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Thecomplete thermodynamic functions for MgO are presented for the temperaturerange
3002000 K and the pressure range 0-150 GPa, both as tables and as graphs. Careful
attention is given to the temperature and pressure dependence of the coefficient of thermal
expansion « and the isothermal bulk modulus K, which are the major corrections to the
thermodynamic functions in extreme conditions. Qur equations efficiently use the fact
that the product aK; varies only slightly with either temperature or with volume, al-
though scrupulous care is taken to account for the actual numbers. The corrections are
now possible due to recent measurements of the bulk modulus up to 1800 K. The Birch
Murnaghan equation of state is used to account for certain terms in the expressions for
internal energy and enthalpy. The parameters used in the Birch-Murnaghan equation of
state are given as functions of temperature. The parameters which presently limit the
calculations of thermodynamic functions to even higher temperatures and pressures and
limit the applications of this method to other minerals are: (1) the uncertainty of the
thermal expansivity at temperatures above 1500 K, and (2) the uncertainty of the tem-
perature dependence of (dK/dT) , at temperatures above 800 K.
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1. Introduction

The principal objective of this work is to evalute and
publish the data for all the thermodynamic functions of an
important mineral, MgO or periclase, with a temperature
range of 300 to 2000 K, and with a compression range of }'/
Vy=1to V/V,— 0.7 (corresponding to P~ 150 GPa).

It is well known that the computations of thermody-
namic functions (entropy, for example) require knowledge
of the thermal expansivity a and compressibility « as well as
the specific heat. The pressure (or volume) and temperature
variation of @ and « contribute to the pressure (or volume)
and temperature variation of the thermodynamic functions.
The tabulation of these thermodynamic functions in the ex-
treme ranges of temperature and pressure requires a good
understanding of the equation of state, elasticity at very high
temperature, anharmonicity of the solid, and the thermal
expansivity at high temperature.

Recent experimental progress in the thermal equation
of state has clarified the volume and high-temperature cor-
rections to the thermal pressure, P, and to the isothermal
bulk modulus K, (the reciprocal of the compressibility «),
for MgO." This progress is represented by the ability to mea-
sure elastic constants at high temperatures (in fact as high as
1825 K) using new resonance measurement techniques.**

It has become apparent from this recent research that it
is best to treat aK, as a single parameler, since the product
varies little with volume or temperature, whereas both o and
K, each vary significantly with volume and with tempera-
ture. The physical significance of the single parameter aK
is that it is identical to the important function (9P /3dT),.

A preliminary publication on a few graphs of the ther-
modynamic functions as well as the complete derivation of
the basic equations have been presented elsewhere.* The
graphs and tables presented here are a complete set, and are
based upon published data.>~’

The molecular weight of MgO is taken to be 40.3114,
and the conversion between calories and joules is taken to be
4.1855 J/cal.® We make much use of the conversion between
pressure and energy density: 1 GPa = 10° J/ml.

The important input thermodynamic data on MgO are
given in Table 1: The adiabatic bulk modulus K is taken
from the experiments of Sumino et al.’ with the values at
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higher T coming from Isaak ef al.’; the data on the coeffi-
cient of thermal expansion « are from Suzuki ez al.%; and the
data on specific heat, C,, are from the “CODATA” thermo-
dynamic tables of Garvin et al.” Table 1 gives «, the density
p, K, and C,, all at constant pressure P = 0, and as func-
tions of T up to 2000 K. In this table, we also present the
value of the Griineisen parameter, ¥ vs T at constant P =0
computed from ¥ = aKs/(pCp), and the resultant specific
heat versus 7 at constant ¥, C,, computed from
Cp/Cy = 1 + ayT. Table 1 constitutes the basic thermody-
namic data. From these data we list in Table 2 the following
calculated fundamental thermodynamic parameters versus
T at P=0: the isothermal bulk modulus K, where
K /Ky =1+ ayT; aKy; (dK/3T)p; the computed iso-
choric temperature derivative of K, (dK;/9dT),; and the
thermal pressure P, where
T

Py (T) — Pryy (To) =f ak, dT.

T,
The equation relating (dK;/dT), to input parameters is
shown in the Appendix [Egs. (A4) and (AS5) and discus-
sion following Eq. (18)].

2. Thermodynamic Functions of MgO
2.1. Entropy Versus Volume and Temperature
The change of entropy with volume from ¥, to V, or
y = V/V,from 1to V/¥,, along anisotherm 7 * is given by
(see Appendix, Sec. 6.1.)
S(T*.yy —S(T*1)
y

= — (aK) Vo(l —70)

VoV v
V[ ——1n 2 —-1)
tw 0( v, "yt v,
1
— (aKT)T*(—)(l -x)
P

0

1

+w(i)(xln—+)(—1), (1)
Lo X

where p, = zero pressure density at T *. The reference vol-

ume V,, is taken at P = 0 and 7 = 300 K. The parameter
w= (3K/dT), (2)
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Table 1. Laboratory input data

T P -3 Kg Cp Cy v
(X) (g/ml) (10~€ K=*) (GPa) (J g™ K™*) (J g™* K™)
300 3.585 31.2 163.9 0.928 0.915 1.54
350 3.579 33.9 163.1 1.006 0.988 1.54
400 3.573 35.7 162.3 1.061 1.038 1.53
450 3.566 37.2 161.5 1.100 1.073 1.53
500 3.559 38.4 160.7 1.130 1.098 1.53
550 3.552 39.3 159.9 1.154 1.117 1.53
600 3.545 40.2 158.9 1.173 1.132 1.54
650 3.538 40.8 157.9 1.190 1.143 1.53
700 3.531 41.4 157.1 1.204 1.153 1.53
750 3.524 42.0 156.0 1.216 1.160 1.53
800 3.516 42.6 155.1 1.227 1.166 1.53
850 3.509 43.2 154.1 1.237 1.171 1.53
900 3.501 43.8 153 1 1.246 1.175 1.54
950 3.494 441 152.1 1.254 1.179 153
1000 3.486 44,7 151.1 1.262 1.181 1.54
1050 3.478 45.0 150.0 1.269 1.184 1.53
1100 3 470 45.6 148.9 1.276 1.185 1.53
1150 3.462 45.9 147.7 1.282 1.187 1.53
1200 3.454 46.5 146.7 1.289 1.187 1.53
1250 3.446 46.8 145.6 1.295 1.189 1.53
1300 3.438 471 144 .4 1.301 1.190 1.52
1350 3.430 47.7 143.2 1.306 1.190 1.53
1400 3.422 48.0 142.0 1.312 1.191 1.52
1450 3.413 48.6 140.8 1.318 1.190 1.52
1500 3.405 48.9 139.7 1323 1.191 1.52
1550 3.397 49.2 138.4 1.329 1.192 1.51
1600 3.388 49.8 13/7.3 1 334 1191 1.51
1650 3.380 50.1 136 2 1.340 1.192 1.51
1700 3.371 50.4 134 9 1.346 1.193 1.50
1750 3 363 51.0 133.8 1.352 1192 1.50
1800 3.354 51.3 132.7 1.358 1.193 1.50
1850 3 346 51 g 131.7 1.364 1.192 1.50
1900 3.337 52.2 130.7 1.370 119 149
1950 3.328 52.8 129.7 1.377 1.193 1.49
2000 3.319 53.3 128.7 1.384 1.194 1.49

The density, p, is calculated from the volume thermal
expansivity, a. It is taken from Suzuki et al.® The adiabatic
bulk modulus, Kg, is taken from measurements and extrapolations
of Sumino et al.,® confirmed and extended by Isaak et al.® The
source of data on specific heat, Cp, is Garvin et al.” The
Gruneisen ratio, v, is calculated from other parameters by v =
aKsV/Cp  The specific heat, Cy, is calculated from Cp and 7
according to Eq. (4).

is listed in Table 2. The parameter (K1) r- designates the
value of aK ;- at the temperature of the selected isotherm T *
and at P= 0.

The second term on the right-hand side of Eq. (1), in-
volving w, is small compared to the first, but becomes in-
creasingly important at high compression. In some solids,
for example NaCl, w is vanishingly small and can be entirely
neglected; but for MgO, w has a measurable effect on cn-
tropy.

Units of aK/V,=aK;/p, are J g~ K~'. Units in
Table 1 are K, in GPa. p, in g/ml, and the exponent of &
is 107 (typical values: K, = 160 GPa = 1.60% 10° J/ml;
a=312X10"°K~; p, = 3.587 g/ml, so aK/p, = 1.39
Jg='K~'; multiplying by (40.3114/4.1855) =9.6312
gives the units of aK, ¥, in calmol™' K~'. (The value
4.1855 comes from Jerrard and McNeill.?)

The variation of entropy at constant V'= ¥V, or y = 1,
from 7}, to T'*, is given by the standard formula

T
dT
szl(T*>—SX=[(To>=L Cr (3)
where
C
C,=—2L . (4)
1+ ayT

Standard conditions are taken to be 300 K and P = 1 atmo-
sphere. Thus, 7,, = 300 K. This means that at absolute zero,
y = 0.988. The input data on entropy are at constant pres-
sure, called here S, given by Garvin et al.”

The entropy of S, _, at 300 K is found by using the
tabled value of S, at 300 K and correcting by calculating

300

5(300) =S, 300) = [ (¢, € 4L (s)
0

Using the published data of C, — C, given by Barron
et al.,'® we find the correction, Eq. (5), to be 0.00378
Jg7'K™', so that S, _,(300) =0.6705 Jg~' K/, since
S55(300) =0.6742FJ g~ K~ ! (see Gavin et al.,’ as listed in
Table 3).

Using Egs. (1) and (3), the entropy versus T at con-
stant 3’ was calculated and is listed in Tablc 3. Isochoric plots
of S, vs T are shown in Fig. 1. The entropy versus y at
constant 7 is listed in Table 4.

2.2.Internal Energy Versus Volume and Temperature

The change of internal energy U with volume, ¥V, to V,
or y from 1 to V' /V,, along an isotherm T * is given by

Table 2. Thermodynamic data calculated from

Table 1
T Kr aKr (3kp/3T)p (3Ky/3T)y Py
(K) (GPa) (HPa/K)  (MPa/K) (MPa/K) (GPa)
300 162 5.04 -27.7 -8.0 0.717
350 160 5.43 ~27.5 -6.3 0.98
400 159 5.67 -27.3 -5.2 1.26
450 157 5.86 -27.3 -4.5 1.55
500 156 6.00 -28.2 -4.8 1.84
550 155 6.08 -28.7 =5.1 2.15
600 153 6.16 -28.7 -4.7 2.45
650 152 6.19 -29.0 -4.9 2.76
700 150 6.23 -29.0 -4.7 3.07
750 149 6.25 -29.6 -5.3 3.38
800 147 6.28 -30.4 -6.0 3.70
850 146 6.30 -29.9 -5.4 4.01
900 144 6.32 -30.1 -5.5 4.33
950 143 6.30 -30.0 -5.5 4.64
1000 141 6.32 -30.3 -5.8 4.96
1050 140 6.29 -31.0 -6.6 5.27
1100 138 6.31 -31.2 -6.7 5.59
1150 137 6.28 -31.2 -6.8 5.90
1200 135 6.28 -30.8 -6.4 6.22
1250 134 6.25 -31.3 -7.0 6.53
1300 132 6.22 -31.5 =7.3 6.84
1350 130 6.22 -32.3 -8.1 7.15
1400 129 6.19 -32.1 -8.1 7.46
1450 127 6.18 -31.5 =7.5 7.77
1500 126 6.15 -31.4 =-7.5 8.08
1550 124 6.11 -30.7 -6.9 8.39
1600 123 6.10 -30.5 -6.8 8.69
1650 121 6.07 -30.5 -6.9 5.00
1700 120 6.03 -29.9 -6.4 9.30
1750 118 6.02 -29.7 -6.3 9.60
1800 117 5.98 -28.6 -5.3 9.90
1850 115 5.98 -27.9 4.6 10.20
1900 114 5.94 -27.9 ~4.8 10.50
1950 112 5.94 -27.6 -4.6 10.79
2000 111 5.92 ~27.4 ~4.4 11.09

The isothermal bulk modulus, Ky, is calculated from
Kr = Kg/(1 + @T). The parameter aK; is calculated
from the fields & and K. The derivative (3Ky/3T)p,
is calculated from the values in the fields T and
Kr (at 10 degree intervals). The isochoric bulk
modulus (9Kr/3T)y is calculated from Eq. (A6),
where X’ = 4.17 and is measured to be independent
of temperature.!4 The thermal pressure, Pgy, is
calculated from Pqy = J&KdT.

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990
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Table 3. Entropy vs. T at conatant x, S(T,V/V,)
T s(r,1.0) s(T,0.95) S(T,0.90) 5(T,0.85) S(T,0.80) s(T,0.75) S(T,0.70)

(K) g™ K
300 0.6705 0.60 0.53 0.46 0.39 0.33 0.26
350 0.817 0.74 0.66 0.59 0.51 0.43 0.35
400 0.953 0.87 0.79 0.72 0.64 0.56 0.48
450 1.077 1.00 0.91 0.83 0.75 0.67 0.59
500 1.192 1.11 1.02 0.94 0.86 0.78 0.69
550 1.297 1.21 1.13 1.04 0.96 0.87 0.79
600 1.395 1.31 1.22 1.14 1.05 0.97 0.88
650 1.486 1.40 1.31 1.23 1.14 1.05 0.97
700 1.571 1.48 1.40 1.31 1.22 1.13 1.05
750 1.651 1.56 1.47 1.39 1.30 1.21 113
800 1.736 1.64 1.55 1.46 1.37 1.29 1.20
850 1.797 1.71 1.62 1.53 1.44 1.35 1.27
900 1.864 1.77 1.68 1.59 1.51 1.42 1.33
950 1.928 1.84 1.75 1.66 1.57 1.48 1.39
1000 1.988 1.90 1.81 1.72 1.63 1.54 1 45
1050 2.046 1.96 1.87 1.78 1.69 1.60 1.51
1100 2.101 2.01 1.92 1.83 1.74 1.65 1.57
1150 2.154 2.06 1.97 1.88 1.80 1.71 1.62
1200 2.204 2.11 2.02 1.93 1.84 1.76 1.67
1250 2.254 2.16 2.07 1.98 1.90 1.81 1.72
1300 2.299 2.21 2.12 2.03 1.94 1.85 1.77
1350 2.344 2.25 2.16 2.07 1.99 1.90 181
1400 2.387 2.30 2.21 2.12 2.03 1.94 1.86
1450 2.42% 2.34 2.25 2.16 2.07 1.98 190
1500 2.470 2.38 2.29 2.20 2.11 2.03 1 94
1550 2.509 2 42 2.33 2.24 2.15 2.07 1.98
1600 2.546 2.46 2.37 2.28 2.19 2.10 2 02
1650 2.383 2.49 2.40 2.32 2.23 2.14 2.05
1700 2.619 2.53 2.44 2.35 2.27 218 2.09
1750 2.653 2.56 2.48 2.39 2.30 2.21 2.13
1800 2.687 2.60 2.51 2.42 2.33 2.25 216
1850 2.720 2.63 2.54 2.45 2.37 2.28 2.19
1900 2.751 2.66 2.57 2.49 2.40 231 2 22
1950 2.782 2.69 2.60 2.52 2.43 2.34 2 25
2000 2.813 2.72 2.63 2.55 2.46 2 37 2 28

UT*y) = U(T*1) 3 7

X PO:P _P_ :_Ko(y /3_y5/3)
N Poo 2
= (T*AS,) re — Py (1/p4) (0.988 — y) — | P, dV, ) o
3K =9GP 1) ;
6) x| 1+ i : @)

(see Appendix). We see that the equation of state becomes
important to U through the term (P, dV. Here p, refers to
the zero pressure value appropriate to the isotherm T *. For
P, (along the isotherm T = 0), we use the Birch-Mur-
naghan equation of state of the third degree.""

where y = p/poo- Poo 1S the absolute zero density at P = 0, so
that for py, in Eq. (7) we have 3.6312 g/ml. In the integra-
tion of P,, there arises a dimensionless expression multiplied
by the term K,V,, which is also Ky/pgo = 166.2/3.6312
GPag 'ml™' =4.577x10%J/g.

3.0 - g
1 y

:
207 -
- i C
'U) 1.5 g C
- ] oeeeo V/V, = 1.00 N
~ ] ———— V/V, = 0.95 T
1.0 seees V/V, = 0.90 [
Z ] — V/V, = 0.85 -
> ] ———— V/V, = 0.80 [
= 057 ——— V/V, = 0.75 [
n ; s V/V, = 0.70 -
0.0 ] T T L T T 1 T 1 T T T T T L

0 500 1000 1500 2000

Temperature (K)

Fi1G 1 The sochoric plots of entropy, at constant ¥ /¥, vs T
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Table 4. Entropy vs. x at constant T, S(V/V,)
x=V/V, S(x,300) S(x,500) S(x,1000) S(x,1500) S(x,2000)
0.70 0.260 0.69 1.45 1.9 2.28
0.72 0.286 0.73 1.49 1.97 2.32
0.74 0.313 0.76 1.52 2.01 2.35
0.76 0.340 0.79 1.56 2.04 2.39
0.78 0.367 0.82 1.59 2.08 2.42
0.80 0.394 0.86 1.63 2.11 2.46
0.82 0.421 0.89 1.66 2.15 2.49
0.84 0.449 0.92 1.70 2.18 2.53
0.86 0.476 0.96 1.74 2.22 2.56
0.88 0.503 0.99 1.77 2.25 2.60
0.90 0.531 1.02 1.81 2.29 2.63
0.92 0.559 1.06 1.84 2.33 2.67
0.94 0.587 1.09 1.88 2.36 2.71
0.96 0.614 1.12 1.92 2.40 2.74
0.98 0.642 1.16 1.95 2.43 2.78
1.00 0.6705 1.19 1.99 2.47 2.81
1.02 0.699 1.23 2.02 2.51 2.85
1.04 0.727 1.26 2.06 2.54 2.88
1.06 0.755 1.29 2.10 2.58 2.92
1.08 0.784 1.33 2.13 2.61 2.96
1.10 0.812 1.36 2.17 2.65 2.99
1.12 0.841 1.39 2.21 2 69 3.0%
1.14 0.870 1.43 2.24 2.72 3.06
1.16 0.898 1.46 2.28 2.76 3.10
1.18 0.927 1.50 2.32 2.80 3.14

The variation of internal energy U with temperature at
x = 1 above T'— 300 K is given by
T+

C, dT. (8)
300
We need the value of U(300,1), which is obtained, for exam-
ple, by integrating the values of C, — C,, as tabled by Bar-
ron et al.,'® up to 300 K, or by computing the thermal pres-
sure effect on the enthalpy (see Appendix, Sec. 6.4.). We
find

U(T*1) — U(300,1) =

73

U(300,y = 1) = 127.3 J/g for MgO. 9)

One further explanation needs to be made for Eq. (7).
This equation is in fact valid only at absolute zero. The value
of p, for MgO at 0 K is 3.6312, compared with p (300,
P =0) = 3.587. In the calculations of the functions, we use
Po = 3.5877 since our standard state is at 300 K. Properties
at temperatures below 300° correspond to values of y less
than unity at P =0(y = 0.988 at 7= 0).

Equations (6) and (7) were used to calculate U vs y
and 7, and the values are listed in Table 5 and plotted in Fig.
2.

2.3. The Helmholz Energy Versus Volume and
Temperature

The Helmholz energy is given by
F=U-TS. (10)

Calculating F'is straightforward. The tabled results of Fvs y
at constant T"are given in Table 6. A plot of F, vs T for MgO
is shown in Fig. 3, and a plot of - vs y for MgO is shown in
Fig. 4. Table 7 shows the Helmholtz energy versus 7 at con-
stant y.

The minimum of F(T,V /Vy) locates the specific vol-
ume at T. We see from Fig. 4 that the minimum increases as
T increases, and this will obey the law dV /V = adT.

2.4. Entropy Versus Pressure and Temperature

The values of the constant pressure entropy, S, vs. T at
P=0,S,(T,0) are taken from Garvin et al.,” and found in
the first column of Table 8. The values of entropy versus P

Table 5. Internal energy vs. T at constant x, U(T,V/V,)

T u(r,1.0) u(r,0.95) U(T,0.90) U(T,0.85) U(T,0.80) U(T,0.75) U(T,0 70)
®) /8.

300 127.3 180 380 790 1440 2450 3910
350 175.0 240 440 840 1500 2490 3960
400 225.7 280 480 880 1540 2540 4000
450 278.5 330 530 930 1590 2590 4050
500 332.8 380 580 980 1640 2640 4110
550 388.3 440 640 1040 1700 2700 4170
600 4445 490 690 1050 1750 2760 4230
650 501 4 550 750 1150 1810 2820 4290
700 558.8 610 . 810 1210 1870 2880 4360
750 616 6 660 860 1260 1930 2940 4420
800 674.7 720 920 1320 1990 3000 4490
850 733.1 780 980 1380 2050 3070 4550
900 791 8 840 1040 1440 2110 3130 4620
950 850.7 900 1100 1500 2170 3190 4690
1000 909.7 960 1140 1540 2230 3260 L7850
1050 968.8 1020 1220 1620 2300 3330 4830
1100 1028 1 1070 1280 1690 2360 3390 4890
1150 1087.4 1130 1340 1750 2430 3460 4970
1200 1146.7 1190 1400 1810 2490 3520 5030
1250 1206 1 1250 1460 1870 2550 3590 5110
1300 1265.6 1310 1520 1930 2620 3660 5180
1350 1325.0 1370 1580 2000 2680 3730 5250
1400 1384.5 1430 1640 2060 2750 3800 5320
1450 14441 1490 1700 2120 2810 3860 5390
1500 1503.6 1550 1770 2180 2880 3930 5470
1550 1563.2 1620 1830 2250 2940 4000 5540
1600 1622.8 1670 1890 2310 3010 4070 5610
1650 1682.4 1740 1950 2370 3070 4140 5690
1700 1742 0 1800 2010 2440 3140 4210 5760
1750 1801.6 1860 2070 2500 3200 4270 5830
1800 1861.2 1920 2130 2560 3270 4340 5910
1850 1920.9 1980 2200 2620 3330 4410 5980
1900 1980.5 2040 2260 2690 3400 4480 6050
1950 2040 2 2100 2320 2750 3460 4550 6120
2000 2099 9 2160 2380 2810 3530 4620 6200

Vo is standard volume at T = 300 K and P = 1 atmosphere.
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along the isotherm T * are found to be (see Appendix)
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FIG. 2. The 1sochoric plots of internal energy U, vs T.

Sp(T*,P) —Sp(T*,0) = — (aKy) 7 (1/pg) (1 — ¥o)
— K, (T*0)(1/py)
X(XolmXo+ 1 —Xo) (11)
where
Po=p(T*P=0)
and
*

V(T*,P=0) is found by integrating the coefficient of
thermal expansivity:

Table 6. Helmholtz energy vs. x at constant T, F(V/V,,T)
x=V/V, F(x,300) F(x,500) F(x,1000) F(x,1500) F(x,2000)
J/8)

0.70 3830 3760 3300 2560 1630
0.72 3174 3100 2570 1820 860
0.74 2605 2520 1960 1180 180
0.76 2112 2020 1430 620 -410
0.78 1689 1580 970 130 -930
0.80 1330 1210 610 ~290 -1390
0.82 1018 900 240 =660 -1780
0.84 759 630 -50 -980 -2130
0.86 543 400 -290 -1250 -2420
0.88 366 220 =500 -1480 -2680
0.90 220 70 -650 -1670 -2890
0.92 114 -50 —800 -1830 -3070
0.94 31 =140 =900 -1960 -3220
0.96 -26 -200 -990 -2060 -3350
0.98 -60 -240 -1040 =2140 =3450
1.00 =74 -260 -1080 -2200 -3530
1.02 -69 -260 -1100 =2240 -3580
1.04 =47 =250 -1100 -2260 -3620
1.06 -10 -220 -1080 ~2260 -3640
1.08 40 -170 -1050 -2260 -3650
1.10 100 -120 ~1000 =2230 -3650
1.12 170 ~50 =950 =2200 -3630
1.14 260 30 -890 ~2150 -3600
1.16 350 120 -820 -2100 ~3570
1.18 450 210 -730 ~-2040 -3520
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T*

V(T*,P:O):f adl + V(T,P=0). (13)

T,
To get V(T *,P) we must account for the opposite effects of
pressure and temperature on the volume. The calculation is
made by adding the decrease in Ay due to pressure at abso-
lute zero to the increase in Ay due to 7'at P =0:

AV(T*P) =AV(T=0,P) + AV(T*P=0), (14)

where, in general,
AV ="V,y(y —1).

AV(0,P) as seen later in Table 13, is found by using the
Birch-Murnaghan equation of state and AV(T*,P = 0) is
found from the values of p in Table 1.

A listing of values for 5 vs 7'and # as found in 'l'able 8
is plotted in Fig. 5.

2.5. Enthalpy Versus Pressure and Temperature

The enthalpy versus T'at P = 0, H(T,0), is copied from
Garvin et al.” and shown as the first column in Table 9.
The variation of enthalpy versus pressure at constant
temperature 7 * is found to be (see Appendix, Sec. 6.4.)
V(T*P)
H(T*P)— H(T*0) = -f K. dv
V(T*0)
+ T*[S(T*P) - S(T*0) ],
(15)
where K, at 7= 0 is found from the volume derivative of
Eq. (7).

y 5/3
K (Ox) :Kr.(y_)

0

1 y 2/3
><{1+—(3K’0—5)[(—) 4”. (16)
2 Yo
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Table 7. Helmholtz energy vs. T at constant x, F(T,V/V,)

T F(1,1.0) F(T,0.95) F(T,0.90) F(T,0.85) F(T,0.80) F(T,0.75) F(T,0.70)

(K) J/g)
300 =74 0 220 650 1330 2350 3830
350 -111 -19 210 630 1320 2340 3830
400 ~155 ~74 160 590 1280 2310 3810
450 -206 -120 120 550 © 1250 2290 3790
500 -263 =170 70 510 1210 2260 3760
550 =325 -230 20 460 1170 2220 3740
600 ~393 -290 -40 410 1120 2180 3700
650 -465 =360 -110 350 1070 2140 3660
700 -541 =430 =170 290 1010 2090 3620
750 -622 =510 -240 220 950 2030 3580
800 ~706 =590 -320 160 890 1980 3530
850 ~79 ~670 =400 82 820 1920 3480
900 ~B886 =760 -480 6 750 1850 3420
950 -980 -850 =560 =74 680 1790 3360
1000 -1080 =940 -650 ~160 610 1720 3300
1050 -1180 -1040 © =740 =240 530 1650 3240
1100 -1280 ~1140 -840 -330 440 1570 3170
1150 -1390 -1240 =930 ~420 360 1490 3100
1200 -1500 =1340 -1030 =510 270 1420 3030
1250 ~-1610 -1450 ~1130 -610 180 .~ 1330 2960
1300 -1720 -1560 -1230 -710 93 1250 2880
1350 —1840 —1670 —1340 =810 -1 1160 2800
1400 -1960 -1780 -1450 -910 -97 1070 2720
1450 ~2080 -1900 -1560 -1010 -190 980 2640
1500 ~2200 -2020 -1670 -1120 =290 890 2560
1550 -2330 -2140 -1790 -1230 -400 800 2470
1600 -2450 -2260 -1900 -1340 -500 700 2390
1650 -2580 -2380 -2020 -1450 -610 600 2300
1700 -2710 -2500 -2140 ~1560 =710 500 2210
1750 -2840 -2630 -2260 -1680 ~-820 400 2110
1800 ~2980 -2760 -2380 -1800 =930 300 2020
1850 -3110 -2890 -2510 -1910 -1040 200 1920
1900 =3250 ~3020 -263U =2030 —-116U 89 1830
1950 -3390 -3160 -2760 -2160 -1270 -19 1730
2000 =-3530 -3290 -2890 -2280 -1390 -130 1630

Table 8. Entropy vs. T at constant P, S(T,P)

T 5(1,0) S(T,20) S(T,50) sS(T,80) S(T,100) S(T,125)

(X g K

300 0 6743 0.54 0.42 0.35 0.31 0.26
350 0.824 0 68 0.55 0.47 0.42 0.38
400 0.962 0.81 0.68 0.59 0.54 0.49
450 1.089 0.94 0.80 0.70 0.65 0.60
500 1.207 1.05 0.91 0.81 0.76 0.71
550 1.316 1.16 1.01 0.91 0.86 0.81
600 1.417 1.26 1.11 1.01 0.96 0.90
650 1.512 1.35 1.20 1.10 1.05 0.99
700 1.600 1.44 1.28 1.18 1.13 1.08
750 1.684 1.52 1.37 1.27 1.21 1.16
ROD 1. 762 1.60 1.44 1.34 1.29 1.24
850 1.837 1.67 1.52 1.41 1.36 1.31
900 1.908 1.74 1.59 1.48 1.43 1.38
950 1.976 1.81 1.65 1.55 1.50 1.44
1000 2.040 1.87 1.72 1.61 1.56 1.51
1050 2.102 1.93 1.78 1.68 1.62 1.57
1100 2.161 1.99 1.84 1.73 1.68 1.63
1150 2.218 2.05 1.89 1.79 1.74 1.69
1200 2 273 2.10 1.95 1.85 1.79 1.74
1250 2 325 2.16 2.00 1.%90 1.85 1.79
1300 2.376 2.21 2.05 1.95 1.90 1.84
11350 2.426 2.26 2.10 2.00 1.95 1.89
1400 2.473 2.31 2.15 2.05 2.00 1.94
1450 2.519 2.35 2.20 2 09 2.04 1.99
1500 2.564 2.40 2.24 2 14 2.09 2.03
1550 2.608 2.44 2.29 2.19 2.13 2.08
1600 2.650 2.48 2.33 2.23 2.17 2.12
1650 2.691 2.52 2.37 2.27 2.22 2.16
1700 2.731 2 57 2.41 2.31 2.26 2.21
1750 2.770 2.60 2.45 2.35 2.30 2.24
1800 2.808 2.64 2.49 2.39 2.34 2.28
1850 2.846 2.68 2.53 2.42 2.37 2.32
1900 2.882 2.72 2.56 2 46 2.41 2.36
1950 2.918 275 2.60 2.50 2.44 2.39
2000 2.953 2.79 2 63 2.53 2.48 2.43
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FIG. 5. The 1sobaric plots of entropy S, at constant Pvs T.

The value of K. used is 166.2 GPa, as discussed in the Sec.
2.6. The thermal bulk modulus correction is sufficiently
small compared to K, at absolute zero to be safely ignored.

Using Egs. (15) and (16) and values of H at P = 0 from
Garvin et al.,” values of H vs T and P are found from Eq.
(15) and listed in Table 9. The isotherms are listed in Table
10. The isobars of H vs T are shown in Fig. 6, and the iso-
therms of H vs P are shown in Fig. 7.

Table 9. Enthalpy vs. T at constant P, H(T,P)

T H(T,0) H(T,20) H(T,50) H(T,80) H(T,100) H(T,125)
) (kJ/g)
300 0.1297 5.41 12.6 19.2 23.3 28.3
350 0.1782 5.h6 12.6 19.2 23,4 28.4
400 0 2300 5.52 12.7 19.3 23.5 28.5
450 0.2841 5.58 12.8 19.4 23.6 28.6
500 0.3397 5.64 12.9 19.5 23.7 28.7
550 0.3970 5.71 13.0 19.6 23.8 28.8
600 0.4552 5.78 13.0 19.7 23.9 28.9
650 0.5143 5.85 13.1 19.8 24.0 29.0
700 0.5741 5.92 13.2 19.9 24.1 29.1
750 0.6346 5.99 13 3 20.0 24.2 29.3
800 0.6957 6.06 13.4 20.1 24.3 29.4
850 0.7573 6.13 13.5 20.2 24.4 29.5
900 0 8164 6.21 13 ¢ 20.3 24,5 20.6
950 0.8819 6.28 13.6 20.4 24.6 29.7
- 1000 0 9448 6 36 13.7 20.5 24.8 29.9
1050 1 o008 6.43 13 8 20.6 24.9 30.0
1100 1 072 6.51 13.9 20.7 25.0 30.1
1150 1 136 6.58 14 0 20.8 25.1 30.3
1200 1.200 6.66 14.1 20.9 25.2 30.4
1250 1 265 6 74 14.2 21.0 25.4 30.5
1300 1.329 6.82 14.3 21 2 255 30.7
1350 1 395 6 90 14.4 21.3 25.6 30.8
1400 1 460 6.98 14 5 21 4 25.7 31.0
1450 1.526 7 06 14.6 21.5 25.9 31.1
1500 1 592 7 14 14 7 21.6 26.0 31.2
1550 1 658 7.22 14.8 21.7 26.1 31.4
1600 1725 7 30 14.9 21.9 26.3 31.5
1650 1 792 7.38 15 0 22.0 26.4 31.7
17060 1 859 7.46 151 22.1 26.5 31.8
1750 1.926 7.55 15.2 22.2 26.7 32.0
1800 1 994 7.63 15.3 22.3 26.8 321
1850 2 062 7.71 15.4 22.5 26.9 32 3
1900 2 130 7 80 15 5 22.6 271 32.4
1950 2 199 7.88 15 7 22.7 27.2 32.6
2000 2 268 7 97 15 8 22.8 27.3 32.7

An alternative derivation is to use the general formula
H=U+ PV,

but U must be made over into a function of P and T (see
Appendix, Sec. 6.4.).

2.6. The Gibbs Energy Versus Pressure and
Temperature

We use
G(T,P) =H(T,P) — TS, (T,P) (17)

to find values of the Gibbs energy. Listing of G vs T'and Pis
found in Table 11. The isobars of G vs T are found in Fig. 8.

Table 10. Enthalpy vs. P at constant T, H(P,T)

P H(P.300) H(P.500) H(P.1000) H(P,1500) H(P,2000)
(GPa) (ki/g)

0 0.1297 0.3397 0.9448 1.5918 2.268
5 1.50 1.72 2.3 3.0 3.8
10 2.83 3.05 3.7 4.4 5.2
15 4.13 4.36 5.0 5.8 6.6
20 5.41 5.64 6.3 7.1 8.0
25 6.66 6.90 7.6 8.5 9.3
30 7.88 8.13 8.9 9.7 10.6
35 9.09 9.35 10.1 11.0 11.9
40 10.3 10.5 11.3 12.2 13.2
45 11.4 11.7 12.5 13.5 14.5
50 12.6 12.9 13.7 14.7 15.8
55 13.7 14.0 14.9 15.9 16.9
60 14.8 15.1 16.0 17.1 18.2
65 16.0 16.3 17.2 18.2 19.4
70 17.0 17.3 18.3 19.4 20.5
75 18.1 18.4 19.4 20.5 21.7
80 19.2 19.5 20.5 21.6 22.8
85 20.2 20.6 21.5 22.7 24.0
90 21.3 21.6 22.6 23.8 25.1
95 22.3 22.6 23.7 24.9 26.2
100 23.3 23.7 24.8 26.0 27.3
105 24,4 24.7 25.8 27.1 28.4
110 25.3 25.7 26.8 28.1 29.5
115 26.4 26.7 27.8 29.2 30.6
120 27.4 27.7 28.9 30.2 31.7
3 28.7 29.9 31.2 32.7

125 28.
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2.7. Evidence for the Quasiharmonic Model for MgO
out to 2000 K

The variation of C, with T at constant pressure (P = 1
atmosphere) and the computed C, at constant volume
(y = 1) with T, as well as the variation of entropy, both S,
and S, (P=1 atmosphere; y = 1), are shown in Fig. 9. We
find C,, to be classical with little evidence of anharmonicity
in our temperature range. That is, (dC,,/dT), = 0, indicat-
ing that in the density of states the frequencies are a function
of Vbut not of T at least up to about 2000 K.

3. The Strategy of the Calculations
3.1. Zero Pressure Data

In general we followed the principle of the method of
computing thermodynamic functions outlined by Slater.'?
Laboratory data on &, Cp, K, and (dKs/dT), were each
represented by polynomials, and data for each of the quanti-
ties was computed at 10 degree temperature intervals from
300 to 2000 K and then stored in a database. Then, ¥, 61,
C,, and aK; were computed at 10 degree temperature
intervals and stored, and the following were computed
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FIG. 7 The 1sothermal plots of enthalpy H at constant T vs P.

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1990



THERMODYNAMIC FUNCTIONS OF MgO

Table 11. The Gibbs energy vs. T at constant P, G(T,P)
T 6(T,0) G(T,20) &(T,50) 6(T,80) G(T,100) &(T,125)
(X) (kJ/g)
300 -0.0726 5.24 12.5 19.1 23.2 28.2
350 -0.1101 5.22 12.5 19.1 23.3 28.3
400 -0.1547 5.19 12.4 19.1 23.3 28.3
450 -0.2060 5.16 12.4 19.1 23.3 28.3
500 -0.2635 5.12 12.4 19.1 23.3 28.3
550 -0.3266 5.07 12.4 19.1 23.3 28.3
600 -0.3949 5.02 12.4 19.1 23.3 28.4
650 -0.4682 4.97 12.3 19.1 23.3 28.4
700 -0.5459 4.91 12.3 19.0 23.3 28.4
750 -0.6280 4.85 12.3 19.0 23.3 28.4
800 -0.7142 4.78 12.2 19.0 23.3 28.4
850 -0.8042 4.71 12.2 19.0 23.3 28.4
900 -0.8978 4.64 12.1 18.9 23.2 28.4
950 -0.9950 4.56 12.1 18.9 23.2 28.4
1000 -1.095 4.48 12.0 18.9 23.2 28.4
1050 -1.199 4.40 12.0 18.8 23.2 28.4
1100 -1.306 4.32 11.9 18.8 23.2 28.3
1150 -1.415 4.23 11.8 18.8 23.1 28.3
1200 -1.527 4,14 11.8 18.7 23.1 28.3
1250 -1.642 4.04 11.7 18.7 23.1 28.3
1300 -1.760 3.95 11.6 18.¢ 23.0 28.3
1350 -1.880 3.85 11.6 18.6 23.0 28.3
1400 -2.002 3.75 11.5 18.5 22.9 28.2
1450 -2.127 3.65 11.4 18.5 22.9 28.2
1500 -2.254 3.54 11.4 18.4 22.9 28.2
1550 -2.384 3.44 11.3 18.4 22.8 28.2
1600 =2.515 3.33 11.2 18.3 22.8 28.1
1650 -2.649 3.22 1.1 18.2 22.7 28.1
1700 -2.784 3.10 11.0 18.2 22.7 28.1
1750 -2.922 2.99 10.9 18.1 22.6 28.0
1800 -3.061 2.87 10.9 18.0 22.6 28.0
1850 —3.202 2.76 10.8 18.0 22.5 28.0
1900 -3.346 2.64 10.7 17.9 22.5 27.9
1950 -3.491 2.52 10.6 17.8 22.4 27.9
2000 -3.637 2.39 10.5 17.8 22.4 27.9

as a function of T and stored at 10 degree intervals:
fJToo(Cp/T) dT; fsTooCP dT, fgz)oCV daT; fgz)o (Cy/T) dT;

6= — (1/aK)(OK;/dT)p_,o; and 65 = — (1/aKy)
X (IKs/3T) p_o-

The entropy at 300 K (a constant of integration at ¥/
¥V, = 1) was found by integrating {3°[(C, — C,)/T'] dT,
and comparing this with the measured entropy at P = 0 and
T = 300 K. The value of p/p, = 1.0127 1., adT was com-

79

puted from 300 to T and then stored. The values of entropy
and internal energy at 300 K were both calculated for con-
stant V. Values of constant pressure entropy and enthalpy
were copied from the Garvin ez al.” tables.

3.2. Compression Data at Absolute Zero

Using the values of K. = 166.2 GPa, K. = 4.07, and
Po = 3.6312 (all representing estimated values for MgO at
absolute zero), the pressure was calculated for y = V /¥,
intervals of 0.001, as shown in Table 12. The inverse calcula-
tion, vatues of y for integral change in P, is shown in Table
13.

The values of {§P, dy were calculated for insertion into
the internal energy [see Eq. (12)], and listed in Table 13.
The function §}, K dy was evaluated for each isotherm 7%,
using Eq. (21) for K (F) where the lower limit ¥V, is the
volume where P = 0 at temperature 7* for values of P at
intervals of 5 GPa, as listed in Table 13. The values of
{v. K, dV.andof (. P, dV,forthelimits V, = V(T *,P =0)
and V= V(T *,P) were computed and stored for use in the
calculations of U and H.

3.3. The Original Experimental Data and Probable
Errors

Recent measurements® of K up to 1800 K confirmed
the high temperature extrapolations up to 1800 K made by
Sumino et al’ on measurements taken to 1300 K. Isaak
et al’s data® on K, were used over the whole temperature
range.

The values of Cp, S, and H used in these computations
were taken from the thermodynamic tables of Garvin et al.”
Their data give Cp, S, and H up to 2000 K. The values of
Cp—C,, for MgO were tabled by Barron et al.,'° from which
the value of U(300,V /V, = 1) was computed using the ta-
bled U(300,P = 0) value.
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FIG 8. The 1sobaric plots of Gibbs energy G at constant Pvs T.
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Values of K-(0) and K’ appropriate to absolute zero
were needed, and computed as follows:

K (300) __( p(0)
Ks(0)  \p(300)
Table 12

K's
) b

The pressure and the runction I%G(V/Va) vs X

3747

> VsV _>
x=V/Vo B(V/V,) f T PA(V/V,) X=V/V, P(V/V,) f 7 PA(V/V,)
(GPa) * (GPa) (GPa) * (GPa)
1105 -13.4800 0 7709 0 890 24.7070 1 2293
1.100 -12.9894 0.7047 0.885 26.2091 1.3566
1095 -12.4861 0.6410 0.880 27.7522 1 4914
1.090 =11 9697 0.5799 0.875 29.3372 1.6341
1 085 -11.4398 0.5214 0.870 30.9665 1.7848
1 080 =10 8962 0.4655 0.865 32 6402 1.943/7
1.075 -10.3384 0.4124 0.860 34.3603 2.1111
1.070 -9.7663 0.3622 0 855 36.1283 2.2872
1 065 -9 1791 0.3148 0.850 37.9453 2 4723
1 060 -8 5767 0 2704 0 845 39 8126 2.6666
1 055 -7.9586 0.2291 0 R4D 41 7326 2 8704
1.050 -7 3245 0 1909 0 835 43 7065 3 0839
1.045 -6.6739 0.1559 0.830 45 7357 3 3074
1 040 -6 0063 0.1242 0 825 47 8222 3 5412
1035 -5 3214 0 0959 0.820 49.9680 3 7856
1.030 -4 6186 0 0710 0 815 52 1746 4.0409
1 025 -3.8976 0.0497 0.810 54 444b 4 3074
1020 -3 1577 0 0321 0 805 56 7793 4 5855
1015 -2.3985 0.0182 0 800 59 1812 4.8754
1.010 -1.6195 0 0081 0 795 61.6522 5 1775
1.005 -0 8201 0.0021 0 790 64,1949 5.4921
1 n0n n nnno 0N nnan n 785 AR _RT12T S8 R1497
0.995 0 8418 0.0021 0 780 69.5049 6.1605
0 990 1.7054 0 0084 0.775 72 2769 6 5150
0.985 2.5922 0.0191 0.770 75.1304 6 8836
0.980 3.5019 0 0343 0 765 78 0684 7 2666
0.975 4.4356 0 0542 0 760 81.0934 7.6646
0.970 5.3939 0.0788 0 755 84,2082 8.0779
0 965 6.3774 0 1082 0 750 87.4168 8 5070
0.960 7.3871 0.1427 0.745 90 7217 8 9523
0.955 8.4236 0.1823 0.740 94.1260 9 4144
0.950 9 4873 0.2271 0.735 97 6336 9.8938
0 945 10.5792 0 2774 0.730 101 2482 10.3909
0.940 11.7004 0.3331 0.725 104 9734 10.9064
0 935 12 8516 0.3946 0 720 108.8132 11 4407
0 930 14.0334 0 4619 0 715 112 7713 11.9946
0 925 15.2468 0.5351 0 710 116.8524 12 5685
0 920 16 4925 0.6145 0 705 121 0608 13 1631
0 915 17 7723 0 7002 0 700 125 4013 13 7791
0.910 19.0861 0.7924 0 695 129 8786 14 4171
0 905 20 4353 0.8912 0.690 134 4976 15 0780
0.900 21 8212 0 9968 0 685 139.2634 15.7623
0 895 23 2446 1 1095 0 680 144 1823 16 4710

J. Phys. Chem. Ref. Data, Vol. 19, No. 1, 1390

where p(0) = 1.0127p(300). The experiments of Jackson
and Niesler'* show that for MgO, K (300) = 162.5 GPa,
and K 'g = 4.13. These lead to the following values:

K, (0) =166.2 GPa, K,(300) = 160.5 GPa,

K'p=4.17.

Transformations above from the adiabatic to isother-
mal bulk modulus pressure derivative use the following (see

Spetzler ez al.™):

K'y=K's(1 +ayD) ™!

Ce Cv (J g7 K™)

lrs T (7/(961 +a (9}/ )
(1+ayT*)\' oPIr oP\r
Table 13  The compression,
X - Y/Vo, and the functions fde
and JPdx ve P
P Xx=V/V, f:rdP j:de
(GPa) (Gpa) (GPa)
0 1.000 0 0000 0 0000
5 0 972 4 9284 0.0684
10 0 948 9 7261 0 2466
15 0 926 14 4090 0.5200
20 0 907 18.9896 0.8509
25 0 280 22 4770 19542
30 0 873 27 8822 1 6934
35 0 858 32 2095 2 1805
40 0 845 36 4658 2 6666
45 0 832 40 6561 3.2168
50 0 820 44 7850 3 7856
55 0 809 48 8565 4 3621
60 0 798 52 8739 4 9948
65 0 788 56 8405 5 6216
70 0 779 60 7591 6 2303
75 0.770 64 6321 6 8836
80 0 762 68 4619 7 5036
85 0 754 72 2505 8.1624
90 0 746 75 9999 8 8619
95 0 739 79 7118 9.5089
100 0 732 83 3877 10 1899
105 0 725 87.0292 10.9064
110 0 719 90.6377 11 5500
115 0 712 94 2145 12 3365
120 0 706 97 7606 13.0425
125 0 701 101 2773 13 6542
130 0 695 104 7655 14 4172
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F1G 10 The volume thermal expansivity a of Mg,S10,, according to three experimentalists: Suzuki et al.,'
White er al.,'® and Matsu and Manghnam'”; data taken to 1200-1300 K, extrapolations of the upper

and lower cases taken to 2000 K.

From this equation we get
Kr=04ayD '[K's+ayT(6r +9)], (18)

where
- _ (ﬁ)é’l
T v/ dP

dlna qzalny
P |+ dmmV
Kr=Ks(1+ayD) .

(3,.:— T s
T

Analysis® of the measurements shows that 8, = 5.48 for
MgO, and g =dIn y/dIn V= 1.5. Thus we find from Eq.
(23) that K’ changes from 4.13 at 300 K to 4.17 at 0 K,
which is used in Egs. (7) and (16).

Of importance to the calculation of the thermodynam-
ic functions is the parameter w given by Eq. (2); w
= (dK;/dT), . In general this is a small number compared
to (dK/dT) p (see Table 2), but for some solids it may be
temperature dependent. Its P = 0 value is computed from
the measurements given by the balance between (9K ;-/37T) »
and aK,(9K;/IP), the first term being negative and
the second positive. if (dK,/d1’), 1s zero, making Eq. (2)
zero, than we know from a thermodynamic identity that
(8aK;/dV) + is zero. But in general Eq. (2) is not zero,
although it is often a small quantity. Also of importance is
the value of the temperature dependence of (dK;/IP) ,, or
(d*K;/dPdT). For MgO, Spetzler'* found d?K,/dTdP
= 0 up to 800 K. We assumed this continued up to 2000 K.

For MgO we find that wis in the range 2-10 MPa/K, or
less than 1% of the value of (0K ;-/9T) p, and it is negative.
This means that the error arising from w is negligible, even if
(0K /0P) 1 turns out to be a function of 7 at high pressure.

The most serious uncertainty in the application of the
equations presented in this paper to other solids arises from
the uncertainty in the thermal expansivity at high 7. The

situation on the agreement on « is not bad for MgO, and so
uncertainty in @ does not affect these results. But the thermal
expansivity reports on Mg,SiO,, for example, illustrate that
in general there is a problem in applying these equations to
other solids at high temperature.

The data for high-temperature thermal expansivity of
Mg,SiO, are shown in Fig. 10 for these experimentalists:
Suzuki et al.'>; White ez al.'®; and Matsui and Manghnani.'’
As can be seen the extrapolations of these three thermal ex-
pansivities lead to quite differing values of @ at 2000 K. This
would lead to uncertainty in ¥, @K 7, and entropy. The most
serious problem in evaluating the thermodynamic functions
in the high-temperature regime (near 2000 K) is the dearth
of information on « in this region. In general, an error of
20% in a at 2000 K, as shown in Fig. 10, would lead to a 7%
error in entropy at y = 0.7 and T = 2000 K, but to virtually
noerror at y = 1. Anerror of 209 in « at 2000 K would lead
to about 1% error in U and H, since these functions are
dominated by the integrals of the equation of state, and «
affects only the density.
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