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High-pressure lattice dynamics and thermoelasticity of MgO
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We present anab 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 combined withab
initio phonon calculations provides an important theoretical approach for exploring thermodynamical proper-
ties of materials over a considerable pressure-temperature regime.
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I. INTRODUCTION

The high-pressure high-temperature behavior of MgO
long been a subject of great interest for experimental
theoretical investigations for several reasons. MgO is of
regarded as a prototype oxide due to its structural simpli
and wide pressure-temperature stability field. It is an imp
tant component of Earth’s lower mantle~660 to 2890 km
depth! existing as magnesiowu¨stite—~Mg,Fe!O. In addition,
it is also useful as a pressure standard in x-ray diffract
experiments and as an industrial ceramic.

Lattice vibrations account for a number of macrosco
properties of solids such as thermal expansion, specific h
and entropy. They can also be used to study the tempera
dependence of elastic moduli. Propagation of elastic wa
in a medium and their dependence on direction can be in
tigated from knowledge of the single crystal elastic co
stants. Particularly, the high-pressure~P! and high-
temperature~T! behavior of the elastic wave velocities an
anisotropy of geophysically relevant phases like MgO are
immediate significance in interpreting seismological obs
vations of Earth’s deep interior. Lattice dynamics and el
ticity, as they are governed by interatomic forces, can
expected to provide significant indication of changes
structure and nature of bonding induced by pressure and
perature.

Experiments have shown that MgO is stable in the
phase up to at least 227 GPa,1 consistent with theoretica
predictions.2–8 While its phase stability and equation of sta
are widely studied by experiments,1,9–11measurements of vi
brational and elastic properties of MgO are limited. Its vib
tional spectrum at ambient conditions is well known.12 Pres-
sure dependence of six vibrational modes has been meas
by using the sideband fluorescence method.13 The latest mea-
surements of single-crystal elastic constants at simultane
P2T conditions are limited to 8 GPa and 1600 K~Ref. 14!
whereas the elasticity data have been obtained up to;19
PRB 610163-1829/2000/61~13!/8793~8!/$15.00
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GPa at ambient temperature15 and up to 1800 K at ambien
pressure.16

Several theoretical methods have been applied to M
several of these studies were based on semiempirical or
plified nonempirical models~e.g., potential-induced breath
ing model!.5–7 Lattice dynamics of MgO has been studie
from first principles only at zero pressure17 although its elas-
ticity has been determined at high pressure.8 Here, we report
the phonon dispersions of MgO as a function of press
obtained by linear-response calculations within the fram
work of density functional perturbation theory.18 Using them
we have recently studied the cross pressure-tempera
variations of elastic constants.19 In this paper, several othe
thermodynamic quantities of interest such as thermal exp
sivity, heat capacity, and entropy are derived from the cal
lated vibrational spectrum within the quasi-harmonic a
proximation.

II. METHOD

Computations are performed using the density functio
perturbation theory~DFPT! ~Ref. 18! within the local density
approximation.20 Mg pseudopotential is generated by th
method of von Barth and Car.21 In this scheme a simple
analytic form for the pseudopotential is assumed whose
rameters are determined by minimizing the squared dif
ences of pseudo and all-electron wave functions for a nu
ber of configurations. Five configurations 3s2 3p0, 3s1 3p1,
3s1 3p0.5 3d0.5, 3s1 3p0.5, and 3s1 3d1 with decreasing
weights 1.5, 0.6, 0.3, 0.3, and 0.2 respectively, are used.
core radii arer (3s)52.4 a.u.;r (3p)53.0 a.u.;r (3d)53.5
a.u. with d local. The O pseudopotential is generated us
the method of Troullier and Martin22 from the configuration
2s2 2p4 with core radiir (2s)51.45 a.u., andr (2p)51.45
a.u., and withp locality. A plane wave basis set with cuto
of 90 Ry is used to expand the valence electronic wave fu
tions. Brillouin zone summations of electronic quantities a
performed over 6 specialk points for the equilibrium struc-
8793 ©2000 The American Physical Society
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ture, and larger numbers of equivalent points for the
formed lattices.

Frequenciesv(q) and polarization vectorsuk(q) of
phonons with wave vectorsq are determined by the diago
nalisation of the dynamical matrix

Dkk8
ab

~q!5
1

Amkmk8
(

l
Fkk8

ab
~0 l !exp@2 iq•~x02xl !#

which satisfies the eigenvalue problem

(
k8

Dkk8~q!uk8~q!5v2~q!uk~q!.

Here an infinite crystal is divided up into primitive cel
~labeled byl ) each containingr atoms~labeled byk) with
ionic massmk . The real space interatomic force consta
Fkk8

ab (0 l ) include ionic and electronic contributions, so

Fkk8
ab

~0 l !5Fkk8
ab

~0 l ! ion1Fkk8
ab

~0 l !el .

The ionic contribution can be calculated from Ewald sum
The electronic contribution can be expressed as

Fkk8
ab

~0 l !el5E F ]r~r !

]uk
a~0!

]Vion~r !

]uk8
b

~ l !

1r~r !
]2Vion~r !

]uk
a~0!]uk8

b
~ l !Gd3r ,

wherer(r ) is the electron density,Vion(r ) is the ionic poten-
tial, and]r(r )/]uk

a(0) represents the density response of
system to a displacement of thek atom in the reference ce
( l 50) along thea direction. This linear electron-densit
response can be calculated self-consistently using DFPT.
convenient to treat lattice displacements with a given peri
icity q, uk

a( l )5ũk
a(q)exp@iq•xl #, since the correspondin

linear density response has the same periodicity and the
namical matrixDkk8

ab (q) and the corresponding phonons c
be determined directly at any wavevectorq in the BZ with-
out need of supercells.

Since MgO is a polar compound, the macroscopic elec
field caused by the long-range character of the Coulo
forces contributes to the LO phonon in the long-wavelen
(q→0) limit. This effect is included by calculating th
nonanalytical behavior of the force constants as given by

4pe2

V

~q•Zk* !a~q•Zk8
* !b

q•e`•q
,

where tensorsZ* ande` are, respectively, the Born effectiv
charges and the macroscopic high-frequency static diele
constant which are also calculated self-consistently us
DFPT.

III. RESULTS AND DISCUSSION

A. Static lattice

We first determine the equilibrium volume of MgO b
calculating the total energy per primitive cell as a function
volume. A fourth-order finite strain equation23 fit to the cal-
-
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culated energy-volume results yieldsV0518.48 Å3, K0

5169 GPa,K0854.18, andK09520.025 GPa21. The pre-
dicted pressure-volume results compare well with the ro
temperature experimental data1,9–11over a wide pressure re
gime ~Fig. 1!. The agreement with experiments improv
further when the zero-point motion and finite temperatu
corrections are included, as we show later.

B. Lattice dynamics

MgO exists in the rock-salt structure~space group
Fm3m). The vibrational frequencies of MgO are determin
at several volumes~or pressures! within the linear response
framework. Dynamical matrices are computed at eight wa
(q) vectors in the irreducible wedge of BZ, i.e., on 434
34 q grid, and are used for interpolation to obtain the bu
phonon dispersions. The predicted dispersion curves a
several symmetry directions at zero and 100 GPa are sh
in Fig. 2. The phonon frequencies at high-symmetry poi
G, X, and L are also given in Table I. Our results at ze
pressure conditions are in agreement with the neutr
scattering data at ambient condition,12 and with previousab
initio results.17

The volume dependence of the frequencies can be
pressed by the mode Gru¨neisen parameters

g i52d ln v i /d ln V.

Dispersion curves for mode Gru¨neisen parameters at zer
pressure are shown in Fig. 3. The acoustic mode Gru¨neisen
parameters in the limit ofq→0 depend on the direction th
zone center is approached from and hence they show dis
tinuities atG. The values of six vibrational modes measur
in the sideband spectra of MgO:Cr31 ranges from 0.98 to
1.69 from Ref. 13. Our study provides upper and low
bounds on the value ofg i ’s, which are 0.4 and 2.8, respec

FIG. 1. Pressure-volume equations of state for the static lat
and at 300, 1000, 2000, and 3000 K isotherms~lines from bottom to
top!. The experimental data at room temperature are denoted
squares~Ref. 9!, crosses~Ref. 10!, triangles~Ref. 11! and circles
~Ref. 1!. The inset shows comparison with the data~symbols! ob-
tained under hydrostatic conditions~Ref. 24!.
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tively, at zero pressure and 0.3 and 1.7, respectively, at
GPa. The mode Gru¨neisen parameters are found to be po
tive throughout the BZ for all branches~Fig. 3! suggesting
that none of the modes soften with compression and MgO
dynamically stable. The pressure dependence ofG, X andL
phonons is nearly linear at high pressures~Fig. 4!. The
LO-TO splitting atG remains nearly unchanged with com
pression. A similar trend is shown byL modes but the split-
ting increases rapidly with pressure atX.

The calculated value of the static high-frequency diel
tric constant constant (e`) is 3.10 compared to the exper
mental value of 2.94 at ambient condition. As pressure ris
e` decreases monotonically to 2.8 at 150 GPa. Our res
show that the Born effective charges (61.93 for Mg and O
ions! at zero pressure are close to formal ionic value of 2
decrease slightly with increasing pressure (61.77 at 150
GPa!.

C. Thermoelastic properties

In the quasiharmonic approximation~QHA!, the Helm-
holtz free energy is given by

F~V,T!5U0~V!1
1

2 (
q, j

hv j~q,V!

1kBT(
q, j

ln$12exp@2hv j~q,V!/kBT#%,

FIG. 2. Phonon dispersions at 0 and 100 GPa. Symbols
experimental data at ambient condition~Ref. 12!.

TABLE I. Calculated zero pressure phonon frequencies~in
cm21) of MgO atG, X, andL compared with experiments~Ref. 12!
and previous calculations~Ref. 17!.

GTO GLO XTA XLA XTO XLO LTA LLA LTO LLO

This study 414 710 289 433 464 555 287 548 371 5
Prev Cal 391 709 288 420 446 552 274 547 357 5
Exp 408 718 299 422 443 554 288 369
00
-

is

-

s,
lts

t

where the first, second, and third terms are, respectively,
internal, zero point, and vibrational contributions. The su
mation is performed on a 12312312 regularq mesh includ-
ing 1728 points in the first BZ that are found to be sufficie
for convergence. At the level of the QHA, frequencies d
pend on volume while intrinsic anharmonic effects arisi
from phonon-phonon interaction are neglected. The latter
creases with temperature and the QHA becomes increasi
less adequate at high temperatures. On the other hand, a
monic effects become less important with increasing pr
sure. With decreasing volume the leading harmonic term
the expansion of the potential energy in terms of atom
displacements is expected to become increasingly predo
nant, so the QHA generally works well over a wider tem
perature range at elevated pressures.

1. Equation of state

Isothermal fourth-order finite strain equations23 are used
to obtain functional forms for the calculated Helmholtz fr
energy versus volume. The resulting pressure-volume eq
tion of state~EOS! isotherms are shown in Fig. 1. The 300
isotherm lies slightly above the static result and agrees fa

FIG. 3. Mode Gru¨neisen parameters at zero pressure. The do
lines represent acoustic modes.

FIG. 4. Pressure dependence of the frequencies of high sym
try phonons (G, X, andL).
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TABLE II. Calculated thermodynamic parameters of MgO at ambient conditions, compared with e
ments and previous calculations.

V KT KT8 KT9 (dKT /dT) a31025 g th CP S
Å 3 GPa GPa21 GPa K21 K21 J mol21K21 J mol21K21

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 4.6820.05 3.88 ;1.4
PIB ~Ref. 5! 18.66 180 4.1520.026 2.39 1.45
Exp. ~Refs. 16,24,25! 18.69 160~2! 4.15 20.027 3.12~16! 1.54~8! 37.67
-
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well with the observed data.1,9–11The calculated EOS param
eters of MgO at ambient conditions are shown in Table
The effects of the zero point motion and room temperat
are to increaseV0 ~volume! by ;2% and decreaseKT0 ~iso-
thermal bulk modulus! by ;6% from their athermal value
given by the static calculations. The calculated parame
are found to be in agreement with observed experime
data obtained under hydrostatic conditions.24 Similarly, our
results at 1100 K ofV0519.44 Å3, KT05136 GPa, and
KT08 54.48 (KT09 520.039 GPa21) compare well with the
experimental data24 of 19.31 Å3, 135~3! GPa, and 4.20.

The value of our calculated thermal expansivity

a5
1

V F]V

]TG
P

is 3.1131025 K21 at zero pressure and 300 K in agreeme
with the measured value25 of 3.1231025 K21. As tempera-
ture rises,a is found to increase relatively rapidly compare
to the experimental data25 ~Fig. 5!; the difference between
theory and experiment is 7% at 1000 K whereas it exce
25% at 2000 K. Beyond 1000 K or so, the deviation
creases rapidly asT approaches the melting point (;3000 K
for MgO!. Similar behavior was predicted by previous ca
culations based on the potential induced breathing~PIB!

FIG. 5. Pressure and temperature dependence of thermal ex
sivity. The isobars at 0, 10, 30, 60, 100, 150, and 200 GPa
represented by solid lines from top to bottom. Experimental dat
ambient pressure are denoted by circles~Ref. 25! and those at 169–
196 GPa by diamond~Ref. 26!. Dashed lines are PIB~Ref. 5! and
VIB ~Ref. 7! calculations at zero pressure.
.
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t
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model.5 This is an indication of the inadequacy of the QH
at high temperatures and low pressures. As shown by
lecular dynamics simulations based on variational indu
breathing~VIB ! model,7 the inclusion of anharmonic effect
tends to give rather slow and linear high temperature dep
dence ofa at zero pressure. With increasing pressure,a
decreases rapidly, and the effects of temperature become
and less pronounced resulting in linear high temperature
havior. Our results show thata converges to a constant valu
at high temperatures and high pressures. The calcul
value compares well with the average value ofa between
300 and;3300 K in the pressure range of 169 to 196 G
obtained from the shock-wave experiments.26

The thermal Gru¨neisen parameter which is useful in r
ducing high-temperature equation of state in sho
compression experiments is defined as

g th5
VaKT

CV
,

whereCV is the heat capacity at constant volume. It is als
useful indicator for the importance of anharmonicity, i
creasing with the latter. At zero pressure, the calculatedg th
increases monotonically with temperature from its room te
perature value of 1.54 whereas experiments16 have found
that g th remains nearly constant at 1.52~Fig. 6!. As in the

an-
re
at

FIG. 6. Pressure and temperature dependence of thermal G¨n-
eisen parameter. The isobars at 0, 10, 30, 60, 100, and 150 GP
represented by solid lines from top to bottom. Experimental dat
ambient pressure are denoted by circles Ref. 16. Dashed line
PIB ~Ref. 5! and VIB ~Ref. 7! calculations at zero pressure.
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case of thermal expansivity, strong temperature depend
of g th at low pressure is attributed to the QHA. However,
higher pressures,g th is found to be nearly independent o
temperature. The volume dependence ofg th is usually ex-
pressed by a parameterq5(] ln gth /] ln V)T . We find that at
zero pressure,q decreases from 1.39 to 1.2 from 300 to 10
K, and then increases to 1.32 at 3000 K. At all temperatu
the calculated value ofq rapidly decreases with increasin
pressure. The calculated value at 150 GPa is 0.65 at 30
and;0.5 at higher temperatures.

Heat capacity and entropy are calculated from phon
frequencies within the QHA~Fig. 7!. The heat capacity a
constant pressure (CP) is given byCP5CV(11ag thT) so
the difference inCV and CP gives a measure of lattice an
harmonicity. The calculated values ofCV andCP at ambient
condition are 36.53 and 37.06 J mol21 K21, respectively,
compared to the experimental value16 of CP537.67 J mol21

K21. At zero pressure, with increasing temperature bey
1000 K, CP deviates rapidly fromCV and the experimenta
value, indicating the failure of QHA. But at high pressur
CP shows a slight linear increase with temperature remain
close toCV at all temperatures. The entropy is shown to
26.65 J mol21 K21 at ambient condition. Unlikea, g th and
CP , the high temperature dependence of entropy is ne
insensitive to pressure.

2. Elastic moduli

The isothermal bulk modulusKT is related to the adia
batic bulk modulusKS by KS5KT(11ag thT). The fitting
EOS parameters are used to calculateKT and henceKS as a
function of pressure and temperature. WithKS5(c11
12c12)/3, two independent adiabatic elastic constantsc11
and c12 are determined by calculatingcs5c112c12. At a
given volume, the unit cell is distorted with tetragonal stra

FIG. 7. Pressure and temperature dependence of heat cap
and entropy. The isobars at 0, 10, 30, 60, 100, and 150 GPa
represented by solid lines from top to bottom. Experimental dat
ambient pressure are denoted by symbols~see, Ref. 16!. Dotted
lines represent the constant volume specific heat at 0 and 150
ce
t
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e te5S 2e 0 0

0 2e 0

0 0 2e
D

to determinecs from the free energy density to second ord
in e using

F te53cse
2.

The shear elastic constantc44 is obtained by applying shea
strain

esh5S 0 e e

e 0 e

e e 0
D

for which the free energy density to second order ine is

Fsh56c44e
2.

Note that the above strains conserve volume only to fi
order ine so corrections for the second order change in v
ume are included into the free energy density. Different m
nitudes (e50.01, 0.02, and 0.03! of the strain are used to
determinecs in the limit of zero strain. However, the singl
value of e 5 0.02 is used in the case ofc44 as its value is
found to be insensitive to the magnitude of the strain us
We study the temperature dependence ofcs and c44 for
which the adiabatic and isothermal values are equal by
culating the quasiharmonic free energies from the pho
dispersions of the strained lattices at several volumes
other words, it requires the calculation of strain depende
of the free energy at the volume corresponding to a giv
temperature and pressure. Our calculated free energies
elastic moduli thus include contributions from volume a
strain dependent phonon frequencies.

The predicted zero pressure elastic moduli of MgO
static lattice and at 300 K are shown in Table III. Our resu
are in agreement with the measured data at amb
conditions.15 The zero point motion and 300 K effects a
relatively large forc11, compared toc12 andc44, decreasing
the values ofc11 and c44 by 8 and 3 %, respectively, bu
increasing the value ofc12 by 1%. The overall agreemen
with measurements is substantially better than previous
culations. In particular, previous pseudopotent
calculations8 appear to underestimate the elastic mod
~largely if zero point and 300 K temperature corrections
taken into account! as it has also overestimated the volum
whereas PIB results5 are substantially overestimated~Table
III !.

Our calculated elastic moduli at zero pressure, in gene
agree well with experimental data16,27 over a wide tempera-
ture range~Fig. 8!. However, the calculations appear to i
creasingly deviate from the experimental trend at tempe
tures roughly above 1000 K where the QHA approximati
is shown to overestimate the thermal expansion significan
The predicted results for initial pressure dependencies of
elastic moduli at room temperature also compare fairly w
with the available low pressure data~Fig. 9! from Refs.
15,28.

The temperature dependence is shown to be sensitiv
pressure to different extents for different elastic consta
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~Fig. 9!. The calculated isotherms are nearly para
throughout the pressure range studied inc11 whereas the iso-
therms tend to converge at low pressures but remain ne
parallel at high pressures inc44. The temperature shift inc12
shows slight nonmonotonical trend with pressure;
temperature-induced increase inc12 at first falls slightly up to
20 GPa and then rises at higher pressures. Our pred
cross pressure-temperature variations of the elastic mo

FIG. 8. Calculated temperature dependence of elastic modu
zero pressure~solid lines!, compared to experimental data~Ref. 16!
denoted by circles, and PIB calculations~Ref. 5! denoted by dashed
lines.

FIG. 9. Pressure variation of elastic Moduli along 300, 10
2000, and 3000 K isotherms~solid lines from top to bottom forc11,
c44, KS , andG, and those from bottom to top forc12!. Thick lines
are low pressure experimental data at 300~Ref. 15! and 1000 K
~Ref. 14!.
l

rly

e

ed
uli

disagree with recent crossP-T experimental data~to 8 GPa
and 1600 K!.14 The calculated mixedP-T derivatives at am-
bient conditions (]2ci j /]P]T) are much smaller in the mag
nitude and opposite in the sign compared to the obser
values14 ~Table III!. However, our results are comparable
the earlier data29 from the experiments to 800 K and 0.
GPa, and also to those predicted by the PIB mo
calculations.5 In particular, we find that the cross derivativ
of c12 is small and negative (20.0631023 K21) at 0 GPa
but it becomes positive beyond 20 GPa and slightly increa
in magnitude, whereas the value of 5.131023 K21 in Ref.
14 is relatively large in magnitude. Accordingly, the me
sured cross derivative value for bulk modulus (KS) is large
and positive~about 3.031023 K21) but that for shear modu
lus ~G! is large and negative~about 21.831023 K21)
~Table III!. With raising temperature from 300 to 1000 K
measuredKS decreases from its room temperature value
;8% at zero pressure butKS increases with temperature a
pressures above 6 GPa. The sizes of temperature-ind
decrease inG are;13 and;17%, respectively, at 0 and
GPa. Thus the measured cross derivative value of the b
modulus appears to be very large, and is indeed the lar
ever reported value.30 Our predicted cross derivatives a
instead relatively small and positive so temperature-indu
variations in both bulk and shear moduli are monotonica
suppressed by pressure. The calculated isotherms conv
~more rapidly in shear than bulk moduli! with increasing
pressure becoming nearly parallel at very high pressu
~Fig. 9!.

While the uncertainties in the experiments are significa
the reason for the discrepancy between theory and la
measured data14 is unknown. That our calculations repro
duced well the measured pressure dependencies of the e
moduli at ambient temperature and the measured tempera
dependence at ambient pressure suggests that the pred
cross P-T variations of the elastic moduli should also b
equally accurate. This is further substantiated by the fact
the QHA should work even better at higher pressures. I
important to note that unlike first-order pressure or tempe
ture derivatives, the crossP-T derivatives are difficult to
constrain in the experiments and are likely to be sensitive
the P-T range studied.

IV. CONCLUSIONS

The vibrational spectrum of MgO has been investiga
up to 150 GPa using density functional perturbation the
and several thermodynamical quantities of interest have b
derived within the quasi-harmonic approximation~QHA!.
The calculated mode Gru¨neisen parameters span the range
0.4 to 2.8 at zero GPa and 0.3 to 1.7 at 100 GPa indica
the dynamical stability of the rock-salt structure over a wi
pressure range. Pressure dependencies of the frequencie
shown to be linear at high pressure. By calculating the f
energies from phonon dispersions of equilibrium a
strained lattices within the QHA, several physical quantit
of interest are determined as a function of temperature
pressure. At zero pressure, the temperature dependen
thermal expansivity, thermal Gru¨neisen parameter, and con
stant pressure heat capacity is found to be in agreement
the experimental results at low temperatures but

at

,
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TABLE III. Calculated pressure and temperature derivatives~from fourth order polynomial fits! of elastic
moduli of MgO compared to experiments and other calculations.

This Study Exp.~Refs. 14–16,29! PIB ~Ref. 5! PWPPa ~Ref. 8!

c11 300, 323a 297.9~15! 308 290
c12 93.6, 92a 95.8~10! 119 92

M c44 147, 152a 154.4~20! 188 138
~GPa! KS 162.4, 169a 163.2~10! 182 158

G 127.6, 135a 130.2~10! 143 121

c11 9.56 9.05~20! 8.20 9.16
c12 1.45 1.34~15! 2.08 1.64

]M /]P c44 1.03 0.84~20! 0.95 0.81
KS 4.15 4.0~1! 4.12 4.15
G 2.44 2.4~1! 2.37

c11 20.0598 20.0585 20.053
c12 0.0089 0.0075 0.002

]M /]T c44 20.0088 20.0126 20.012
~GPa K21) KS 20.0140 20.0145 20.016

G 20.0216 20.024

c11 0.56 21.3(4),0.1~4! 0.52
c12 20.06 5.1~24!,0.1~3! 0.03

]2M /]P]T c44 0.20 20.2(3),0.1~1! 0.25
(31023K21) KS 0.14 3.0~15!,0.1~3! 0.19

G 0.44 21.8(10),0.1~2!

aFor the static lattice.
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predicted behavior starts to deviate from the experiment
observed linear trend beyond;1000 K. It is shown that with
increasing pressure, temperature effects are suppresse
sulting in a linear high temperature behavior. Each of th
quantities is shown to converge to a nearly constant valu
high pressure and temperature. Similarly, the experiment
determined ambient values and initial pressure~at 300 K!
and temperature~at 0 GPa! dependencies of elastic modu
are reproduced well by our calculations. The contributio
from zero point motion and 300 K to the elastic moduli a
shown to be significant (;8% in c11 and ;6% in bulk
modulus!, therefore, one should be careful in comparing
athermal~static! results with the ambient experimental da
Our predicted cross pressure-temperature derivatives ofci j ’s
are considerably smaller~with opposite sign! than those ob-
tained in the latest experiments14 to 8 GPa and 1600 K, how
ever, they are consistent with those obtained in ear
experiments.29 In particular, we notice that the value of cro
derivative ofc12 as implied by the latest experiments is u
usually large, resulting in a sharp contrast in crossP-T varia-
tions of isotropic bulk and shear moduli.
ly
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Elasticity at high pressures and temperatures is a part
larly significant topic to Earth sciences. The pressu
temperature range pertinent to the Earth’s mantle (P up to
135 GPa,T up to 3000 K! is very challenging for experi-
ments. Here we demonstrate that the QHA combined w
first principles phonon calculations successfully describ
thermoelastic properties of MgO, an important Earth formi
mineral, within the pertinent pressure-temperature ran
This potentially represents an important approach for expl
ing materials properties over a considerable temperat
range at elevated pressure, especially Earth forming pha
within the geothermal profile.
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