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High-pressure lattice dynamics and thermoelasticity of MgO
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We present arab initio study of the thermoelastic properties of MgO over a wide range of pressure and
temperature. Phonon dispersions for equilibrium and strained configurations are obtained from density-
functional perturbation theory. They are used to calculate thermodynamical potentials within the quasihar-
monic approximation and several derived quantities of physical interest without further approximations. These
include the temperature dependence of individual elastic constants at high pressures. Extensive and successful
comparisons with experimental data demonstrate that the quasiharmonic approximation combinak with
initio phonon calculations provides an important theoretical approach for exploring thermodynamical proper-
ties of materials over a considerable pressure-temperature regime.

. INTRODUCTION GPa at ambient temperattifeand up to 1800 K at ambient
pressure?®
The high-pressure high-temperature behavior of MgO has Several theoretical methods have been applied to MgO;
long been a subject of great interest for experimental angeveral of these studies were based on semiempirical or sim-
theoretical investigations for several reasons. MgO is oftefplified nonempirical model¢e.g., potential-induced breath-
regarded as a prototype oxide due to its structural simplicitynd mode).”"" Lattice dynamics of MgO has been studied
and wide pressure-temperature stability field. It is an imporfrom first principles only at zero presstfalthough its elas-
tant component of Earth’s lower mantié60 to 2890 km ticity has been determined at high pressurere, we report
depth existing as magnesicustite—(Mg,FeO. In addition, the phonon d_|sperS|ons of MgO as a funcyon of pressure
it is also useful as a pressure standard in x-ray diffractiorPPtained by linear-response calculations within the frame-

experiments and as an industrial ceramic. work of density functlona_ll perturbation theoly/Using them
we have recently studied the cross pressure-temperature

Lattice vibrations account for a number of macroscopic _._.. . ) .
roperties of solids such as thermal expansion, specific he ariations of glast|c cp_nsta . In this paper, several other
P ' ermodynamic quantities of interest such as thermal expan-

and entropy. They can also b? used to sFudy the temperatug%ity, heat capacity, and entropy are derived from the calcu-
dependence of elastic moduli. Propagation of elastic wWaveSiad vibrational spectrum within the quasi-harmonic ap-
in a medium and their dependence on direction can be inve?)'roximation.

tigated from knowledge of the single crystal elastic con-

stants. Particularly, the high-pressur@®) and high-

temperaturgT) behavior of the elastic wave velocities and Il. METHOD

anisotropy of geophysically relevant phases like MgO are of - compytations are performed using the density functional
immediate significance in interpreting seismological Obser'perturbation theoryDFPT) (Ref. 18 within the local density
vations of Earth’s deep interior. Lattice dynamics and e|asapproximatior?.° Mg pseudopotential is generated by the
ticity, as they are governed by interatomic forces, can benethod of von Barth and Cat.In this scheme a simple
expected to provide significant indication of changes inanalytic form for the pseudopotential is assumed whose pa-
structure and nature of bonding induced by pressure and teriameters are determined by minimizing the squared differ-
perature. ences of pseudo and all-electron wave functions for a hum-
Experiments have shown that MgO is stable in the Blber of configurations. Five configurations?33p°, 3s! 3p?,
phase up to at least 227 GPapnsistent with theoretical 3s' 3p%® 3d%5, 3s! 3p®5 and 3' 3d! with decreasing
predictions?~® While its phase stability and equation of state weights 1.5, 0.6, 0.3, 0.3, and 0.2 respectively, are used. The
are widely studied by experimenitg;**measurements of vi- core radii arer(3s)=2.4 a.u.;r(3p)=3.0 a.u.;r(3d)=3.5
brational and elastic properties of MgO are limited. Its vibra-a.u. withd local. The O pseudopotential is generated using
tional spectrum at ambient conditions is well knoWrRres-  the method of Troullier and MartfA from the configuration
sure dependence of six vibrational modes has been measurge? 2p* with core radiir (2s)=1.45 a.u., and (2p)=1.45
by using the sideband fluorescence methothe latest mea- a.u., and withp locality. A plane wave basis set with cutoff
surements of single-crystal elastic constants at simultaneows 90 Ry is used to expand the valence electronic wave func-
P—T conditions are limited to 8 GPa and 1600(Ref. 14  tions. Brillouin zone summations of electronic quantities are
whereas the elasticity data have been obtained up1®  performed over 6 specid points for the equilibrium struc-
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ture, and larger numbers of equivalent points for the de-
formed lattices.

Frequenciesw(q) and polarization vectora,(q) of
phonons with wave vectorg are determined by the diago-
nalisation of the dynamical matrix

1
Dif,(q)=\/=2| @7, (0 Hexd —ig-(Xg—x)]

KmK

Volume (A%)

which satisfies the eigenvalue problem

2 Do (AU, (@)= 0*(Q)u(0).

Here an infinite crystal is divided up into primitive cells
(labeled byl) each containing atoms(labeled byx) with

ionic massm, . The real space interatomic force constants 0. = '50' = '100' - '150' - .200
(I)if,(o I) include ionic and electronic contributions, so Pressure (GPa)
(I’ifr(o |):¢’zfr(0 |)i0n+¢’czfr(0 Dol FIG. 1. Pressure-volume equations of state for the static lattice

and at 300, 1000, 2000, and 3000 K isotheftimes from bottom to
The ionic contribution can be calculated from Ewald sumstop). The experimental data at room temperature are denoted by
The electronic contribution can be expressed as squaresRef. 9, crosseqRef. 10, triangles(Ref. 11 and circles

(Ref. 1. The inset shows comparison with the dégmbolg ob-
ap(r) dVien(r) tained under hydrostatic conditiofRef. 24.

apB —
PO ')e'_f ug(0) auf,(1)

culated energy-volume results yieldg=18.48 A3, K,
F*Vion(T) 3 =169 GPa,K,=4.18, andKj=—0.025 GPa’. The pre-
o7ufj(0)(9uﬂ,(l) ' dicted pressure-volume results compare well with the room

“ temperature experimental data'*over a wide pressure re-
wherep(r) is the electron density/j,n(r) is the ionic poten-  gime (Fig. 1). The agreement with experiments improves
tial, anddp(r)/duy(0) represents the density response of thefurther when the zero-point motion and finite temperature
system to a displacement of tlkeatom in the reference cell corrections are included, as we show later.

(I=0) along thea direction. This linear electron-density
response can be calculated self-consistently using DFPT. It is B. Lattice dynamics
convenient to treat lattice displacements with a given period-

icity g, u®(l)=u?(q)exdiq-x]1, since the corresponding E

linear density reigonse has the same periodicity and the d)é—t several volumegor pressureswithin the linear response
namical matrixD ., (q) and the corresponding phonons can ¢ramework. Dynamical matrices are computed at eight wave
be determined directly at any wavevectpin the BZ with- (q) vectors in the irreducible wedge of BZ, i.e., onx4
out need of supercells. _ X4 q grid, and are used for interpolation to obtain the bulk
~ Since MgO is a polar compound, the macroscopic electrighonon dispersions. The predicted dispersion curves along
field caused by the long-range character of the Coulomieyeral symmetry directions at zero and 100 GPa are shown
forces contributes to the LO phonon in the long-wavelengthp, Fig. 2. The phonon frequencies at high-symmetry points
(a—0) limit. This effect is included by calculating the  x andL are also given in Table I. Our results at zero
nonanalytical behavior of the force constants as given by pressure conditions are in agreement with the neutron-
N . scattering data at ambient condititinand with previousab
Ame? (9-27)o(q-Z,)p initio resultst’

\Y, g-€.-Q ' The volume dependence of the frequencies can be ex-

pressed by the mode Greisen parameters

+p(r)

MgO exists in the rock-salt structuréspace group
m3m). The vibrational frequencies of MgO are determined

where tensor&* ande,, are, respectively, the Born effective
charges and the macroscopic high-frequency static dielectric yi=—dInw/dInV.
constant which are also calculated self-consistently using ' '
DFPT. Dispersion curves for mode Qmaisen parameters at zero
pressure are shown in Fig. 3. The acoustic moden€isen
IIl. RESULTS AND DISCUSSION parameters in the limit off—0 depend on the direction the
zone center is approached from and hence they show discon-
tinuities atl". The values of six vibrational modes measured
We first determine the equilibrium volume of MgO by in the sideband spectra of MgO:Cr ranges from 0.98 to
calculating the total energy per primitive cell as a function of1.69 from Ref. 13. Our study provides upper and lower
volume. A fourth-order finite strain equatiotfit to the cal-  bounds on the value of;’s, which are 0.4 and 2.8, respec-

A. Static lattice
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FIG. 3. Mode Graeisen parameters at zero pressure. The dotted
lines represent acoustic modes.

r L xwi where the first, second, and third terms are, respectively, the
FIG. 2. Phonon dispersions at 0 and 100 GPa. Symbols ar[pte_rnal_, zero point, and vibrational contributions. _The sum-

experimental data at ambient condititRef. 12. mation is performed on a 3212x 12 regularg mesh includ-

ing 1728 points in the first BZ that are found to be sufficient

tively, at zero pressure and 0.3 and 1.7, respectively, at 100" convergence. At the level of the QHA, frequencies de-
GPa. The mode Gneisen parameters are found to be posi—pend on volume while intrinsic anharmonic effects arising

tive throughout the BZ for all branche&ig. 3 suggesting oM phon_orr]\-phonon interacgor;l are negt:ected. The latter in;
that none of the modes soften with compression and MgO i$reases with temperature and the QHA becomes increasingly

dynamically stable. The pressure dependencE,of andL ess adequate at high temperatures. On the other hand, anhar-
phonons is nearly linear at high pressur@g. 4). The monic effects become less important with increasing pres-
LO-TO splitting atl" remains nearly unchanged with com- SUTe: With decreasing volume the leading harmonic term in

pression. A similar trend is shown lhymodes but the split- the expansion _Of the potential energy in terms of atomic_
ting increases rapidly with pressureXat displacements is expected to become mcreasmgl_y predomi-
The calculated value of the static high-frequency dielecN@nt, so the QHA generally works well over a wider tem-
tric constant constante(,) is 3.10 compared to the experi- perature range at elevated pressures.
mental value of 2.94 at ambient condition. As pressure rises,
€,, decreases monotonically to 2.8 at 150 GPa. Our results
show that the Born effective charges {.93 for Mg and O Isothermal fourth-order finite strain equatiéhsre used
ions) at zero pressure are close to formal ionic value of 2 buto obtain functional forms for the calculated Helmholtz free
decrease slightly with increasing pressure1(77 at 150 energy versus volume. The resulting pressure-volume equa-
GPa. tion of state(EQS isotherms are shown in Fig. 1. The 300 K
isotherm lies slightly above the static result and agrees fairly

1. Equation of state

C. Thermoelastic properties

. . . . 1100
In the quasiharmonic approximatiqi@HA), the Helm-
holtz free energy is given by
900
1
F(V.T)=Uo(V)+ 5 2 hoj(q,V) ~
a.j T
E 700
+kaTY, In{1—exq —he;(q,V)/ksT1}, g
@ % 500
TABLE |. Calculated zero pressure phonon frequendiies *
cm 1) of MgO atI', X, andL compared with experimentRef. 12 300
and previous calculation&Ref. 17).
XTA
l—‘TO 1—‘LO XTA XLA XTO ><LO I-TA I-LA I-TO I-LO 100 L 1 1 1 1
) -20 20 60 100 140
This study 414 710 289 433 464 555 287 548 371 570 Pressure (GPa)
Prev Cal 391 709 288 420 446 552 274 547 357 569
Exp 408 718 299 422 443 554 288 369 FIG. 4. Pressure dependence of the frequencies of high symme-

try phonons [, X, andL).
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TABLE II. Calculated thermodynamic parameters of MgO at ambient conditions, compared with experi-
ments and previous calculations.

V. Ky Kb KY O (dK/dT) ax107° oy, Cp S
A% GPa GPa' GPaK! K! Jmol 'Kt J molrtk 1
This Study 18.81 159 4.30 -0.030 -0.0266 3.10 1.542 37.06 26.65
VIB (Ref. 7 18.70 153 4.68-0.05 388 ~14
PIB (Ref. 5 18.66 180 4.15-0.026 239 145
Exp. (Refs. 16,24,25 18.69 1602) 4.15 —0.027 3.1216) 1.548) 37.67

well with the observed data®'!The calculated EOS param- model® This is an indication of the inadequacy of the QHA
eters of MgO at ambient conditions are shown in Table Il.at high temperatures and low pressures. As shown by mo-
The effects of the zero point motion and room temperaturdecular dynamics simulations based on variational induced
are to increas¥, (volume by ~2% and decreasé, (iso-  breathing(VIB) model! the inclusion of anharmonic effects
thermal bulk modulusby ~6% from their athermal values tends to give rather slow and linear high temperature depen-
given by the static calculations. The calculated parameterdence of« at zero pressure. With increasing pressute,

are found to be in agreement with observed experimentalecreases rapidly, and the effects of temperature become less
data obtained under hydrostatic conditidhSimilarly, our  and less pronounced resulting in linear high temperature be-
results at 1100 K oVy=19.44 A3, K;,=136 GPa, and havior. Our results show that converges to a constant value

K1o=4.48 (Kjo=—0.039 GPal) compare well with the
experimental daf4 of 19.31 A%, 1353) GPa, and 4.20.
The value of our calculated thermal expansivity

1|9V

at high temperatures and high pressures. The calculated
value compares well with the average valueaobetween

300 and~3300 K in the pressure range of 169 to 196 GPa
obtained from the shock-wave experimeffts.

The thermal Groeisen parameter which is useful in re-
ducing high-temperature equation of state in shock-
compression experiments is defined as
is 3.11x 10 ° K~ ! at zero pressure and 300 K in agreement
with the measured valé®of 3.12< 10" ° K~ 1. As tempera-
ture risesg is found to increase relatively rapidly compared
to the experimental dazt%l(Fig. 5); the difference between ] . .
theory and experiment is 7% at 1000 K whereas it exceed¥hereCy is the heat capacity at constant volume. It is also a
25% at 2000 K. Beyond 1000 K or so, the deviation in-useful indicator for the importance of anharmonicity, in-
creases rapidly &k approaches the melting point-@000 K creasing with the latter. At zero pressure, the calculatgd
for MgO). Similar behavior was predicted by previous cal-increases monotonically with temperature from its room tem-
culations based on the potential induced breathipgg)  Perature value of 1.54 whereas experiméhtsave found
that vy, remains nearly constant at 1.%5Rig. 6). As in the

a=

V|aT

P

Va'KT

'yth:C—Vv

—
10 b
This study ]

N —

o]
T

»

Thermal Expansivity (10"5K'1)
Thermal Gruneisen Parameter

n n n 1 n n n n 1 n n n n
0 1000 2000 3000
Temperature (K) )

1000 2000 3000

Temperature (K)
FIG. 5. Pressure and temperature dependence of thermal expan-

sivity. The isobars at 0, 10, 30, 60, 100, 150, and 200 GPa are FIG. 6. Pressure and temperature dependence of thermat Gru
represented by solid lines from top to bottom. Experimental data a¢isen parameter. The isobars at 0, 10, 30, 60, 100, and 150 GPa are
ambient pressure are denoted by cirdRRef. 25 and those at 169— represented by solid lines from top to bottom. Experimental data at
196 GPa by diamon¢Ref. 26. Dashed lines are PIERef. 5 and ambient pressure are denoted by circles Ref. 16. Dashed lines are
VIB (Ref. 7) calculations at zero pressure. PIB (Ref. 5 and VIB (Ref. 7 calculations at zero pressure.
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to determinec from the free energy density to second order
in e using
Fe=3cse’.

The shear elastic constacy, is obtained by applying shear
strain
0 e e
es=| € 0 e
e e O

for which the free energy density to second ordeeiis
Fsh: 6C44€2.

Note that the above strains conserve volume only to first
rder ine so corrections for the second order change in vol-
f&ne are included into the free energy density. Different mag-

represented by solid lines from top to bottom. Experimental data a'f'itUdeS €=0.01, 0.02, and 0.03of the strain are used to

ambient pressure are denoted by symhb@slse, Ref. 16 Dotted

determinec, in the limit of zero strain. However, the single

lines represent the constant volume specific heat at 0 and 150 GPglue ofe = 0.02 is used in the case of, as its value is

found to be insensitive to the magnitude of the strain used.

case of thermal expansivity, strong temperature dependent¥€ Study the temperature dependencecofand cyy for
of y, at low pressure is attributed to the QHA. However, atWhich the adiabatic and isothermal values are equal by cal-

higher pressuresyy, is found to be nearly independent of
temperature. The volume dependenceygfis usually ex-
pressed by a parametgr= (d In y,/d In V). We find that at

culating the quasiharmonic free energies from the phonon
dispersions of the strained lattices at several volumes. In
other words, it requires the calculation of strain dependence

zero pressuray decreases from 1.39 to 1.2 from 300 to 10000°f the free energy at the volume corresponding to a given

K, and then increases to 1.32 at 3000 K. At all temperature
the calculated value o rapidly decreases with increasing
pressure. The calculated value at 150 GPa is 0.65 at 300
and ~0.5 at higher temperatures.

Jdemperature and pressure. Our calculated free energies and

elastic moduli thus include contributions from volume and
gtrain dependent phonon frequencies.
The predicted zero pressure elastic moduli of MgO for

Heat capacity and entropy are calculated from phonor?tatic lattice and at 300 K are shown in Table Ill. Our results

frequencies within the QHAFig. 7). The heat capacity at
constant pressureCp) is given byCp=Cy(1+ ayT) so
the difference inC,, and Cp gives a measure of lattice an-
harmonicity. The calculated values @f, andCp at ambient
condition are 36.53 and 37.06 J molK ™1, respectively,
compared to the experimental vatfief Cp=237.67 J mot!

K~1. At zero pressure, with increasing temperature beyon

1000 K, Cp deviates rapidly fronC,, and the experimental

value, indicating the failure of QHA. But at high pressure,
Cp shows a slight linear increase with temperature remainin
close toCy at all temperatures. The entropy is shown to be

26.65 J mol't K1 at ambient condition. Unliker, vy, and

Cp, the high temperature dependence of entropy is nearl

insensitive to pressure.

2. Elastic moduli

The isothermal bulk modulukKy is related to the adia-
batic bulk modulusKg by Ks=K+(1+ ayy,T). The fitting
EOS parameters are used to calcul&teand hence&g as a
function of pressure and temperature. Witkg=(cq;
+2c1,)/3, two independent adiabatic elastic constanis
and ¢4, are determined by calculatingg=cq;—C1,. At a

are in agreement with the measured data at ambient
conditions™ The zero point motion and 300 K effects are
relatively large forc,,, compared ta@,, andc,,, decreasing
the values ofc,; and c,, by 8 and 3%, respectively, but
increasing the value of,, by 1%. The overall agreement
with measurements is substantially better than previous cal-
&ulations. In  particular, previous pseudopotential
calculation® appear to underestimate the elastic moduli
(largely if zero point and 300 K temperature corrections are
aken into accountas it has also overestimated the volume,
hereas PIB resuftsare substantially overestimaté@iable
).

Our calculated elastic moduli at zero pressure, in general,
¥gree well with experimental daf#” over a wide tempera-
ture range(Fig. 8. However, the calculations appear to in-
creasingly deviate from the experimental trend at tempera-
tures roughly above 1000 K where the QHA approximation
is shown to overestimate the thermal expansion significantly.
The predicted results for initial pressure dependencies of the
elastic moduli at room temperature also compare fairly well
with the available low pressure dat&ig. 9 from Refs.
15,28.

The temperature dependence is shown to be sensitive to

given volume, the unit cell is distorted with tetragonal strainpressure to different extents for different elastic constants
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disagree with recent cro$3T experimental datéto 8 GPa
and 1600 K.'* The calculated mixe®-T derivatives at am-
bient conditions chij [dPJT) are much smaller in the mag-
nitude and opposite in the sign compared to the observed
values* (Table Ill). However, our results are comparable to
the earlier dat® from the experiments to 800 K and 0.8
GPa, and also to those predicted by the PIB model
calculations’ In particular, we find that the cross derivative
of ¢, is small and negative{0.06<x10" 2 K1) at 0 GPa

but it becomes positive beyond 20 GPa and slightly increases
] in magnitude, whereas the value of 51072 K~ ! in Ref.
——————————— 14 is relatively large in magnitude. Accordingly, the mea-

] sured cross derivative value for bulk modulu&df is large

and positivelabout 3.0< 10”2 K1) but that for shear modu-
lus (G) is large and negativéabout —1.8x10 3 K1)
(Table IIl). With raising temperature from 300 to 1000 K,
measuredK 5 decreases from its room temperature value by
~8% at zero pressure bitg increases with temperature at

300

200

100

Elastic Modulus (GPa)

150

50 Lo

C AT P pressures above 6 GPa. The sizes of temperature-induced
0 1000 2000 3000 decrease irG are ~13 and~17%, respectively, at 0 and 6
Temperature (K) GPa. Thus the measured cross derivative value of the bulk

FIG. 8. Calculated temperature dependence of elastic moduli arpvodru:us ar?pctjaas’sl t%)bg \;er); Igirgte,danrd 'S Igd?isdtit\t]e Iarrgest
zero pressurésolid lineg, compared to experimental dafRef. 16 ever reported value. Lur predicted cross derivatives are

denoted by circles, and PIB calculatioffgef. 5 denoted by dashed i“St_e"’!d rel_atively small and positive so t_emperature-induced
lines. variations in both bulk and shear moduli are monotonically

suppressed by pressure. The calculated isotherms converge
(more rapidly in shear than bulk modulwith increasing

(Fig. 9. The calculated isotherms are nearly parallelPréssure becoming nearly parallel at very high pressures

throughout the pressure range studied pwhereas the iso- (Fig. 9_)' L . N
therms tend to converge at low pressures but remain nearl% While the uncertainties in the experiments are significant,
parallel at high pressures in,. The temperature shift io, e reason for the discrepancy between theory and latest

shows slight nonmonotonical trend with pressure; therc]weasdured”?k?{é 'S unkn(cj)wn. That gur ca:jlcula}nonsftrrt]aprcl)- i
temperature-induced increasecip at first falls slightly up to ~ @4¢€d WE the measured pressure gependencies of tne elastic
20 GPa and then rises at higher pressures. Our predict oduli at ambient temperature and the measured temperature

Cross pressure-temperature variations of the elastic mod ependence ‘.F’lt _ambient pressure sugges'.[s that the predicted

cross P-T variations of the elastic moduli should also be
equally accurate. This is further substantiated by the fact that
the QHA should work even better at higher pressures. It is
important to note that unlike first-order pressure or tempera-
ture derivatives, the crosB-T derivatives are difficult to
constrain in the experiments and are likely to be sensitive to
the P-T range studied.

o
(=3
(=)

IV. CONCLUSIONS

[¢]
0

The vibrational spectrum of MgO has been investigated
up to 150 GPa using density functional perturbation theory
and several thermodynamical quantities of interest have been
derived within the quasi-harmonic approximati¢é@HA).

The calculated mode Gneisen parameters span the range of

0.4 to 2.8 at zero GPa and 0.3 to 1.7 at 100 GPa indicating

the dynamical stability of the rock-salt structure over a wide

pressure range. Pressure dependencies of the frequencies are

. . . . shown to be linear at high pressure. By calculating the free

0 Pfgssure (C;gf;) 150 0 Pfgssure (c;gg) 150 energies from phonon dispersions of equilibrium and
strained lattices within the QHA, several physical quantities

FIG. 9. Pressure variation of elastic Moduli along 300, 1000,0f interest are determined as a function of temperature and
2000, and 3000 K isotherngsolid lines from top to bottom foc,;, ~ Pressure. At zero pressure, the temperature dependence of
Cas, K, andG, and those from bottom to top fay,). Thick lines  thermal expansivity, thermal Gneisen parameter, and con-
are low pressure experimental data at 3B@f. 19 and 1000 K  stant pressure heat capacity is found to be in agreement with
(Ref. 14, the experimental results at low temperatures but the

Elastic Modulus (GPa)
n
[#]

80
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TABLE Ill. Calculated pressure and temperature derivatifesn fourth order polynomial figsof elastic
moduli of MgO compared to experiments and other calculations.

This Study Exp(Refs. 14-16,2P PIB (Ref. § PWPP (Ref. 8

iy 300, 323° 297.915) 308 290
Cio 93.6, 922 95.910) 119 92
M Cas 147, 1522 154.420) 188 138
(GPa Ks  162.4, 16%F 163.210) 182 158
G 127.6, 135} 130.210) 143 121
Ci1 9.56 9.0%20) 8.20 9.16
Cio 1.45 1.3415) 2.08 1.64
M/ 9P Cas 1.03 0.8420) 0.95 0.81
Ks 4.15 4.q1) 4.12 4.15
G 2.44 2.41) 2.37
Ci1 —0.0598 —0.0585 —0.053
Cio 0.0089 0.0075 0.002
aM/aT Cas —0.0088 —0.0126 —-0.012
(GPa K1) Ks —0.0140 —0.0145 —-0.016
G —-0.0216 —-0.024
Ciy 0.56 —1.3(4),0.14) 0.52
Cio —0.06 5.124),0.1(3) 0.03
PM[IPIT Cas 0.20 —0.2(3),0.11) 0.25
(X107 %K™ 1Y) Ks 0.14 3.915),0.1(3) 0.19
G 0.44 —1.8(10),0.12)

8 or the static lattice.

predicted behavior starts to deviate from the experimentally Elasticity at high pressures and temperatures is a particu-
observed linear trend beyond1000 K. It is shown that with  larly significant topic to Earth sciences. The pressure-
increasing pressure, temperature effects are suppressed temperature range pertinent to the Earth’s manieup to
sulting in a linear high temperature behavior. Each of thesd35 GPa,T up to 3000 K is very challenging for experi-
guantities is shown to converge to a nearly constant value ahents. Here we demonstrate that the QHA combined with
high pressure and temperature. Similarly, the experimentall§irst principles phonon calculations successfully describes
determined ambient values and initial presse 300 K  thermoelastic properties of MgO, an important Earth forming
and temperatur¢at 0 GPa dependencies of elastic moduli mineral, within the pertinent pressure-temperature range.
are reproduced well by our calculations. The contributionsThis potentially represents an important approach for explor-
from zero point motion and 300 K to the elastic moduli areing materials properties over a considerable temperature
shown to be significant~8% in c;; and ~6% in bulk  range at elevated pressure, especially Earth forming phases
modulus, therefore, one should be careful in comparing thewithin the geothermal profile.

athermal(statig results with the ambient experimental data.
Our predicted cross pressure-temperature derivativeg'sf
are considerably smalléwith opposite sighthan those ob-
tained in the latest experimefitso 8 GPa and 1600 K, how-  This work was supported by NSF EAR-9628042. Com-
ever, they are consistent with those obtained in earlieputing facilities are provided by Minnesota Supercomputing
experiment$? In particular, we notice that the value of cross Institute. B.B.K. acknowledges a Research Scholarship from
derivative ofc,, as implied by the latest experiments is un- Minnesota Supercomputing Institute. S.d.G. and S.B. ac-
usually large, resulting in a sharp contrast in cieésb varia-  knowledge support from MURST under the initiatigzo-
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