 1986) and com-
pare the data with theory based data (Anderson 1998).
One such parameter is the Griineisen parameter v = ay
K;VIC, and its functional dependence on temperature.
The latter information is useful in deciding the applica-
bility of the Mie-Gruneisen equation. The Anderson-Gru-
neisen constant (3) given by:

8, = —(VaK,)(dK,/dT), (10)

is presented here to faciliate comparison of the data with
those calculated using Anderson’s model.

Here, C, is formulated by taking into account the im-
portant role of the a2 VK,T term, which links the mea-
sured heat capacity with the measured physical properties
of solids at high temperature. This provides an additional
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(Ieft) Variation of «; as a function of pressure calculated with Model 1. (right) Effect of pressure on o, at 2000 K.

The figures show that with increasing pressure and temperature, « approaches a constant value.

constraint for evaluating an internally consistent thermo-
chemical and thermophysical data set based on data from
the calorimetric measurements, from the experimental
phase equilibria and from the measurements of physical
properties.

The assessed C, data are presented with a flexible C,
formulation adopted at many centers (e.g., A.D. Pelton
with the F*rA*C*T system at Ecole Polytechnique, Mon-
treal; B. Sundman with THERMOCALC at the Roya
Technical University at Stockholm) working with large
databases. The formulation is:

Co=a+bT+cT2+dT2+eT3+fTo5+gT 2 (11)

Data based on experiments

Bina (1995) discussed the equation of state data for
perovskite and made a detailed study of uncertainties and
mutual inconsistencies in the available experimental data.
Fiquet et al. (1998) presented new experimental data and
also reviewed the existing data (e.g., Mao et al. 1991;
Wang et al. 1991, 1994; Funamori and Yagi 1993; Fun-
amori et al. 1996; Morishima et al. 1994; Utsumi et al.
1995). Their physical data on perovskite are fitted by the
following equations:

ar=(119017) X107+ (1202 010) x 10°T (15
K (inGPa) = 261 - 0.027T. (13)

These equations are consistent with previous experi-
mental data within mutual error limits. Funamori et al.
(1996) carefully analyzed their data collected between
pressures of 21 to 29 GPa and temperatures of 300 to
2000 K. Their thermal expansivity at 25 GPa pressure
must be considered reliable.

Anderson’s Debye approach

Anderson (1998) proposed that perovskite is a Debye-
like mineral. He showed this by calculating specific heat,
C,, of MgO using the Debye model and comparing the

calculated C, with the experimental data. He argued that
the density of states of perovskite is similar to that of
MgO. He demonstrated convincingly that the limited heat
capacity C, data available on perovskite can be matched
by choosing the appropriate data on «, and K, and the
Debye C,. Anderson’s data fitted on « becomes the fol-
lowing equation:

;=271 x 105+ 180x 10°T — 148 T2 (14)

Anderson (1998) chose his « data at low temperatures
from Funamori et a. (1996) but the high-temperature data
differ significantly (Fig. 3). For bulk modulus, Anderson
(1998) used the data of Jackson and Ridgen (1996) and
Yeganeh-Haeri (1994. His data on bulk modulus as a
function of temperature can be fitted by the equation:

K, = 264.4 x 10¢ — 0.026 T (15)

Additionally, he determined the temperature dependence
of K’ as

K'; = K’y + 1.4 X 10-4(T—300) (16)

Internally consistent perovskite thermodynamic data

This study demonstrates that the experimental results
of Fiquet et a. (1998), which accounts for the previous
experimental data, is quite similar to Anderson’s Debye-
like model for perovskite. Using the previously adopted
approach (Saxena et al. 1993) of compressibility expres-
sion for extrapolation, the equations for the two data sets
are:

B=3735x10"7+3.27x10-2T+ 6.60 X 10-5T?

(data of Fiquet et al. 1998) (17)
p=3705x107+310x 10 1T+ 6.86x10-5T2,
(data of Anderson 1998) (18)

The coefficients in the two equations are quite
comparable.
A fit of the combined data sets of Fiquet et al. (1998)
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TaBLE 3. Data calculated using Model 2
T C, K; V(mol) C, K, aK;
K J/mol GPa Yh cm?3 10-9/K J/mol GPa S, MPa
300.00 78.72 260.51 0.99 24.45 1.22 78.44 260.81 8.46 3.19
400.00 90.65 258.00 1.26 24.49 1.80 89.84 258.86 5.83 4.63
500.00 101.33 255.45 1.32 24.53 2.10 99.95 256.89 5.03 5.37
600.00 108.78 252.87 1.34 24.59 2.30 106.80 254.90 4.64 5.82
700.00 113.95 250.25 1.36 24.65 2.45 111.36 252.89 4.40 6.14
800.00 117.70 247.61 1.38 24.71 2.58 114.45 250.87 4.23 6.38
900.00 120.55 244.95 1.40 24.77 2.69 116.61 248.85 4.10 6.58
1000.00 122.83 242.26 1.42 24.84 2.79 118.16 246.82 4.00 6.75
1100.00 124.73 239.56 1.44 2491 2.88 119.29 244.79 3.91 6.90
1200.00 126.40 236.84 1.46 24.98 2.97 120.14 242.77 3.84 7.03
1300.00 127.91 23411 1.48 25.06 3.05 120.80 240.76 3.78 7.15
1400.00 129.33 231.38 1.51 25.14 3.14 121.31 238.76 3.72 7.26
1500.00 130.69 228.63 1.53 25.22 3.22 121.72 236.77 3.67 7.36
1600.00 132.03 225.89 1.55 25.30 3.30 122.06 234.79 3.62 7.46
1700.00 133.35 223.14 1.57 25.39 3.38 122.33 232.82 3.58 7.55
1800.00 134.68 220.39 1.59 25.47 3.46 122.57 230.87 3.54 7.63
1900.00 136.03 217.65 1.60 25.56 3.54 122.78 228.94 3.50 7.71
2000.00 137.40 214.92 1.62 25.65 3.62 122.96 227.02 3.47 7.78
2100.00 138.80 212.19 1.64 25.75 3.70 123.12 225.12 3.44 7.85
2200.00 140.24 209.48 1.66 25.84 3.78 123.27 223.24 3.41 7.91
2300.00 141.72 206.77 1.67 25.94 3.85 123.40 221.37 3.39 7.97
2400.00 143.23 204.08 1.69 26.04 3.93 123.53 219.52 3.37 8.02
2500.00 144.79 201.41 1.71 26.15 4.01 123.65 217.69 3.35 8.07
2600.00 146.40 198.75 1.72 26.25 4.08 123.77 215.88 3.33 8.12
2700.00 148.05 196.11 1.74 26.36 4.16 123.88 214.09 3.31 8.16
2800.00 149.75 193.49 1.75 26.47 4.24 123.99 212.32 3.29 8.20
2900.00 151.49 190.89 1.76 26.59 4.31 124.10 210.56 3.28 8.24
3000.00 153.29 188.32 1.78 26.70 4.39 124.21 208.83 3.27 8.27

at 300 K and this study using Equation 5 led to closely
similar parameters for compressibility as obtained by Fi-
quet et al. (1998). However, the choice of thermal expan-
sivity is difficult. From Figure 3, o, of Funamori et al.
(1996) differs enough from that of Anderson’s adopted
data to require consideration of two expressions for o

ar =271 x 105+ 180 x 10°T — 14872

(fitted to Anderson’s data 1998) (29
and
ar =213 X 105+ 757 X 10°T — 1.02 T=.
(fitted to Funamori et al. 1996) (20)

Equation 20 fits the experimental data quite well (Fig.
3). Figure 4 (left) shows a comparison of the calculated
with the experimental data of this study and of Fiquet et
al. (1998). Equation 14 reproduces the thermal expansiv-
ity adopted by Anderson (1998). The equation of state
gives the same level of accuracy of fit to experimental
data of Fiquet et a. (1998). Figure 4 (left and right) show
ageneral consistency of the pressure-volume-temperature
data with the modeled data. Two equations of state have
been created because of the differences in the choice of
thermal expansivity. The first model employs Equations
14 and 17 and matches Anderson’s data in all respects.
The second model uses Equations 20 and 17.

Heat capacity at high temperatures

Because the available experimental pressure-volume-
temperature data covers a broad temperature range, the

term o2 VKT (cf. Eq. 1) can be calculated to temperatures
as high as 3000 K without significant extrapolation.
Therefore, it is posssible to calculate C, and other geo-
physically important data using the results presented here.

Table 2 shows the calculated data on C,,, C,, «, K, K,
(adiabatic bulk modulus), ., and §; at 1 atm. Extrapo-
lation was done using a polynomial in temperature for C,
(Anderson’s Debye-like solid) and for o, and K (or com-
pressibility). Heat capacity at constant pressure was then
calculated using Equation 1. The resulting data on C,, and
C, are displayed in Figure 5. Figure 6 (left) shows o, as
a function of pressure, which is calculated by fitting iso-
basic V(T) data as a function of temperature. The tem-
perature dependence of «, became negligible ~1000 K at
pressures >30 GPa. The pressure dependence of thermal
expansion also decreased with pressure and approached
a constant value at pressures above 100 GPa (Fig. 6
right).

Figure 6 shows use of the o, data of Funamori et a.
(1996) to 2000 K as extrapolated to 3000 K with the same
equation, thus obtaining higher heat capacity values. Fig-
ure 7 shows the finally evaluated data on molar volume
at 25 GPa pressure by Funamori et al. (1996). The molar
volumes calculated with Model 1 are close to about 1400
K. Although the Model 1 volumes at high temperatures
lie within the error of the experimental data, the differ-
ence was sufficient to cause a change in thermal expan-
sivity and in the data on heat capacity as displayed in
Figures 2 and 4. The difference in C, data could be large
enough to affect the calculations on the thermodynamic
stability of perovskite. Therefore, it is important to con-
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Ficure 7. High-temperature molar volume data at a pressure
of 25 GPa. The difference at high temperature between the data
calculated with Model 1 and the data of Funamori et a. (1996)
is significant enough to change C,, data substantially at high tem-
peratures (Fig. 4, Table 2).

sider the data (Table 3) based on Model 2 (Eq. 17 for g
and Eq. 20 for a).

CoNCLUSIONS

The available data on pressure-volume-temperature of
perovskite can be fitted with equations for compressibility
and thermal expansion, which confirm the validity of An-
derson’s (1998) Debye-like solid model. The data attest
that the thermodynamic Grineisen parameter (Table 2 or
Table 3) approaches a constant value. Similarly, the An-
derson-Griineisen parameter approaches a stable value.

As amplified by Anderson (1998), the precision in de-
termining «, is critical in calculating heat capacity C,
using the Debye C,. For perovskite, the situation is well
resolved to temperatures as high as 1800 K. The slightly
higher o, values at higher temperatures by Funamori et
al. (1996) lead to certain differences in thermodynamic
data, which may be significant in phase equilibrium cal-
culations. Until this issue is resolved, the heat capacity
and other data within the limits imposed by the two mod-
els must be considered.
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