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Thermoelastic properties of MgSiO3 perovskite using the Debye approach
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ABSTRACT

MgSiO3 perovskite is shown to be a Debye-like mineral by the determination of specific
heat, CV, entropy, S, and thermal pressure, DPTh, using the Debye theory up to 1800 K.
Sound velocities and bulk moduli at ambient conditions published by Yeganeh-Haeri were
used to find the ambient acoustic Debye temperature, Q . The variation of Q with T wasac ac

D D

assumed to be a curve parallel to the Q vs. T curves previously found for Al2O3, MgO,ac
D

and MgSiO3, enabling Q (T) to be given up to 1800 K. To determine CP, the thermalac
D

expansivity, a, and the isothermal bulk modulus, KT, are needed. After considering several
sets of a(T), the a(T) data of Funamori and his colleagues were chosen. Using the ambient
KT and the values of (]KT /]T)P vs. T reported by Jackson and Rigden, KT(T) up to 1800
K was found. Then CP(T) up to 1800 K was found assuming quasiharmonicity in CV. The
data behind the CP(T) calculation are also sufficient to find the Grüneisen parameter, g(T),
and the Anderson-Grüneisen parameters, dT and dS, up to 1800 K. The value of q 5 (] ln
g/] ln V)T was found, and with g and r, DPTh vs. V and T was determined. The three sound
velocities, vs, vp, and vb 5 ÏKS /r, were then determined to 1800 K. From vs and vp,
Poisson’s ratio and the isotropic shear modulus, G, were found to 1800 K. MgSiO3 perov-
skite is one of a small, select group of Debye-like minerals for which thermoelastic prop-
erties and the equation of state (EOS) are calculable from acoustic data.

INTRODUCTORY REMARKS ON DEBYE THEORY

Thermoelastic properties for a Debye solid, such as Cp

vs. T, at P 5 0 can be easily calculated from standard
Debye tables. A Debye solid is a monatomic solid (typ-
ically a metal) in which thermoelastic properties are a
function of only one characteristic frequency, vD, which
is equivalent to one characteristic temperature, QD (Debye
1912). The specific heat, CV, of a Debye solid is defined
as (Kittel 1971)

QDC 5 3RD (1)V 1 2T

where QD is the Debye temperature; R is the gas constant;
and D(QD/T) is the Debye function for specific heat found
from tables. Most solids of interest to geoscience are not
monatomic. Debye theory may be applied usefully to cer-
tain polyatomic minerals, provided the vibrational phonon
density of states is well approximated by a Debye fre-
quency spectrum (Kittel 1971),

2g(v) 5 av v # vD

5 0 v . v (2)D

where vD corresponds to QD.
Equation 2 does not work as a substitute for the phonon

density of states if the solid has a wide band gap, as found
in NaI, a-quartz, or calcite. Polyatomic solids in which
Equation 2 is a useful substitute for the phonon density

of states are called Debye-like solids; these include NaCl,
MgO, Al2O3, and, as we shall see, MgSiO3 perovskite.
Minerals are rarely Debye-like solids because their ther-
moelastic properties are not usually a function of a single
characteristic temperature. Note that there is no consid-
eration of optic modes in a Debye-like solid.

The pertinent parameters are vs and vp, the shear and
longitudinal sound velocities, and the maximum phonon
frequency, vD (or temperature, QD). The value of QD is
found from the sound velocities as given by the relation
between QD and the mean sound velocity, vm (Poirier
1991)

1/3
r

Q 5 251.2 v (3)D m1 2m

where m 5 M/p is the mean atomic mass; M is the mo-
lecular mass; p is the number of atoms in the vibrating
cell (p 5 2 for NaCl or MgO); and r is the density. vm,
the mean sound velocity, is related to the measured sound
velocities by

3 2 1
5 1 . (4)

3 3 3v v vm s p

vm is only slightly larger than vs, as seen when Equation
4 is written as

1/3
3

v 5 v (5)m s 35 62 1 (v /v )s p
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FIGURE 1. The phonon dispersion curve, v vs. k, for a Debye
solid that terminates at the maximum, 1/2r0. Under the assump-
tions of isotropy, there are two acoustic branches in a Debye
solid, the upper one having a slope of vp in kilometers per second
and the lower one having a slope of vs in kilometers per second.
Debye theory requires an acoustic branch with the mean slope
vm, Equation 4. To the left are the phonon density of states, g(v),
vs. v, where the maximum frequency or Debye frequency, v ,ac

D

is pinned to the maximum wave number, km, at vm.

FIGURE 2. Three-dimensional phonon dispersion curves and
the resulting density of states curves. (Top) NaCl showing the
dispersion curves to the right and the phonon density of states
to the left. The Debye frequency, v , given by measured veloc-ac

D

ities of sound, is labeled as the line at the top. This shows that
most values of v are less than v ; hence NaCl is a Debye-likeac

D

solid. (Bottom) NaI has a big band gap in v near the center of
the spectrum. The line labeled v is near the center of the densityac

D

of states, and there are many modes whose frequency, v, is larger
than v . Hence NaI is not a Debye-like solid (modified fromac

D

Birman 1984).

(Anderson 1995). For typical ratios of (vs/vp), say 0.6, vm

5 1.11 vs. The acoustic frequencies are terminated at a
wave number k that is the reciprocal of the smallest in-
teratomic spacing. In acoustic branches of the frequency
dispersion curves, the slope of the v-k curve is the sound
velocity.

These brief excerpts from Debye’s theory emphasize
that: (1) in this simple theory, there is no optic mode
information; (2) the primary experimental information
needed to apply the theory is the sound velocity (usually
measured by an acoustic experiment); (3) the Debye the-
ory applies to any temperature, provided the sound ve-
locities and density are known at that temperature; and
(4) the Debye temperature can be easily calculated from
the acoustic sound velocities (Anderson 1963). For a De-
bye solid, the phonon-dispersion curve (a straight line),
the frequency distribution (called the phonon density of
states), and their relationship to each other are shown in
Figure 1.

DEBYE THEORY FOR POLYATOMIC SOLIDS

For polyatomic solids, p . 1 and the original Debye
assumptions are violated; hence the name Debye-like sol-
ids, when Equation 1 is empirically obeyed. NaCl is a
good example of a Debye-like solid. The value of QD

determined from acoustics is 316 K at low temperature,
whereas the estimate of QD determined from calorimetric
properties at high T is 321 K (Barron et al. 1980). The
closeness in these values satisfies a requirement of Debye
theory. The v-k dispersion curve calculated from lattice
dynamics and the resulting ƒ(v) curve for NaCl are plot-
ted in Figure 2 (top), where the maximum lattice fre-

quency is vmax. Also shown is the position of vD from
acoustics, called v , which is close to vmax for NaCl.ac

D

The Debye frequency spectrum, ƒ(v), is a parabola
(Eq. 2) terminating at v found from the experimentallyac

D

determined vm with an ordinate such that the area under
the Debye curve is equal to the area under the actual
phonon distribution curve, 3pN. When the value of v isac

D

close to that of the phonon dispersion determination of
vmax, as shown in the top of Figure 2, the thermal prop-
erties calculated by Debye theory are close in value to
corresponding measured values or to those calculated
from the detailed phonon density of states.

NaI is an example of a solid that is not Debye-like.
NaI has a wide band gap, and the frequency cutoff, vmax,
is considerably larger than v calculated from the acous-ac

D

tic properties, as shown in Figure 2 (bottom). The phonon
density of states shows that almost half the modes have
frequencies higher than v . As a consequence, the spe-ac

D

cific heat curve, CV, of NaI approaches the Dulong and
Petit limit at much higher temperatures than predicted by
the Debye theory.

Lattice dynamics deals with the vibrations of the whole
lattice, three times Avogadro’s number of vibrations. In
this approach, the thermal energy is defined in a statistical
sense (Born 1915, 1923; Barron 1955), and the thermoe-
lastic properties are defined in terms of the lattice dynam-
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FIGURE 3. The Debye spectrum and the density of states for
MgO. This solid is Debye-like because only a few frequencies
are larger than v , and the two spectra merge at low frequency.ac

D

Density of states is from Sangster et al. (1970).

TABLE 1. MgO: Comparison of CV from Debye theory with CV

calculated by the measured CP

T
(K)

Q *ac
D

(K) Q /Tac
D

CV†
Debye
table
[cal/

(mol·K)]

CV‡
Debye

[J/(mol·K)]

CV§
from CP

[J/(mol·K)]

CV#
density of

states
[J/(mol·K)]

0
400
500
600
700
800
900

1000

940\
937
928
920
911
902
894
885

2.343
1.856
1.533
1.301
1.128
0.993
0.885

4.397
5.045
5.311
5.480
5.594
5.673
5.729

36.820
42.247
44.474
45.889
46.844
47.506
47.915

42.274
42.234
45.880
46.466
46.990
47.350
47.550

41.590
44.491
46.023
47.030
47.675
48.118
48.100

1100
1200
1300
1400
1500
1600
1700

875
866
857
847
838
828
820

0.796
0.722
0.659
0.605
0.559
0.518
0.482

5.772
5.804
5.829
5.855
5.864
5.877
5.888

48.334
48.602
48.812
49.030
49.105
49.213
51.143

47.750
47.876
47.957
47.997
47.997
48.087
48.077

48.682

*Q from Table 30, Anderson and Isaak (1995).ac
D

†CV (Debye table) from Table A–6.1, Anderson (1995): a monatomic
solid (p 5 1).

‡CV (Debye table) for a diatomic solid (p 5 2).
§CV (from CP) from Table 15, Anderson and Isaak (1995).
#CV (from phonon density of states) from Table 2, Chopelas (1990).
\Value of Q reported by White and Anderson (1966), who also foundac

D

Q 5 940 K from lower temperature (T , 30 K) thermal expansivity.cal
D

ical phonon density of states. A fairly good approxima-
tion to the phonon density of states can be represented
by a histogram of cells using data constructed mainly
from measured optic modes (Kieffer 1982, 1985). I call
this the Kieffer method; it is really the crystallographic
approach because it deals with the individual atoms in
the crystallographic cell as the central basis for comput-
ing thermal energy of vibration. Each atom gives rise to
three modes of vibration that are, in principle, identifiable
by a spectroscopic measurement. In a few cases, the den-
sity of states can be effectively represented by a crude
approximation, called the Debye spectrum, a quadratic
curve with a sharp cutoff.

In contrast to the Kieffer method, the Debye theory
assumes that all modes can be approximated by two dif-
ferent acoustic modes only, each having no dispersion,
thus ignoring the optic modes. This assumption works for
a few dense polyatomic solids in which almost all the
optic modes have frequencies less than v ; that is, if theac

D

optic modes are confined to the interior of the phonon
density of states. For polyatomic solids in which many
optic modal frequencies are large in comparison with
v , the Kieffer method is most useful.ac

D

In brief, a Debye-like solid is one in which the Debye
spectrum maximum frequency, v , as determined by theac

D

measured sound velocity, exceeds in value most of the
optic frequencies in the phonon density of states.

MgO: A DEBYE-LIKE SOLID

The case of MgO illustrates a Debye-like solid. Figure
3 shows the MgO phonon density of states (Sangster et
al. 1970). On this plot is placed the Debye frequency,
v , determined by vm (vm having been determined by theac

D

isotropic averages of both vp and vs). It is seen in Figure
3 that for the phonon density of states, the bulk of the
optic modes is at frequencies between the high peak at
13 3 1012 s21 and v , and only a small tail of frequenciesac

D

exceeds v (19.68 3 1012 s21).ac
D

At absolute zero, Q should be equal to the thermallyac
D

determined Debye temperature, Q , at T 5 0 (Barronth
D

1957). This is indeed the case for MgO. White and An-
derson (1966) reported that at absolute zero, Q 5 940ac

D

K, whereas Q 5 946 K. Also Barron (1957) showed thatth
D

for a Debye solid Q and Q should be equal at highac cal
D D

temperature. For MgO, Q at 1200 K is 866 K, and Bar-ac
D

ron (1977) reported from his study of Debye-Waller fac-
tors that the calorimetric Q at infinite temperature (T .
Q) is near 810 K.

A crucial test for the existence of a Debye-like solid is
to calculate CV from the Debye theory, then compare it
with CV computed from the measured CP, as done in Table
1 for MgO. Data on CV from Cp from 400 to 1700 K in
the table are taken from Table 15 in Anderson and Isaak
(1995). CV computed from the Debye theory, where the
acoustic Q descends slowly with T, is taken from Tableac

D

30 of Anderson and Isaak (1995). In this table we see
that CV from measured Cp differs from CV calculated from
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FIGURE 4. Debye temperature, Q , vs. T for three oxide sol-ac
D

ids. These three plots show that Q descends slowly with T andac
D

that the lines are parallel (data from Anderson and Isaak 1995).

FIGURE 5. Debye temperature, Q , vs. T for MgSiO3 perov-ac
D

skite. The value, Q 5 1080 K, is anchored at T 5 300 K byac
D

the acoustic experiments of Yeganeh-Haeri (1994). The Q curveac
D

is made parallel to the Al2O3 and MgO lines. The dotted line
represents the calorimetric determination of Q, Q , by Akaogical

D

and Ito (1993), and their extrapolation to high T is shown by the
light solid line.

acoustic velocities by less than about 2%, except for the
end points.

Except for the end points, this error is within the ex-
perimental error of measured thermal expansivity, since

CV 5 CP 2 a2KTVT. (6)

It is seen from Equation 6 that the conversion from Cp to
CV is sensitive to a2, so precise determination of a is
required to find the exact value of CV from the measured
Cp. Of all the variables measured in Equation 6, a is often
the least well known at high T. Excepting the values at
400 and 1700 K, the agreement is within about 2%. The
disagreement at 400 K arises because the Debye theory
is often weakest when T/Q , 0.4. This is where the De-
bye CV curve is rising rapidly with T, and a small error
in T/Q is greatly multiplied to make the uncertainty in CV

(T/Q) large. The disagreement at 1700 K arises from the
uncertainty in the measured a at that T. The overall agree-
ment between CV (Debye) and CV (from Cp) is as good
as can be found for most metals and is satisfactory proof
that MgO is a Debye-like solid.

In the last column of Table 1 are listed the values of
CV calculated by Chopelas (1990) from the phonon den-
sity of states, as given by Sangster et al. (1970) and
shown in Figure 3. The equation used to find CV as a
function of T using the phonon density of states, g(v), is

` xe
2C 5 3pR x g(v) dv (7)V E x(e 2 1)0

where x 5 (hv)/(kT). The comparison between CV as cal-
culated by the Debye theory, CV determined by the ex-
perimental data on Cp, and CV from the density of states
(Eq. 7), is shown in Table 1.

The main feature of the calculation of QD for MgO is

the steady decrease of Q with temperature resulting fromac
D

the temperature dependence of the sound velocities (plot-
ted in Fig. 4). I depart from customary procedure in that
the acoustic data here appropriate to every temperature
are used to determine the value of Q and in the calcu-ac

D

lation of CV at that temperature. Also plotted in Figure 4
is Q vs. T for two other solids: Al2O3 and Mg2SiO4. Noteac

D

that the slopes of Qac vs. T are similar for all three
minerals.

The assumed variation of Q with T for MgSiO3 pe-ac
D

rovskite is shown in Figure 5, plotted as a dashed line.
The slope of MgSiO3 vs. T is made parallel to the mea-
sured slopes of Al2O3 and MgO. The triangle plotted in
Figure 5 is from the Brillouin measurements of Yeganeh-
Haeri (1994), giving vs and vp, which anchor the low-T
end of Q (T). Using specific heat data, Akaogi and Itoac

D

(1993) estimate Q and its variation with T from 100 tocal
D

400 K, as shown by the dotted line in Figure 5. The
Akaogi and Ito estimated value for Q at 1000 K is 1030cal

D

(20), agreeing well with the value for Q 5 1027 K atac
D

1000 K.

MgSiO3 PEROVSKITE: ANOTHER DEBYE-LIKE SOLID

The phonon density of states of MgSiO3 perovskite

The Debye theory customarily is assumed to apply to
MgSiO3 perovskite whenever the thermal energy factor,
ETh, in the Mie-Grüneisen expression for thermal pressure
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FIGURE 6. The phonon density of states for MgSiO3 perov-
skite: (A) from Choudhury et al. (1988) and (B) from Winkler
and Dove (1992). These are compared with the Debye spectrum,
where v 5 (h/k)Q . As in the case of MgO (Fig. 3), only aac ac

D D

small portion of the spectrum has frequencies higher than v ,ac
D

and the Debye spectrum and the density of states merge at low
frequency. This is evidence that MgSiO3 perovskite is a Debye-
like solid.

FIGURE 7. The phonon density of states for MgSiO3 perov-
skite constructed from optic modes (the Kieffer approach) by Lu
et al. (1994). Note again that the majority of the modes have
frequencies less than v .ac

D

is calculated by the Debye function for internal energy
(as was done by Stixrude et al. 1992 and Jackson and
Rigden 1996).

Liebermann (1982) calculated successfully the bulk
sound velocity, vb, of MgSiO3 perovskite by the formula,
vbm1/2 5 constant, which was derived by Shankland
(1972) from Debye theory. The idea that MgSiO3 perov-
skite may be a Debye-like solid is certainly not new (An-
derson 1995), but it has not yet been proved.

Thus I examine evidence that MgSiO3 perovskite is a
Debye-like solid. The phonon density of states for
MgSiO3 perovskite according to two sets of calculations
(Choudhury et al. 1988; Winkler and Dove 1992) is
shown in Figure 6. These phonon densities of states are
different. The difference does not significantly affect the
Debye approximation to the phonon density of states, but
it does affect the calculation of moments of the spectrum,
so the moment method used to find QD (Anderson 1995)
is not to be used for MgSiO3 perovskite.

The density of states of MgSiO3 perovskite is similar
to that of MgO in two important features. First, the fre-
quencies of the phonon density of states of MgSiO3 pe-
rovskite are, for the most part, less than v , with only aac

D

small tail of the spectrum lying beyond the acoustic v .ac
D

Second, at low frequencies, the quadratic frequency de-

pendence of the Debye spectrum merges into the solid’s
phonon density of states. Note that MgSiO3 perovskite
satisfies the quadratic fit at low v about as well as does
MgO. Therefore we can expect the properties of MgO
arising from Debye theory to be a guide for the corre-
sponding properties of MgSiO3 perovskite.

Figure 7 shows the density of states model of MgSiO3

perovskite given by Lu et al. (1994). This is a Kieffer-
style density of states constructed from data on measured
optic modes. This plot shows the position of v as de-ac

D

termined by the velocity measurements of Yeganeh-Haeri
(1994), which is 720 cm21. This plot shows that the pre-
ponderance of optic modes lies near the mid-region of
the spectrum and that few have frequencies larger than
v . This is further evidence that MgSiO3 perovskite isac

D

likely to be a Debye-like solid. The results of CV(T) found
by using the Q (T) curve are shown in columns 3 and 4ac

D

of Table 2.
From this table it is seen that the Debye values of CV

for MgSiO3 perovskite at 300 and 1000 K are 70.66
J/(mol·K) and 118.48 J/(mol·K). The values (in the same
units) at the same temperatures reported by Winkler and
Dove (1992) are 85.29 and 119.97. They used Equation
7 with their phonon density of states, shown in Figure 6.
This further indicates that the Debye model is fairly good
for the quasiharmonic calculation of CV, provided one fo-
cuses on temperatures above 400 K. Data on CV of
MgSiO3 perovskite are sparse in the literature, because Cp

apparently has not been measured above 300 K (Akaogi
and Ito 1993).

Calculation of Cp(T) emphasizing the importance of a(T)
Experimental data on Cp(T) of MgSiO3 perovskite over

a limited range of T have been presented by Akaogi and
Ito (1993). Comparison of Cp with the Debye model cal-
culations, which give CV, requires evaluation of the
a2KTVT correction term in Equation 6. Calculations of CP

from CV are presented in Table 3. Note that at high T, CP

from this report is substantially lower than that reported
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TABLE 2. MgSiO3 perovskite: CV and CP

T
(K)

Qac
D

(K)

CV*
Debye
[cal/

(mol·K)]

CV†
Debye

[J/
(mol·K)]

CP‡
This Report
[J/(mol·K)]

CP§
Saxena

[J/
(mol·K)]

CP#
Chop-
elas

(J/mol·K)

CP\
Lu et al.

(J/
mol·K)

300
400
500
600
700
800
900

1000

1076
1069
1062
1055
1048
1041
1034
1027

3.376
4.273
4.805
5.079
5.339
5.482
5.581
5.653

70.66
89.59

100.22
106.74
111.20
114.46
116.83
118.48

78.6**
90.6

101.7
108.9
114.1
118.0
120.8
122.9

80.3
90.5

107.7
114.3
119.5
124.0
127.9
131.4

82.7
98.1

107.2
113.0
116.9
119.8
122.1
123.9

74.9
92.1

103.4
111.1
116.9
121.5
125.5
129.1

1100
1200
1300
1400
1500
1600
1700
1800

1020
1013
1006
999
992
985
978
971

5.708
5.749
5.781
5.888
5.828
5.845
5.859
5.871

119.57
120.33
120.94
121.54
122.08
122.44
122.57
122.93

124.6
126.1
127.5
128.7
129.5
130.4
131.5
132.4

134.5
137.3
139.9
142.3
144.5
146.6
148.5
150.4

132.6
136
139.4
142.9
146.4
150.1
153.8
157.7

Note: Funamori et al. (1996) values of a and V used for correction from
CV to CP. Comparison of calculated CP with other authors. For value of CP

2 CV 5 a2KTVT, see Table 4.
*CV (Debye) p 5 1 from the standard Debye table.
†CV (Debye) p 5 5: conversion from CV (Debye) p 5 1 to the case of

MgSiO3 perovskite.
‡CP (Debye) p 5 5 obtained by using CP 2 CV corrections listed in

Table 3.
§CP: as determined by Saxena et al. (1993) using a and V from Knittle

et al. (1986).
#CP: as determined by Chopelas et al. (1994) using a Kieffer-like den-

sity of states.
\CP: as determined by Lu et al. (1994) using a Kieffer-like density of

states and a from Mao et al. (1991).
**CP (experiment) at 300 K 5 80.6 J/(mol·K) (Akaogi and Ito 1993).

TABLE 3. Details of calculation of CP 2 CV correction

T
(K)

Funamori*
a 3 105

(K21)

Knittle†
a 3 105

(K21)
KT‡

(GPa)

Funa-
mori§

V
(cm3/mol)

Knittle#
V

(cm3/mol)

This
report

CP 2 CV

(J/mol·K)

For
Knittle a
CP 2 CV

(J/mol·K)

500
600
700
800
900

1000
1100

2.18
2.45
2.58
2.63
2.68
2.70
2.74

3.39
3.67
3.88
4.06
4.22
4.36
4.50

257.9
255.4
252.8
250.2
247.6
244.9
242.2

24.56
24.58
24.68
24.78
24.82
24.88
24.94

24.6
24.7
24.8
24.9
25.0
25.1
25.2

1.5
2.3
2.9
3.4
4.0
4.4
5.0

3.7
5.1
6.6
8.1
9.8

11.6
13.4

1200
1300
1400
1500
1600
1700
1800

2.83
2.90
2.91
2.93
2.94
2.95
3.00

4.63
4.76
4.88
5.00
5.12
5.24
5.36

239.5
236.8
234.0
231.0
228.5
225.7
223.0

25.04
25.14
25.21
25.28
25.36
25.41
25.49

25.4
25.5
25.6
25.7
25.9
26.0
26.1

5.8
6.5
7.1
7.5
7.9
8.9
9.4

15.4
18.2
19.6
21.9
24.4
26.8
29.6

Note: CP 2 CV correction 5 a2KTVT.
*a from Anderson et al. (1996) using Funamori et al. (1996) data.
†a from Saxena et al. (1993) using Knittle et al. (1986) basic data on a.
‡KT at 300 K from Jackson and Rigden (1996) derived from KS at 300

K measured by Yeganeh-Haeri (1994). Dependence on T given by (]KT/
]T )P presented by Jackson and Rigden (1996).

§V from Utsumi et al. (1995) and Funamori et al. (1996).
#DV from Saxena et al. (1993) using Knittle et al. (1986) basic data on

a and V.

by Saxena et al. (1993) and by Lu et al. (1994). The
difference comes from different values of a used in the
correction term, which is sensitive to a2. This difference
justifies a discussion on the appropriate values of a that
should be used for MgSiO3 perovskite at high T.

At the time the Saxena et al. (1993) book and the Lu
et al. (1994) paper were written, the values of a for
(Mg,Fe)SiO3 perovskite from Knittle et al. (1986) and
Mao et al. (1991) were virtually unchallenged, and so
they were used by these authors.

But shortly after the publication of these two reports,
many experimental papers on a of MgSiO3 perovskite
were published (Wang et al. 1994; Utsumi et al. 1995;
Funamori et al. 1996). Masuda and Anderson (1995), us-
ing the Utsumi et al. (1995) experimental data to evaluate
parameters of the Suzuki equation, found a(T). Jackson
and Rigden (1996) reported a PVT study of the combined
data of Ross and Hazen (1989), Wang et al. (1994), Ut-
sumi et al. (1995), and Funamori et al. (1996), and they
recommended values of a for a(T). Chopelas (1996) and
Gillet et al. (1996a) found a(T) from their spectroscopic
measurements. Anderson et al. (1996) used the Funamori
et al. (1996) data on V(T) for MgSiO3 to find a(T) for
MgSiO3; the data are listed in Table 3, column 5. All the
results for a(T) published by the authors listed in this
paragraph essentially agree with one another, and all are
substantially lower than the data presented earlier by
Knittle et al. (1986) and Mao et al. (1991). These com-

parisons of a(T) are illustrated in Figure 8. The value
used here (see Table 3), a 5 2.58 3 1025 at 800 K, com-
pares well with the Gillet et al. (1996a) value, a 5 2.5
3 1025 at 800 K.

The evaluation of the correction term, CP 2 CV 5
a2KTT, is shown in Table 3, in which the values of a, KT,
and V are given in detail. It is seen from Table 3 that the
correction term when using the Knittle et al. (1986) a
data is three times larger at 1600 K than the correction
term when using the Funamori et al. (1996) a data.

The value of KT used in computing the correction term
here (column 2, Fig. 3) is found by integrating (]KT/]T)P

vs. T as presented by Jackson and Rigden (1996). This is
discussed in detail later.

The value of CV from the Debye model is shown in
column 4 of Table 2; it has reached the Dulong and Petit
limit at 1800 K. Because the CP 2 CV correction is known
for the respective a data, one can check on whether the
various CP calculations use an underlying quasiharmonic
CV. They all do. Gillet et al. (1996a) investigated the pos-
sible presence of anharmonicity by finding the effect of
temperature on the Raman spectrum of MgSiO3 perov-
skite up to 300 K and concluded that there was no evi-
dence of intrinsic anharmonicity strong enough to affect
the equation of state, even at very high temperatures (see
also Gillet 1996). I conclude, therefore, that anharmon-
icity need not be considered in the expression for the
high-temperature CV, and that MgSiO3 perovskite is in-
deed quasiharmonic. Calcite, on the other hand, is a solid
for which an anharmonicity component is required in the
CV analysis (Gillet et al. 1996b). The various CV models
discussed here appear to be similar, but the CP 2 CV cor-
rection varies depending on the choice of KT(T) and a(T).



29ANDERSON: THERMOELASTICITY OF MgSiO3 PEROVSKITE

TABLE 4. Comparison of entropy at ambient pressure
calculated from the Debye model and calculations
from Kieffer-like density of states for MgSiO3

perovskite with vibrational modes

T
(K) Q /Tac

D

S*
Debye
(J/mol)

S†
Lu et al.

S‡
Chopelas

et al.

150
200
250
300
400
500

7.233
5.415
4.320
3.587
2.673
2.124

18.3
30.8
44.1
57.4
80.9

102.5

51.4
74.9
96.1

16.6
30.0
44.2
58.2
84.3

107.2
600
700
800
900

1000
1100

1.758
1.497
1.301
1.149
1.027
0.927

121.7
138.9
154.4
168.5
181.3
193.1

115.0
131.7
146.7
160.3
172.5
183.8

127.3
145.0
160.9
175.1
188.1

1200
1300
1400
1500
1600
1700
1800

0.844
0.774
0.714
0.661
0.616
0.575
0.539

204.0
214.1
223.6
232.5
240.9
248.9
256.4

194.2
203.8
212.7
221.1
228.4
236.3
243.3

Note: Same as bottom of Table 3, S (Debye) p 5 1. S (Debye) p 5 1
from the standard Debye table.

*S (Debye) p 5 5 conversion of S (Debye) p 5 1 to the case of Mg2SiO4

perovskite.
†S Lu et al. (1994) a Kieffer-like density of states model.
‡S Chopelas et al. (1994) a Kieffer-like density of states model.

In spite of the fact that the CP 2 CV correction obscures
the value of CV for the last three columns in Table 2, the
Debye model appears to perform as well as the other
models arising from the density of states, which use va-
rieties of the Kieffer spectrum.

Calculation of entropy

Navrotsky (1989) used the simplest approximation for
the MgSiO3 perovskite density of states, a simple, one-
continuum model, a rectangular box, between 225 and
900 cm21, and she found that this model led to S 5 180.9
J/(mol·K) at 1000 K. Gillet et al. (1993) replaced Na-
vrotsky’s one-continuum model with a two-cell continu-
um, and from this calculated S and CP for MgSiO3 pe-
rovskite between 225 and 900 cm21 (a Kieffer approach)
and found 235–247 J/mol for the entropy at 1100 K. I
calculated 193 J/mol at 1100 K by the Debye method (see
Table 4). The Gillet et al. (1993) value of CP was 135–
136.7 J/(mol·K) at 1100 K; this should be compared with
124.6 J/(mol·K) at 1100 K shown in Table 2. Akaogi and
Ito (1993) reported that by using their experimental de-
terminations of CP, the entropy of MgSiO3 perovskite is
found to be 57.2 J/mol and 185.5 J/mol at 298 and 1000
K, respectively.

I found S(300) from ∫ (CP/T) dT for the range of T300
0

below 300 K using the CP data of Akaogi and Ito (1993)
measured between 140 and 295 K. By using a short ex-
trapolation near absolute zero, it was found that S(300)
5 57.4 6 4 J/mol for MgSiO3 perovskite, close to the
Akaogi and Ito (1993) result mentioned above. Thus in
my calculation

T TC CP PS(T) 5 dT 5 57.4 1 dT J/mol. (8)E ET T0 300

The values of S(T) so calculated are shown in Table 4
under the column heading S**(Debye) and in its note (p
5 5). The values of S(T) reported here also agree well
with the reports of Chopelas et al. (1994) and Lu et al.
(1994), in that the Debye values are between the other
two values, which were based on Kieffer-type models.
Thus there is reasonable agreement between the S(T)
from experiment and the S(T) calculated from CP (in turn
calculated from the Debye CV). Differences in entropy
have as an underlying cause the difference in thermal
expansivity used in the calculation of the CP2CV correc-
tion, as well as different approximations for the density
of states.

CONTROVERSIES OVER a(T) AND (]KT/]T)P

The low sets of a(T) vs. the high sets of a(T)

The value of a(T) chosen from the set of a(T) values
available for MgSiO3 perovskite has a strong effect on
the values of entropy and specific heat, as shown above.
The choice of a(T) has a strong effect on the predicted
density distribution of perovskite at lower mantle condi-
tions as well (Jackson 1983; Stixrude et al. 1992).

In the upper set of values of a(T) found in Figure 8

are those found by Knittle et al. (1986) for Fe-rich
MgSiO3 perovskite, as reported by Saxena et al. (1993)
in a table labeled ‘‘MgSiO3 perovskite,’’ and those found
by Mao et al. (1991) for an Fe-rich MgSiO3 perovskite,
as graphed by Chopelas (1996). In the lower sets of a(T)
in Figure 8, the data are all for pure MgSiO3 perovskite
(with no Fe). On this basis, one should choose a(T) mea-
sured on a non Fe-bearing MgSiO3 perovskite to calculate
CP and entropy for a non Fe-bearing MgSiO3.

I note, however, the importance of the magnitude of
a(T) in determining the composition of the lower mantle.
Both Jackson (1983) and Jeanloz and Knittle (1989) em-
phasized that a large value of between 300 and 1700a
K leads to a chondritic-like lower mantle, hence not a
pyrolitic mantle composition. Zhao and Anderson (1994)
showed that the a values reported by Mao et al. (1991),
in contrast to the a data of Wang et al. (1994), lead to
‘‘drastic differences in the fraction of silicate perovskite
in a two phase-mixture lower mantle.’’

The high value or the low value of |(]KT/]T)P| for silicate
perovskite?

The experimental values of (]KT/]T)P vs. T are needed
to find extrapolated values of the bulk modulus in this
paper, in particular, column 4 of Table 3. This brings us
squarely against the controversy about this parameter:
Authors measuring this parameter are grouped just as in
Figure 8. Those whose data on a(T) are in the upper set
of Figure 8 also report a large value of |(]KT/]T)P|, where-
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FIGURE 8. Thermal expansion, a, curves from experiments
or the analysis of experiments. Note that the curves are sorted
into two groups. The upper group of two curves shows a high
value of a at high T. The lower group of six curves shows a
much lower value of a at high T. The lower group represents the
most current work. The lower group of a(T) curves results in
MgSiO3 having a larger density at lower mantle conditions than
the lower mantle itself and thus favors a pyrolitic composition
for the lower mantle. The upper group of a(T) curves yields a
density at lower mantle conditions that, with little adjustment,
matches the lower mantle density.

TABLE 5. High-temperature derivatives of the isothermal bulk
modulus, KT

Experimental reports
(]KT/]T)P

GPA K21

MgO
Anderson et al. (1992) 20.031

Al2O3

Anderson et al. (1992) 20.030

Mg2SiO4

Anderson et al. (1992) 20.023

Olivine
Anderons et al. (1992) 20.022

MgSiO3 Perovskite
Wang et al. (1994)
Anderson and Masuda (1994)
Utsumi et al. (1995)
Funamori et al. (1996)

20.023
20.026
20.030
20.028

Jackson and Rigden (1996) T ø 300 K
Jackson and Rigden (1996) T . Q
Stixrude et al. (1992)
Mao et al. (1991)

20.021
20.028
20.060
20.063

as those authors whose data occupy the lower sets have
values about half as large (see Table 5).

The calculation of the CP 2 CV correction and entropy
requires an accurate value of KT at high temperature, and
to find KT requires an accurate value of (]KT/]T)P because
measurements of KS or KT do not exist at high T. For
MgSiO3 perovskite, the values of (]KT/]T)V are reported
between 20.020 and 20.028 GPa/K, with the exception
of the Stixrude et al. (1992) value, 20.060 GPa/K, on the
basis of the Mao et al. (1991) data. I believe the value of
|(]KT/]T)P| reported by Stixrude et al. (1992) is much too
high. If the Stixrude et al. value of (]KT/]T)P 5 20.06
GPa/K is used, KT(T) of perovskite descends very rapidly
with T, and, at temperatures corresponding to deep within
the lower mantle, KT(T) of MgSiO3 perovskite might ap-
proach KT(T) of MgO (see Fig. 9 of Anderson et al.
1996).

Even when neglecting the Stixrude et al. value, there
is still a difference between values of (]KT/]T)P listed in
Table 5. I believe this is due to the fact that below the
Debye temperature, the value of |(]KT/]T)P| decreases

steadily with decreasing T and eventually approaches
zero at T 5 0, similar to the behavior of CP at T close to
zero. I have used the graph showing (]KT/]T)P over a wide
temperature range presented by Jackson and Rigden
(1996) as the basis for Figure 9, which is adapted from
their Figure 6, to emphasize this point.

Authors whose data on a emphasize the lower temper-
atures report a lower value of |(]KT/]T)P| than do the au-
thors whose data emphasize the upper temperatures. I
used the curves of (]KT/]T)P and (]KS/]T)P in Figure 9 to
find by integration KT(T) and KS(T) from Yeganeh-Haeri’s
(1994) values of KS and KT at 300 K. The values so de-
termined are listed in Tables 3 and 6.

ADDITIONAL THERMOELASTIC PROPERTIES OF

MgSiO3 PEROVSKITE

With the tabled values of KT, KS, as well as a available
as a function of T, there are sufficient data for the deter-
mination of the Anderson-Grüneisen parameters,

1 ]KTd 5 2 (9)T 1 21 2aK ]TT P

and

1 ]KSd 5 2 (10)S 1 21 2aK ]TS P

The values of these parameters are listed in Table 6,
columns 3 and 4. K (T) can be evaluated at 100 K inter-90
vals with the help of the value of (]2KT/]T]P), found by
Jackson and Rigden (1996), 1.4 3 1024 K21. Thus

K (T) 5 K (300) 1 1.4 3 1024(T 2 300).9 90 0 (11)

Values of T are listed in column 5, Table 6. The Grü-
neisen ratio, g 5 aKTV/CV, is next evaluated and listed in
column 6 of Table 6.
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FIGURE 9. Values of the temperature derivatives of the bulk
modulus vs. T for MgSiO3 (modified from Fig. 6 of Jackson and
Rigden 1996). Solid lines represent the range of available PVT
data. Dashed lines represent extrapolations. Dotted lines repre-
sent the author’s interpolation to absolute zero. It is to be noted
that there is considerable variation in (]KS/]T)P and (]KT/]T)P

between 300 K and about 800 K. It is also to be noted that (]KT /
]T)V approaches zero just beyond Q.

TABLE 6. Dimensionless thermoelastic parameters and
thermal pressure parameters for MgSiO3 perovskite,
arising from the Debye model

T
(K)

KS*
Adia-
batic
bulk
mod.
(GPa) dT† dS‡ K §90 g# qD

aKT \
(MPa)

DPTH**
Ther-
mal

pres-
sure

(GPa)

300
400
500
600
700
800
900

1000

264.0
262.8
262.0
260.7
259.2
258.0
256.9
254.2

4.98
4.87
4.78
4.65
4.40
4.23
4.09

4.14
3.94
3.92
3.84
3.81
3.77
3.85

4.00
4.014
4.028
4.042
4.056
4.076
4.084
4.098

1.52
1.41
1.37
1.39
1.38
1.40
1.40
1.39

(1.39)
(1.34)
(1.34)
(1.29)
(1.12)
(1.05)
0.97

4.38
5.13
5.62
6.03
6.24
6.46
6.59
6.66

0
0.47
1.015
1.597
2.210
2.846
3.505
4.168

1100
1200
1300
1400
1500
1600
1700
1800

252.4
250.2
248.7
246.9
245.1
243.2
241.4
239.5

4.06
4.05
4.04
4.03
4.03
4.03
4.03
4.03

3.87
3.81
3.83
3.84
3.86
3.86
3.86
3.86

4.112
4.126
4.140
4.154
4.168
4.182
4.196
4.210

1.40
1.40
1.40
1.38
1.40
1.40
1.40
1.41

0.95
0.93
0.90
0.88
0.86
0.85
0.83
0.82

6.68
6.71
6.73
6.74
6.75
6.76
6.77
6.78

4.835
5.504
6.175
6.848
7.522
8.198
8.874
9.951

*KS at 300 K from Yeganeh-Haeri (1994).
†dT 5 2(1/aKT)(]KT/]T)P.
‡dS 5 2(1/aKS)(]KS/]T)P.
§K (T) 5 K 1 1.4 3 1024(T 2 300).9 90 0

#g 5 aKTV/CV.
\q(T) 5 dT 2 K (T) 1 1 above T 5 Q.90

**DPTH 5 PTH(T) 2 PTH(300).

The value of q 5 (]lng/]lnV) can be evaluated from
the equation (Anderson 1995).

] ln CVq 5 d 2 K9 1 1 . (12)T 1 2] ln V
T

At T . Q, the (]ln CV/]ln V) term vanishes, so that for T
ø Q, Table 6 shows that dT is close to K , and thus q is90
very close to unity.

The value of vs is determined from Q by means ofac
D

Equations 3 and 4 and vb from KS and r, where KS comes
primarily from the Jackson and Rigden (1996) determi-
nation of (]KS/]T)P, and r comes from the Funamori et
al. (1996) data on V(T). Through vb and vs, vp is deter-
mined by v 5 K/r 1 4/3 v . The variation of Poisson’s2 2

p s

ratio with T is calculated from vs and K/r. It is seen from
Table 7 that s varies between 0.224 and 0.238 from 300
to 1800 K, similar to the variation of s in Al2O3 (Ander-
son and Isaak 1995). The value of the isotropic shear
modulus, determined from G 5 r v , is listed in Table 7.2

s

THERMAL PRESSURE IN THE EQUATION OF STATE

In PVT calculations where a thermal equation of state
is used, the contribution to temperature effects comes
from the thermal pressure, DPTh. At high T in the quasi-
harmonic approximation, PTh is proportional to T, and the
proportionality parameter is aKT (Anderson 1995).

The equation to obtain the thermal pressure using aKT

(Anderson and Zou 1989), where PTh is a function of V
and T, is

V
DP 5 aK (T 2 T ) 2 (]K /]V ) ln . (13)TH T 0 T V V0

Jackson and Rigden (1996) correctly pointed out that
to obtain DPTh in P-T space, Equation 13 is not rigorously

correct because of the omission of a small correction
term, resulting from going from V-T space to P-T space.
This term is (aKT/]T)V adT dT. Jackson and RigdenT T∫ ∫T T0 0

(1996) in fact show in their Figure 6 that (]KT/]T)V is
vanishingly small for T 5 Q and higher temperatures for
MgSiO3 perovskite (see also Fig. 9 of this report). It is a
fraction of a percent between 300 and Q. The double
integral term is large at high T, but it is severely de-
pressed by the smallness of (aKT/]T)V at high T. At low
T, where (]KT/]T)V is just a few percent, the double in-
tegral term is small because of the value of a and the
smallness of T. The correction term was evaluated at all
temperatures and found to be insignificant in the calcu-
lation of DPTh, so that Equation 13 is sufficient even
though it is not rigorous.

The value of DPTh at 1800 K is 10 GPa for MgSiO3

perovskite (Table 6). This is to be compared with DPTh

(1800) 5 9.24 for Al2O3 (Anderson and Isaak 1995), a
value consistent with the change of r0 for the two solids.
According to quasiharmonic theory, in the high-T ap-
proximation, the value of aKT, which is the coefficient
defined by (]PTh/]T)V, of silicates with an average mass
of 20–21, should increase from mineral to mineral as Q4/3

(Anderson 1995). The increase in Q4/3 from Al2O3 to
MgSiO3 perovskite is 5.5%; the increase in the high-T
value of aKT is about 5%. This means that the DPTh-T
relationship of MgSiO3 perovskite fits nicely into the pat-
tern of DPTh vs. T of rock-forming minerals (Fig. 2.3 in
Anderson 1995). This constitutes a cross check on the
value of aKT at high T.
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TABLE 7. Isotropic sound velocities and Poisson’s ratio

T
(K21)

r*
(g/cm3)

ym†
(km/s)

ys‡
(km/s)

yb§
(km/s)

yp#
(km/s) s\

G**
(GPa)

300
400
500
600
700
800
900

1000

4.104
4.094
4.087
4.084
4.068
4.051
4.045
4.035

7.272
7.230
7.187
7.142
7.104
7.066
7.022
6.980

6.57
6.53
6.49
6.45
6.41
6.38
6.34
6.30

8.00
7.97
7.94
7.91
7.88
7.86
7.82
7.79

11.04
10.97
10.92
10.86
10.82
10.77
10.71
10.66

0.224
0.226
0.227
0.228
0.229
0.230
0.231
0.232

177
175
172
170
167
165
163
160

1100
1200
1300
1400
1500
1600
1700
1800

4.028
4.009
3.993
3.982
3.971
3.958
3.951
3.938

6.936
6.900
6.861
6.820
6.778
6.737
6.694
6.653

6.26
6.23
6.19
6.15
6.12
6.08
6.04
6.00

7.75
7.73
7.70
7.67
7.63
7.60
7.56
7.52

10.60
10.56
10.51
10.45
10.39
10.34
10.28
10.23

0.232
0.233
0.234
0.235
0.235
0.236
0.237
0.238

158
155
153
151
149
146
144
142

*Calculated from V (Table 3, column 5).
†Calculated from Q in Table 2 and Equations 3 and 5.ac

D

‡Calculated from Equation 5.
§Calculated from ÏKS/r; KS from Table 6.
#Calculated from y 5 (KS/r) 1 (4/3)y .2 2

p s

\Calculated from ys and yp above. s 5 [(y /y ) 2 2]/{2[(y /y ) 2 1]}.2 2 2 2
p s p s

**G calculated from G 5 ry .2
s

FIGURE 10. Thermal pressure vs. temperature for MgSiO3

perovskite. The circles represent the database presented by Jack-
son and Rigden (1996), who analyzed experimental data from
four reports. The solid line represents thermal pressure values
found from the Debye model (Table 6) (figure adapted from Fig.
5a of Jackson and Rigden 1996).

Using Equation 13, Jackson and Rigden (1996) ana-
lyzed the PVT data of MgSiO3 perovskite from four ex-
periments (Ross and Hazen 1989; Wang et al. 1994; Ut-
sumi et al. 1995; Funamori et al. 1996) and found thermal
pressure vs. T. The variation of DPTh vs. T is shown by
small circles in Figure 10, which is modified from Figure
5a of Jackson and Rigden (1996). Also plotted in this
figure as a solid line is DPTh obtained in this study (listed
in the last column of Table 6). In Figure 10, we observe
that the calculated Debye value of DPTh, found in Table
6, is in agreement with that obtained from experiment,
which means that for MgSiO3 perovskite, the Debye mod-
el produces a satisfactory equation of state. In addition,
when Equation 13 was replaced by the Mie-Grüneisen
term for thermal pressure,

g
DP 5 [E (T ) 2 E (T )] (14)TH Th Th 01 2V

(see Fig. 5b of Jackson and Rigden 1996), satisfactory
agreement with experiment was also found.

CROSS CHECKS AND COMPARISON WITH OTHER

REPORTS

KS

KS was determined from the curve of (]KS/]T)P vs. T
as taken from Jackson and Rigden’s (1996) Figure 9. KS

could also have been calculated from KS 5 KT(CP/CV), but
I used this equation as a cross check. From Tables 2 and
4, at 1000 K, KT(CP/CV) 5 255.4, and from Table 6, as
determined from Jackson and Rigden’s (1996) (]KS/]T)P,
KS 5 254.2, off by 0.4%. The difference is 0.07% at 500
K. This cross check also constitutes a verification of the
Jackson and Rigden (1996) calculations of KS(T) and
(]KS/]T)P.

dT

I obtain dT 5 5.0 at 300 K and 4.03 at T $ Q. The
steady change in dT from 300 , T , 1000 and the con-
stancy of dT for T . Q agree well with what has been
found for MgO, Al2O3, and Mg2SiO4 (Anderson and Isaak
1995) (Fig. 11). The value, g0 5 1.5 at 300 K, was found
by Anderson et al. (1995a) in the comparison of isentro-
pes of r vs. P for MgSiO3 perovskite and the adiabat of
the mantle, and g0 5 1.3 at room temperature has also
been reported by Gillet et al. (1996a). 5 5 agreesdT0

reasonably well with the ambient measurements of Cho-
pelas (1996), 4.3, who made spectroscopic measurements
in the diamond cell. For measurements taken over a range
of temperatures from 300 K upward, should be lowerdT0

than 5. Thus my results are consistent with the value de-
termined by Anderson et al. (1996), 4.5, from the room-
pressure, high-temperature measurement of Utsumi et al.
(1995), 4.5, the Wang et al. (1994) value measured at 4.3,
and the value 4.2 of Gillet et al. (1996a). At variance
with this data is the report of Stixrude et al. (1992) that
dT ø 7.

The value of dT enables one to compute the value of a
at high pressure using the definition of dT 5 2(]ln a/]ln
r)T, which upon integration becomes

2dTa r
5 . (15)1 2 1 2a r0 0

Let us find a at the conditions, P 5 125 GPa and 2500
K, where Gillet et al. (1996a) reported a 5 1.1 3 1025

K21. At these conditions, r/r0 5 5.49/4.08 5 1.345. The
value of dT at high T is 4.03, according to Table 6, and
a0 from the Gillet et al. (1996a) data (see Fig. 8) at 2500
K (P 5 0) is 3.0 3 1025 K21. From Equation 15, a 5
0.88 3 1025 K21, which is below the Gillet et al. value.
If we further consider the variation of dT with volume,
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FIGURE 11. Plots of dT and dS vs. T for MgSiO3 perovskite,
g 5 aKTV/CV, and gV vs. T (all determined in this report). q 5
dT 2 K 1 1 1 (]ln CV/]ln V)T and K 2 dT are plotted. q 5 dT9 90 0

2 K 1 11 (]ln CV/]ln V)T shows that q 5 1 at T 5 1000 K90
and is close to unity elsewhere. The plot of K 2 dT shows its90
resemblance to (]KT/]T)V in Figure 9.

the predicted a is somewhat higher. Anderson and Isaak
(1993) recommended that dT change with (r/r0) as dT 5

(r0/r)K; when placed in Equation 15, the aforemen-dT0

tioned equation for dT gives

kda rT0 05 exp 2 1 2 (16)5 1 2 6[ ]a k r0

(Anderson and Isaak 1993). Anderson and Isaak (1993)
found k 5 1.5 for MgO, which agrees with the report by
Gillet et al. (1996a) that ambient dT decreases to 3.5 at
100 GPa. Using (r0/r) 5 0.740 corresponding to 125 GPa,
k 5 1.5, and the high-T value 4.04 for dT, a 5 0.37a0 or
a 5 1.11 3 1025 K21. This is a good match with the Gillet
et al. (1996a) data point; I regard it as a satisfactory cross
check on the value of dT at high T, 4.03, found in this
report. Using the value of dT presented by Stixrude et al.
(1992), dT 5 7, the value of a at 125 GPa and 2500 K
would by Equation 15 and by Equation 16 be unreason-
ably low.

g

The steady descent of g from 300 to 800 K and the
subsequent value at high T being independent of T are
consistent with the g(T) behavior of other dense oxides
(Anderson and Isaak 1995). The T 5 300 K value of g
found here, 1.52, is consistent with previous estimates
that involved the author (Anderson and Masuda 1994;
Anderson et al. 1995a). This is to be compared with the
Chopelas (1996) value, 1.42, found from spectroscopic
measurements in a diamond cell. At high T, the value of
g reported here is 1.4 and (]g/]T)P 5 0. This value of g
is reasonably close to the high-temperature values of
Wang et al. (1994) and Gillet et al. (1996a), who both
found g 5 1.3 from their measurements. Jackson and Rig-
den (1996) found g 5 1.33 at high T. The Utsumi et al.
(1995) data on V(T) lead to g 5 1.45, according to the
analysis of Masuda and Anderson (1995). Stacey (1996)
found g 5 1.30 6 0.09 for the high-T (2000 K) value of
the perovskite structure by the classical method (displace-
ment on pairs of neighboring atoms in the lattice is
summed to obtain the net force and the resultant force is
made equal to the thermal pressure).

There is, of course, the report by Hemley et al. (1992)
that g 5 1.96(9), which is at variance with the other re-
ports listed above. It is conceivable that g would be larger
for an Fe-rich perovskite than for pure perovskite, but
according to Anderson et al. (1996) a thermodynamic
constraint prevents g from being greater than 0.5 K 290
0.3. The Hemley et al. (1992) reported value of K 5 3.990
requires that g , 1.6; thus g 5 1.96(9) appears inconsis-
tent with K 5 3.9.90

The Jackson and Rigden (1996) value of g, 1.33, de-
termined from a Mie-Grüneisen fit to the PVT data, is
slightly less than that shown in Table 6, 1.40 at T 5 Q,
which was calculated directly from a and KT through the
definition, g 5 aKTV/CV, but this can be considered as
good agreement.

q
As shown in Table 6 and Figure 7, the value of q is

near unity and is exactly unity at 1000 K. Jackson and
Rigden (1996) suggested that other properties are not sen-
sitive to the exact value of q, so that q 5 1 was assumed.
In this report I find that near T 5 Q, q 5 1 is exact. Gillet
et al. (1996a) found q 5 1, but Hemley et al. (1992)
reported q 5 2.5(1.7). Cynn et al. (1996) found that for
Mg2SiO4, (]lnCV/]lnV) rises steadily from 0 to 1 as T de-
creases from Q to 0. Using a straight line for interpola-
tion, the values of (]lnCV/]lnV)T between 0 , T, 1000
were obtained, giving the values of q to be used in Equa-
tion 12 at low T. The values of q obtained using the
interpolated values of (]lnCV/]lnV)T are shown in the pa-
rentheses of column 7, Table 6 (see Bina 1995 for a dis-
cussion of the uncertainty in q from previous studies).

(]KT/]T)V

A plot of this parameter vs. T, determined by Jackson
and Rigden (1996), is shown in Figure 9. (]KT/]T)V can
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also be determined by the data in Table 6 through the
thermodynamic identity,

]KT [ aK (K9 2 d ) (17)T 0 T1 2]T
V

(see Anderson 1995, p. 57–58). Because aKT does not
change significantly with T (neglecting the values at 400
K and 500 K), (]KT/]T)V should vary as K 2 dT, which90
is plotted on the bottom of Figure 11. The resemblance
between the curve (K 2 dT) determined in this report90
and (]KT/]T)V determined by Jackson and Rigden (1996)
(Fig. 9) constitutes a cross check on the values of dT. The
value of K 2 dT vs. T from the curve in Figure 11 and90
the data for aKT in Table 6 yield, by Equation 17, (]KT/
]T)V 5 20.0044 GPa/K at 300 K, whereas Jackson and
Rigden (1996) reported (]KT/]T)V 5 20.005 GPa/K at
ambient conditions. This excellent agreement constitutes
a cross check on (]KT/]T)V as determined in this study.

(]PTh/]V)T

Because of the identity (]KT/]T) [ 2V[](aKT)/]V]T,
[(]aKT)/]V]T vanishes when K 2 dT 5 0. But PTh is pro-90
portional to T, and (]PTh/]T)P 5 aKT, so (]PTh/]V)T also
vanishes when dT 2 K vanishes (Anderson et al. 1992;90
Masuda and Anderson 1995). Anderson et al. (1995b)
showed from a study on MgO that when dT 2 K 5 690
0.2, the thermal pressure is, for all practical purposes,
independent of volume. Figure 11 shows that from about
900 K up to 1800 K, K 2 dT , |0.2|, so the thermal90
pressure of MgSiO3 perovskite is independent of volume
at high T. In this regard MgSiO3 perovskite is like Al2O3

and MgO (Anderson 1997). However, the value of the
width of the volume zone necessary to satisfy (]PTh/]V)T

5 0 is not apparent. Nevertheless for high temperatures
it appears that one could safely assume that for a reason-
ably wide compression range, say for V/V0 between 1 and
0.9, the thermal pressure, PTh(V0,T), depends only on T,
not on V. This means that the upper part of the curve in
Figure 10 does not shift as the volume is changed.

CONCLUSIONS

It is shown that MgSiO3 perovskite is a Debye-like
solid because the specific heat and entropy calculated to
high T (1800 K) from Debye theory agree with available
experimental data, especially those above 400 K. In this
calculation, the thermal expansivity data of Funamori et
al. (1996) and the acoustic velocity data of Yeganeh-Hae-
ri (1994) are used as input. It is also shown that a number
of thermoelastic properties, including (]KT/]T)P, (]KT /
]T)V, KT, KS, dT, dS, g, q, vs, vp, and G, can be calculated
and tabled up to high T once it has been proved that
MgSiO3 perovskite is a Debye-like solid. From the cal-
culated properties, KT, KS, g, r, and (]KT/]T)V, the thermal
pressure, DPTh, can also be calculated to high T. When
this is done, the resulting values of DPTh are shown to
agree with DPTh calculated by Jackson and Rigden (1996)
from the existing PVT data set. Thus for MgSiO3 perov-

skite, Debye theory can be used to obtain the equation of
state.

MgSiO3 perovskite joins a small group of Debye-like
minerals, now consisting of: MgO, Al2O3, and MgSiO3

perovskite. For this group, the physical properties de-
scribed above are calculated from data on acoustic sound
velocities, ignoring the optic properties. The criterion for
selection as a Debye-like solid is that the majority of
optic modes occur at frequencies placed toward the center
of the phonon density of states, e.g., the Debye frequency
is larger in value than the frequencies of the majority of
optic modes. By this criterion, other dense minerals, such
as stishovite and MgSiO3 ilmenite, are not likely candi-
dates to be Debye-like solids.

Olivine is a near Debye-like solid. Guyot et al. (1996)
showed that although Debye theory gives values close to
experiment for the properties of CV, S, and DPTh in oliv-
ine, the Kieffer approximation to the density of states
gives values even closer to experiment.
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