JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 22 8 JUNE 2003

Ab initio lattice dynamics and structural stability of MgO
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Using density-functional perturbation theory, we have studied lattice dynamics, dielectric and
thermodynamic properties, and—T stability fields of the NaCl-(“B1” ) and CsCI-(“B2" )
structured phases of MgO. The results compare well with available experiments and resolve the
controversy between earlier theoretical studies of the phase diagram of MgO. We predict that at all
conditions of the Earth’s mantle the B1 structure is stable. Static calculations predict the B1-B2
transition to occur at 490 GPa; zero-point vibrations lower this pressure by 16 GPa. The
B2-structured phase is dynamically unstable below 110 GPa, but becomes dynamically stable at
higher pressures. On the contrary, the B1 phase does not display soft modes at any of the studied
pressures. MgO remains an insulator up to ultrahigh pressures: we predict metallization of the
B2-structured phase of MgO at 20.7 TPa. 2003 American Institute of Physics.
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I. INTRODUCTION The predicted B1-B2 transition pressure is high—its
best estimate is 510 GP&- This exceeds the pressure in
MgO is a material of key importance to Earth sciencesthe center of the Earth by 40%! This extraordinary structural
and solid-state physics: it is one of the most abundant minstability makes MgO suitable as a pressure standard in high-
erals in the Eartliespecially its lower mantjeand a proto-  pressure experiments. First attempts to create an MgO-based
type material for a large group of ionic oxides. Remarkably,pressure scale have been undertaken using experfheerds
MgO is among the least polymorphic solids known—only molecular dynamics simulatioh®ased on an accurate rep-
one solid phase, with the Na@B1) structure type has been resentation of interatomic interactions.
observed in experiments spanning pressures up to 227 GPa It should be noted that the B1—B2 transition has not yet
and temperatures up to several thousand degrees Kelvibeen reached in experiments and, from theory, only the
Early theoretical calculatioAdound that an anti-NiAs-type B1—B2 transition pressuret & K is relatively well known
structure might become marginally stable at high pressuregut without account for zero-point vibrationsTwo inde-
(~200 GPa before the transition to the CsCl-typ@2)  pendent recent studi¥s! addressed the effect of tempera-
structure, but latérboth NiAs and anti-NiAs structures were ture on the B1—B2 transition, but arrived at rather different
ruled out and it was proposed that the NaCl-structured phassonclusions. Thermal effects were found to be rather modest
of MgO transforms directly into the CsCl-structured one. Inby Strachanet al,'® whereas Drummond and Acklatd
fact, for highly ionic compounds both the NiAs and anti- found a dramatic lowering of the transition pressure with
NiAs structures are destabilized by close cation—catfon  temperature, at the rate of 50 GPa per 1000 K.
NiAs structure typg or anion—anion(for anti-NiAs type The method used in Ref. 10 was based on an interatomic
contacts, and their appearance would be a sign of reducqabtential model fitted to their stateb initio pseudopotential
ionicity of bonding(as probably is the case for BaO, where calculationgatomic charges were found independently to be
the NiAs-type structure has been observed at high pressure==0.7 and—0.7, unusually low values for MgQwhereasab
Ref. 4 or even metallization. Although at sufficiently high initio frozen-phonon calculations of Ref. 11 suffered from a
compression all materials should become metallic, MgO isrery approximate account of long-range forces in construct-
expected to be very difficult to metallize. Our calculationsing the dynamical matrix and calculating phonon frequen-
(see the following show that metallization of MgO occurs at cies. Greater precision and accurate account of the long-
extremely high pressuré20.7 TPa. range forces may be achieved by using density-functional
perturbation theory?~*® which is employed in our calcula-
dAuthor to whom all correspondence should be addressed. Present addregso:ns' Such CaICUIathnS do not only glve morg aC(.:urate re-
Laboratory of Crystallography, Department of Materials, ETH zurich, cH- SUIts, but can shed light on the possible deficiencies of the
8092 Zurich, Switzerland. Electronic mail: a.oganov@mat.ethz.ch more approximate methods used before. Straataai 016

0021-9606/2003/118(22)/10174/9/$20.00 10174 © 2003 American Institute of Physics

Downloaded 21 May 2003 to 129.132.85.108. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Ab initio lattice dynamics and structural stability of MgO 10175

TABLE I. Calculated and measured physical properties of MB® structure. [Lattice parameter and unit cell
volume are for the cubic cell. Equation of state in all cases was fitted to the third- or fourth-order Birch—
Murnaghan forms K3 given in parentheses indicates the value from the third-order Birch—Murnaghan equa-
tion). All theoretical results, except b, are for the athermally optimized structures. b and experimental values are
atP=0 andT=300K.]

Properties LDA LDAP LDAC LDA¢ GGA® Experiment
ao (A) 4.240 4.222 4.25 4.167 4.253 4212
Vo (A3) 76.2 75.2 76.8 72.4 77.0 747
Ko (GPa) 172.6 159 159.7 172 150.6 160.2
K¢ 4.004 4.30 4.26 4.09 4.103 3f99
Kp (GPa't) -0.025 —0.030 -0.026 (-0.023 (—0.027 (—0.024
P, (B1-B2 (GP3 490 451 510 509 >227
€ 3.15 3.10 2.95
€ 8.87 .. 9.64
Cy (300 K) (Jmol'tK ™Y 36.5¢ 36.54 36.87"
S(300 K) (I molrtK™Y 26.81 26.65 27.13

#This work. LDA+pseudopotentials.

PReference 40. LDA pseudopotentials.

‘Reference 41. LDA-pseudopotentials.

dReference 3. All-electrofLAPW) LDA calculations.

fReference 5. All-electrofPAW) GGA calculations.

Experimental data of Ref. 42.

9Data of Ref. 43 at 300 K. At 0 Ke;=9.34.

PExperimental data of Ref. 44. For calculations of Ref. 40 and experimentaCdatas recalculated from the
publishedCp usingCp=C,(1+ ayT) and published thermal expansion and @isen parameters.

have also calculated the melting curve of MgO, which is al5. The calculations were performed using a parallel version
subject of great geophysical importance and a major controsf ABINIT on an SGI Origin 3000 parallel computer of CSAR
versy between theoretical calculatiéhi®and experimert*  at Manchester University Computer Center.
The quasiharmonic approximation, employed here, cannotbe The local density approximatiofLDA)?® was used for
used to study melting, but can be used to verify the validitythe exchange-correlation. The pseudopotentials used are of
of the interatomic potential used by Stracretral. (Ref. 10,  the Troullier—Martiné’ type, fully nonlocal and including
see also Ref. Jfby checking the accuracy of their calculated partial core correction® the core radii are 0.766 A for
solid—solid(B1-B2) equilibrium line on the phase diagram. O(1s?core) and 1.371 A for Mg(422s22p°® core). Table |

In the following we present results on tie-T equilib-  shows some results of these calculations in comparison with
rium line separating the stability fields of the MgO polymor- oiher calculations and experiment. Good agreement with ex-
phs, as well as a number of properties of these ph&R&-  eriment and with all-electron calculations gives evidence of
tions of state, thermodynamic, dielectric properties, phono%ccuracy of the LDA and the pseudopotentials used.

dispersion curves and phonon densities of states, thermody- The exchange-correlation functional is the only approxi-

namic functions at both ambient and high pressures. Our,, ingredient in density functional thed®?° Currently

tal and theoretical studies and broadly support the phase d%\he most advanced approximation, the GGgeneralized

gram of MgO calculated by Strachan al. (Ref. 10, gradient approxmatmnf see Ref. 31_ for reviews of approxi-
mate functionalsis applicable to a wider range of problems

than the LDA and is better suited for calculations of cohesion
Il. COMPUTATIONAL METHODOLOGY energies, studies of atoms, molecules, surfaces, reaction dy-

The present results have been obtained with the use §famics, and weakly bound systems. Itis also known that the
the ABINIT code?? a common project of the Universite LDA often underestlmatgs phase_ .transmon pressures,
Catholique de Louvain, Corning Incorporated, and other con¥hereas the GGA often gives predictions very close to or
tributors [URL. http:/www.abinit.ord, based on pseudopo- Slightly higher than experimental transition presstfes.
tentials and plane waves. It relies on an efficient fast Fouriefor the transition from the NaCl-type to the CsCl-type struc-
transform algorithr® for the conversion of wave functions ture in MgO, however, the GGA and LDA give exactly the
between real and reciprocal space, on the adaptation to $&Me pressures, about 510 GPalIn this study, we decided
fixed potential of the band-by-band conjugate gradiento use the LDA instead of the GGA, which we used in our
method? and on a potential-based conjugate-gradient algotecent works;**=%"in view of the equal performance of
rithm for the determination of the self-consistent poterffial. these approximations for the purposes of this work.
Technical details on the computation of responses to atomic For the B1 phase we have performed calculations at 0,
displacements and homogeneous electric fields can be fouf0, 600 GPa, and at 12 lattice parameters: 8.2, 8.0,...,6.0
in Ref. 14, and the subsequent computation of dynamicabohr® (parameters of the cubic face-centered cell are given,
matrices, Born effective charges, dielectric permittivity ten-although in calculations we actually used the primitive rhom-
sors, and interatomic force constants was described in Relhiohedral cell containing two atomgorresponding to the
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pressure range from 10 to 780 GPa. Calculations on the B2 1ll. RESULTS
phase were done at 0, 400, 600 GPa, and 14 lattice param- | ,tice dynamics of the B1 phase

eters: 5.2, 5.0, 4.8, 4.6, 4.5, 4.4,...,3.6 bohr corresponding to
pressures between16 and 1100 GPa. Phonon dispersion curves of MgO have been experimen-

The Brillouin zone was sampled with x®x8 tally studied in Refs. 45 and 46; infrared spectra were studied
Monkhorst—Pack meshes; this gave results converged toin Ref. 43. Pioneering calculations of Sthet al*’ have
0.01 GPa for pressure 410 3 eV for the total energy, and demonstrated the great capabilities of density-functional per-
3% 10 4eV for the energy differences between the po|ym0r-turbati0n theory for studies of lattice dynamics. Subse-
phs. The plane wave kinetic energy cutoff of 403ﬁ|gave quently, lattice dynamics of MgO was studied in Ref. 40 with
pressure converged to 0.04 GPa, total energy to 0.02 eV, ariie same method and in Refs. 48 and 11 using the frozen-
energy differences to 410 “eV. The ground state was Phonon technique with corrections for long-range forces.
found self-consistently (typical convergence 10'eV). Density-functional perturbation theory is the better method,
These settings enabled convergence of the phonon frequelecause it naturally and properly takes into account long-
cies to within 2—5 cml. range electrostatic forces and can describe, for example,

Response function calculations were performed on &O—TO splitting in ionic solids and requires reml hocas-
4x4x4 grid of q points in the Brillouin zone, including the sumptions about the values of the dynamical charges and
I" point, and provided not only the dynamical matrices anddielectric constants.
phonon frequencies, but also responses to the electric fields, Figure X&) shows that good agreement exists between
Born dynamical charges, and high-frequency dielectric conthe theoretical and experimental phonon dispersion curves.
stant (.,.). The dynamical matrices calculated on theAs is clear from Table I, our lattice-dynamical calculations
4x4x4 grid of q points were split into the short-range and give thermodynamic properties in excellent agreement with
long-range parts; the short-range parts were Fourier trangxperiment. Figure 1 also shows theoretical phonon disper-
formed, yielding the short-range interatomic force constant$ion curves and phonon densities of states at 400 and 600
corresponding to ax4x4 real-space supercéll28 atomy ~ GPa (400 GPa is still within the stability field of the B1
We checked that errors due to the finite size of this superceftructure, while 600 GPa is in the stability field of the B2
are typ|ca||y within 2 cmt (for very few frequencies up to structure. At all these pressures, the structure remains dy-
14 cmY). From these force constants plus long-range elechamically stable, the phonon spectrum extends to higher fre-
trostatic termgdescribed by Born charges and dielectric con-quencies, acquires a more complicated structure, and a
stantse..), dynamical matrices were constructed and diagoseudogap develops in the middle of the spectrum.
nalized on a dense grid of points (typically 80x80x80 or
densey, yielding a large(several million number of phonon ) _
frequencies at each volume, which were used to calculate tHe: Lattice dynamics of the B2 phase

phonon density of stateg(w) and thermodynamic proper- To our knowledge, the only previous study of the lattice
ties, e.g., heat capaci@,, entropyS and Helmholtz free dynamics of this phase is that done by Drummond and
energyF, as a function of temperature: Ackland!! Figure 2 shows our phonon dispersion curves of
ho the CsCl-structured phase of MgO at 0, 400, and 600 GPa,
ex;{ ﬁ) and phonon densities of states at 400 and 600 GPa. This
B

,g(w)dw, phase is dynamically unstable and has whole soft phonon
fio 1 branches at 0 GPa, as can be seen in Hig. However, it
p(kB_T) ) becomes dynamically stable above 110 G&aove 82 GPa
(1)  according to Ref. 11 Dynamical instability means that this
phase, thermodynamically stable at very high press(ses

Omax| 2
o1

S(T)= meax kgl 1_@({{ _ If_a_;_) the following), cannot be decompressed below 110 GPa.
0 B
1 " C. Dielectric constants and Born effective charges
w
+TT g(w)dow, (2 The calculated Born dynamical charges and dielectric
exp( _> -1 constants of the B1 and B2 phases are shown in Fig. 3 as a
kgT function of pressure. For the B2 phase we show these prop-
omax| A w erties only in the region of its dynamical stability.
F(T)=E0+J [7+kBT In both phases the dynamical charges are close to the
0

formal ionic values of+2 for Mg and—2 for O and slowly

ho decrease with pressure. This confirms the expected high de-
1—exp< - ﬁ) ]g(w)dw, (3)  gree of ionicity for MgO(which is higher in the B2 struc-

B . .

ture) and its decrease with pressure, although one should

whereE, is the energy of the static lattice. Using the sameremember that dynamical charges are not a rigorous measure
force constants, dynamical charges, and high-frequency dof ionicity—see, e.g., Ref. 49.
electric constants, we calculated phonon dispersion curves As is clear from Table |, theory is able to predict dielec-
and static dielectric constantg. tric properties within an~10% uncertainty, and it is well

XIn
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FIG. 1. Phonon dispersion curves and phonon spectra of MgO in the NaCl strdajuxe0 GPa,(b) at 400 GPa(c) at 600 GPa. Experimental data at 0 GPa
(Refs. 43, 45, and 46are shown in(a) by open circles. Special points of the Brillouin zorig=[000], X:[%; %;0], K:[g; %; %], L:[%; %; %], w

:[%; %; %]. Expressed in the cubic setting, these points Ere[000], X:[%;O;O], K:[%; %;0], L:[%; %; %], W:[%; %;0].

known that the LDA overestimates the high-frequency di-high-frequency dielectric constant via the ionic polarizabil-
electric constanttsee Ref. 50 for a discussip\s shown in ities using the Clausius—Mossotti equation:

Fig. 3(b), the high-frequency dielectric constants of both

phases do not change significantly with pressure; their initial ~ €x—1 < 47 Nja; 4
small decrease with pressure is followed by a tiny increase e.+2 4 3 Vi’ @
above 320 GPa for the B1 phase and aben@0 GPa for

the B2 phase. This can be rationalized by expressing thequivalently recast as
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41 N The static dielectric constant can be represented as a sum
Zzi? v of the high-frequency constafdue to electronic polarizabil-
€= il (5) ity) and the ionic-displacement polarizability contribution.
1fziﬁ nic Given the nearly constant valuese&f, the rapid decrease of
3 Vn the static dielectric constants with pressyfeg. 3a)] is

mainly due to the decrease of the displacement polarizability

where ¢; is the polarizability andh; the numberper molar _ : :
related to the increase of the phonon frequencies with pres-

volume V,, of the crystal of ith type ions. The ionic polar-
izability is proportional to the ionic volume, and hence theSure.

ratio n;«a; /V,, and €., for wide-gap insulators with closed-

shell ions should be nearly independent of presgang al-

most mdgpendent of structure, as can be seen in Fig].3 D. B1-B2 phase transition
The predicted small dependence on pressure can be under-
stood by noting that the dielectric constant of MgO is domi-
nated by the electronic polarizability of the’O anions>* B1 and B2 structures and their crossover, corresponding to a
Since the @ ions are more compressible than Mgions  first-order phase transition at 490 GPa, close to the most
and the volume and polarizability of?0 are expected to accurate currently available estimate from all-electron calcu-
decrease with pressure faster thgn(i.e., the ration;a;/V,, lations, 516:5 GPa>°~' Table Il gives equation of state pa-
for 0>~ should decreagee.. too can be expected to decreaserameters of both phases obtained by fitting of the calculated
until the contribution from M§* becomes comparable with E(V) data to the Vinet(Refs. 52 and 53, see also Ref.)54
that of &~ function:

Figure 4a) shows the calculated static enthalpies of the
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TABLE Il. Equation of state parameters of MgO polymorphélues given

are per two atoms. The fits were performed in the whole pressure range,
from —10 to 780 GPa for the B1 phase, fronil6 to 1100 GPa for the B2
phase. It is interesting to note that the present LDA results are much better
fitted by the Vinet than by the third-order Birch—Murnaghan equation of
state, whereas the opposite is true for our previous all-electron and pseudo-
potentials GGA resultgRef. 5.]

Structure E(Vy) (eV) Vo (A3) K, (GPa) K}
B1 —485.09 19.04 168.92 4.28
B2 —483.69 18.32 160.20 4.51

AEE" o(Py)=0.023eV(per two atoms To the first level
of approximation the shift of the transition pressure due to
zero-point vibrations is

AE*"(Py)
APP~— — T =_123GPa.
AV( Ptr)
More accurate calculations givel6 GPa(see the follow-
ing).

We calculate the Gibbs free ener@ from the Helm-
holtz free energy asG(P,T)=F(V,T)+PV, where P
= —(dF/aV)+ and at each temperaturgV,T) was fitted by
the Vinet function(6), giving an analytical thermal equation
of state, and all thermodynamic functions interpolated as a
function of volume. Figures () and 4c) show the calcu-
lated Gibbs free energies as a function of pressure at 100 K
(transition pressure 474 GPa, which is 16 GPa lower than the
static result, almost entirely due to zero-point vibratjossd

function of pressure. Dynamical charge of O is equal to minus the Mg3000 K (transition pressure 443 GRaespectively. We have

charge and not shown here.

9K,
E(V)=E(Vo) +

where x=(V/IVy)*?, 7=3K,—1). The corresponding

P(V) equation of state is
P(V)=—3Kox ?(1—x)exd n(1—x)].

Vo
[ - lex (1=,

calculated the whold®—T phase equilibrium line by this
method(closed circles in Fig. b but since the analytical fits
of F(V) have small errors, the results have an uncertainty of
several GPa and Clapeyron slopB/dT are not very pre-
cise.

However, the Clapeyron slope can be determined with
great precision from the Clausius—Clapeyron relation
(dP/dT=AS/AV); at 3000 K and 443 GPa it is equal to
16x 10 3 GPa/K and changes by less than 3% when pressure
changes by 10 GPa. Proceeding iteratively from 3000 K to
lower and higher temperatures by calculating the slope at

At the transition pressure, we find the difference ofeachP/T point, we have obtained a number of Clapeyron

volumes  AVg;_gy(Py)=0.298 &, static  energies slopes at different points of the phase diagram. In this way
AEg;_gy(Py)=0.91eV, and zero-point energies we also found the transition pressure of 473.5 GPa at 100 K,
-420 -444 449
— B1 structure -445
R/ [ B2 structure %_ 446 % 450
= %
%_ 40 2 a4 ?-451
> 450 5 448 <
s P o452
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o w
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FIG. 4. B1-B2 transition in MgO: static results), results at 100 Kb), and 3000 K(c).
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700

- interatomic potential model they used is likely to produce
® O This work results close to fullab initio calculations of the melting

' ] curves for the B1 and B2 phases. Following criticism of their
methodology® Stracharet al1® were able to show that their
melting curve is reproduced by two-phase molecular dynam-
ics simulations using the same interatomic potential and
therefore ultimately hinges only on the validity of that po-
tential model. The melting curve of Strachanal° for the
B1l-structured phase is in good agreement with available
atomisti¢®2° and semiempiricAl molecular dynamics
simulations. However, all these theoretical calculations are in
sharp conflict with experimental resuftswhich give much
lower high-pressure melting temperatures.

600

500 g

Y
o
o

Pressure, GPa
(5]
8

N
o
o

100

0 2000 4000 6000 8000

Tamperature; & E. Metallization at ultrahigh pressures

FIG. 5. P_hase dl_agram of MgO. Calculations of this quk: solid _black line— According to our calculations, MgO remains nonmetallic
result of integration of the Clapeyron slopes, closed circles—direct calcula- h .
tions, open square—static transition pressure. Also shown are theoreticlifoughout the pressure range studied t{ere1000 GPAin

results of Refs. 10 and 11 and experimental melting curve of Ref. 21.  both the B1 and B2 structures. It can be expected that met-
allization of MgO would require extremely high pressures:

] o ] ) MgO is a wide-gap insulator with low compressibility and is
consistent with Fig. 4 and with our estimates of the effect ofigpelectronic with Ne, which is believed to be the hardest
the zero-point vibrations on the transition pressure. Th&gjig to metallize(with metallization pressure estimated as
phase equilibrium line, shown in Fig. 5, was obtained by15g Tp§” and 134 TP).
integrating the spline-interpolatet?/d T slopes at 100, 500, We have explored the metallization of the B2 structure
1009’---’2500* 3000, _4000'---’6009 ) KP(T)=P(0K) using two sets of calculations with very derls@oint sam-
+Jo(dP/dT)dT and taking the transition pressure at 0 K pjing (24x24x24) and Gaussian smearing technigéith
equal to 474 GPdincluding the effect of zero-point vibra- e electronic “temperature” of 0.2 eVappropriate for the
tlor_15). Beypnq 6000 K t_he equilibrium line was extrapolated. metallic state. One set of calculations employed the LDA,
This equilibrium line is smooth,_ has rell_able Clapey_ronthe same pseudopotentials as used throughout this paper, and
slopes, and agrees very well with the direct calculationsych higher plane-wave cutoff of 100 Ha. In these calcula-
based on the Gibbs free energy. - ~tions, metallization was found to occur at the unit cell vol-

We see that the calculated phase equilibrium line is;me of 1.95 & (ninefold compression, pressure 13@2
much more similar to the results of Strac_lmrgl. than to TPa. At such extreme compressions pseudopotential calcu-
those of Drummond and Acklartd The main difference be- |ations may give lower pressures compared to all-electron
tween present results and those of Ref. 10 is that their transg|cylations because of the neglect of the core—core overlap.
sition pressures are90 GPa lower than ours and 110 GPa anpther set of calculations used the GERfrozen-core all-
lower than from all-electron calculation@his is probably glectron PAW methdi®! as implemented in theasp®
due to the pseudopotentials they usedhereas the slopes ¢qde, and cutoffs of 100 Ha for plane waves and 200 Ha for
are very similar to ours. Drummond and Acklahtiave ob- the augmentation charges. In these calculatiomith 1s2
tained a much higher transition pressure at @864 GP&  ¢ore for O and $22s? core for Mg we found metallization
apparently due to the pseudopotential error; tri/dT gt the pressure of 20:0.5 TPa(volume 2.07 &). Our es-
slopes are also significantly different, probably as a result ofimates of the metallization pressufpreferred value 20.7

an approximate treatment of long-range forces in the dyTpg confirm that MgO is among the hardest solids to met-
namical matrix andor) the pseudopotential error. allize.

One can see that ® K the slopedP/dT is zero, as it
should be(at 0 K entropies of both phases are zero &gl
=0, which means that P/dT=AS/AV=0). This feature
cannot be seen in the results of Ref. 10, because the phase MgO is one of the simplest and most important materials
diagram calculated in Ref. 10 was based on the classicdbr mineral physics and solid-state physics. It is one of the
approximation, which is not designed to study such essemost abundant minerals in the Earth, a prototypic ionic oxide
tially quantum effects® Drummond and Ackland did not  serving as a classical illustration of the importance of many-
see this feature in their lattice-dynamical calculations andody interactions, and one of the most studied materials by
argued that this could be due to smaN, however, we find both theoretical and experimental methods. In our previous
that the volume change is not very small: our all-electronwork,® usingab initio static and molecular dynamics simu-
GGA calculations resulted inAV/V=4.8%), and pseudopo- lations, we have studied its equation of state, elasticity, an-
tential LDA calculations presented here givAV/V harmonicity, and structural stability at 0 K.
=3.25%. In this work, using density-functional perturbation

As our results overall support the results of Strachartheory, we have studied lattice dynamics, dielectric proper-
et all? for the solid phases, it can be speculated that théies, and phase transition of MgO from the N&(B1” ) to

IV. DISCUSSION
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the CsCI(“B2" ) structure. This is one of the first applica- sure of 20.7 TPa, thus putting MgO in the list of the most
tions of density-functional perturbation theory to the predic-difficult solids to metallize. This is not very surprising, as
tion of P—T phase diagrams of materialsee also Refs. 63 MgO is a wide-gap ionic insulator that can be regarded as
and 64. This method, having a sound theoretical groundingisoelectronic to Ne, for which the highest metallization pres-
and combining high numerical precision with a direct ap-sure (134—158 TPahas been predicted:>® Bukowinskf®
proach to thermodynamic properties of solids, surely has &ad argued that in order to seriously disrupt the valence elec-
great potential for such applications. The only approxima-tronic shells of atoms, pressures of the order of one atomic
tions made in this work were{3) LDA for the exchange- unit of pressurg29.4 TPa are required. The metallization
correlation energy(2) pseudopotential description of the pressure of MgO that we find is close to this order-of-
core—valence interactiori3) quasiharmonic approximation. magnitude estimate. Lower metallization pressure in MgO
Comparison with all-electron calculations and experimentompared to Ne can be related to weaker binding of the
shows that the first two approximatiorifor the properties valence electrons in®© ions compared to the isoelectronic
calculated heneare moderate. The quasiharmonic approxi-Ne atoms.

mation is known to break down at temperatures above 50%-—

70% of the melting temperature. Earlfensingab initio mo-
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