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I

The high-pressure behavior of the structural and electronic properties of MgO is examined with
use of the pseudopotential method within local-density theory. At zero pressure the rocksalt phase
is found to be lower in energy than a hypothetical CsCl structure. However, we predict a phase
transformation into an insulating CsCl structure at a very high hydrostatic pressure of about 10
Mbar. This result predicts that the CsCl phase for MgO is unlikely to exist even in the lower mantle
of the Earth. The calculated ground-state properties such as lattice constant, bulk modulus, and
cohesive energy for the rocksalt phase are in good agreement with experiment. The electronic band
structures at normal and high pressures are also given.

I. INTRODUCTION

There has been considerable interest in the study of the
high-pressure behavior. of alkali-earth oxides. Of particu-
lar interest is the 81 (NaC1 type) -82 (CsC1 type) structur-
al transformation for MgO since 81-82 transformations
occur for other oxides. Recent shock-wave and diamond-
cell experiments' have shown that both CaO and FeO ex-
hibit a B1-B2 transition at about 700 kbar. For BaO, a
distorted 82-type structure has been found at a relatively
low pressure of 140 kbar by x-ray diffraction data. For
MgO, however, no experimental evidence for such a tran-
sition has been found up to 1.2 Mbar by shock-wave
data, and up to 0.95 Mbar using the diamond-cell tech-
nique. From a simple argument, ' based on ratios of ionic
radii, MgO may be expected to transform into the 82
phase at relatively high pressure over 1 Mbar. With de-
creasing ratio of cation-to-anion radii for the oxides, the
transition pressure from the 81 to the 82 phase has been
shown to increase.

A number of theoretical calculations have been done to
study the static structural properties of MgO. Based on
the modified electron-gas model, Cohen and Gordon
predicted the B1-B2 transition at 3.7 Mbar. Since this
pressure is beyond the Earth's mantle-core boundary of
1.4 Mbar, a B1-B2 transition is not expected to occur
within this boundary. Another prediction for the transi-
tion pressure was reported to be 1.17 Mbar. This value
obtained using a model potential is considerably lower
than that of Cohen and Gordon. Recently, using the
KKR (Korringa-Kohn-Rostoker) method, Yamashita and
Asano have reported on the structural properties of MgO
in the B1 and the B2 phases. However, the transition
pressure from the 81 to the 82 structure could not be es-
timated because of limitations on their calculation for the
B2 phase. Hence, the predicted values for the transition
pressure are not firm. Furthermore, the calculated equili-
brium lattice constant in the B2 phase and the cohesive-
energy difference between the 81 and the 82 structures
are found to vary largely.

At high pressure, the electronic structure of some ionic

compounds changes considerably by metallization. Using
the Phillips's ionicity argument, we can say that the fun-
damental gap becomes larger with increasing ionicity, and
thus ionic crystals such as rocksalt are stabilized. As the
pressure increases, generally the structural transformation
precedes the transition to the metallic state. For EuO, it
was observed that the metallization appears before a 81-
B2 transition takes place. The calculation by Liberman'
has shown that MgO is unlikely to become metallic at
pressures below 50 Mbar. Because MgO is a constituent
of the Earth's mantle, its electronic structure inside the
Earth will be considerably changed compared to that at
normal pressure. Therefore, it is valuable to study the ef-
fect of pressure on the electronic properties of MgO.

In this paper we present the results of the calculation of
the structural and electronic properties of MgO in the
rocksalt and CsC1. structures. The pseudopotential
method" within the local-density theory' (I.DT) is used,
and this method has been employed successfully to study
the static properties of group-IV (Ref. 13) and III-V (Ref.
14) seiniconductors. Moreover, recent applications to
BeO (Ref. 15) and highly ionic NaC1 (Ref. 16) have also
been successful. The localized nature of the 0 atom is
reproduced, and thus it leads to higher transferability of
the potential. Although the charge density is localized,
we find that the I.DT can be used successfully in studying
the structural properties of MgO as was demonstrated in
the prevjous calculation of NaC1. ' At normal pressure,
the calculated lattice constant, bulk modulus, cohesive en-
ergy, and phonon frequency for TO(I ) are in good agree-
ment with experiments. At high pressure, we find that
MgO transforins into an insulating CsC1 phase. We esti-
mate the transition pressure to be about 10 Mbar which is
significantly higher than other theoretical predictions.
Furthermore, we investigate the pressure dependence of
the fundamental gap, valence-band width, and the charge
density for the valence electrons.

In Sec. II we describe the method and tests for accura-
cy. In Sec. III we present the results of the calculations at
normal and high pressures. This section also contains a
discussion of the pressure-induced 81-82 transformation
for MgO. Finally, Sec. IV deals with conclusions.

30 4774 1984 The American Physical Society



30 HIGH-PRESSURE BEHAVIOR OF MgO: STRUCTURAL AND. . . 4775

II. METHOD

The calculations are based on the pseudopotential
total-energy scheme within the local-density theory. This
method has been described previously. ' For the exchange
and correlation functional, we use the Wigner interpola-
tion formula. ' The ab initio pseudopotentials with s, p,
and d symmetry are generated by the method proposed by
Hamann, Schluter, and Chiang. ' The 2p potential for
the 0 atom is found to be strongly attractive. An accu-
rate treatment of the localization of the 0 wave function
is necessary to reproduce accurate energy eigenvalues and
excitation energies. Therefore, this potential has higher
transferability compared to those used in Ref. 20. For
Mg, the 2p core and 3s valence wave functions are found
to overlap slightly. Assuming the frozen-core approxima-
tion, ' the effect of overlapping can be dealt with by in-
cluding a - nonlinear partial core correction ' for the
exchange-correlation functional. The pseudopotentials
thus generated are able to reproduce energy eigenvalues
and excitation energies to within 2 mRy for the configura-
tions over a 1-Ry range for 0, and to within 1 mRy over a
1.5 Ry for Mg. The 0 potentials used here were previous-
ly employed to study the static structural properties of
BeO '

The wave functions are expanded in terms of a plane-
wave-basis set with a kinetic energy cutoff E~„up to 65
Ry (approximately 1120 plane waves per molecule). The
localized wave function for 0 requires such a large num-
ber of plane waves to make the calculation fully con-
verged. Increasing E~„up to 80 Ry changes the total en-

ergy by only 0.1 eV. Extrapolation of the total energy to
infinite E~„yields a 0.5-eV error in the energy compared
to the result using E~„=65 Ry. Using the residual
minimization method, we are able to diagonalize exactly
the Hamiltonian matrix (Lowdin perturbation was not
used). Ten special k points are sampled in the Brillouin-
zone integration. We found that this was sufficient to ob-
tain the total energy to better than 1 mRy.

The total structural energy is calculated self-
consistently in momentum space and is given by

E~o~ =Ek +E:c+EH+E-+E:.

(see, e.g., Ref. 13). The individual contributions on the
right-hand side of Eq. (1) are interpreted as the kinetic en-

ergy of electrons, the electron-ion interaction energy, the
Coulomb part of the electron-electron interaction (the
Hartree energy), the exchange-correlation part of the
electron-electron interaction, and the ion-ion Coulomb en-
ergy (the Ewald energy)', respectively. In E,', and EII the
infinite contributions coming from the long-range
Coulomb interaction at zero wave vector are excluded. A
finite correction term remaining after the cancelation of
the infinite contributions are included in E,', .

The total energies at zero temperature are obtained as a
function of volume for the rocksalt and CsC1 phases. The
volume is reduced up to 0.33 Vo where Vo is the experi-
mental equilibrium volume (18.668 A per cell). Since
the core volume for the Mg 2p state is less than 0.25 Vo
(for 0 1s core, it is within 0.01 Vo), core-core overlapping

does not occur at the high pressures considered here.
Therefore, the frozen-core approximation appears to be
satisfied. The calculated total energies are fitted to the
Murnaghan's equation of state, and then the lattice con-
stant, bulk modulus, and cohesive energy can be estimat-
ed. From the results for the two phases, Bl and B2, a
pressure-induced solid-solid transformation can be ob-
tained. The electronic properties at high pressure are cal-
culated by statically compressing the crystal volume.

III. RESULTS

TABLE I. Lattice constant, bulk modulus, cohesive energy,
and phonon frequency of the TO(I ) mode for NaCl-structure
MgO. The experimental lattice constant (Ref. 24) and frequency
(Ref. 34) are measured at room temperature and 8 K, respective-
ly.

Calc.
Expt.

a (A)

4.191
4.211

'Reference 26.
"See text.
'Reference 27.

S, (Mbar)

1.46
1.62'
1.55'

E, (eV}

9.96
10.33b

f (THz)

12.69
12.23

A. Static structural properties

The calculated results for the ground-state properties,
lattice constant, bulk modulus, and cohesive energy are
summarized in Table I and compared with experiment.
The lattice constant a=4.191 A is in agreement with the
measured value to within 0.5%. The calculated bulk
modulus of 1.46 Mbar is slightly underestimated com-
pared to the experimental values, 1.62 Mbar measured by
ultrasonic interferometry, and 1.55 Mbar determined
from the neutron scattering data. We find that the bulk
modulus is more sensitive to the calculated points chosen
for the least-squares fit to the Murnaghan's equation of
state than the lattice constant and the cohesive energy.
The variation of Bo is of the order of 5% while a and E,
change by less than 0.1%. Furthermore, the bulk
modulus has the same variation of 5% when a different
formula for the exchange-correlation functional is used.
The test of the formulation of Hedin and Lundqvist
showed that the bulk modulus is improved by about 5%
whereas the lattice constant becomes smaller (4.142 A).
Even with these uncertainties in the calculation, the agree-
ment with experiment is satisfactory.

The cohesive energy is obtained by comparing the total
structural energy of the solid with that of isolated atoms.
The calculated total energy decreases as the size of the
plane-wave-basis set increases. As mentioned earlier, the
calculated cohesive energy changes by 0.5 eV when extra-
polated to infinite Ez~. Since this error is small com-
pared to the cohesive energy itself, the calculation can be
considered to be converged. Similar results were obtained
in the previous calculation for BeO. ' Using the Debye
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model, the zero-point vibrational energy 9k~ OD /8
(OD ——743 K from Ref. 29) per atom corrects the cohesive
energy by 0.144 eV per molecule.

The spin-polarization energy of second-row atoms is
large because of strong localization of the charge density.
An estimate of the spin-polarization energy is 0.11 Ry
for the 0 atom. Including the above corrections, the cal-
culated cohesive energy per molecule is listed in Table I.
The experimental cohesive energy is computed by sub-

tracting the heat of formation ' (142.8 kcal/mol) from the
sum of individual cohesive energies for Mg (35.3
kcal/mol) and 0 (60 kcal/mol). The agreement with the
measured value is good. Note that the partial core correc-
tion for Mg substantially improves the lattice constant
and bulk modulus, but the, cohesive energy remains about
the same.

I

200

100

50

0

Mg0

0.7 0.8 O. S 1.0 1. i

B. Zone-center phonon, TO(I )

We have calculated the frequency of the phonon mode
at I in the Brillouin zone using the frozen-phonon ap-
proximation. By displacing one type of atom in the
[111]direction, the increase of the crystal energy can be
evaluated. Since the translational symmetry is not
changed by the displacement u, the crystal has the same
size unit cell as in the undisplaced structure. The inver-
sion symmetry of the crystal requires even powers of u

when the total energy is expanded in terms of u. Using
the harmonic term, the calculated frequency of the TO
mode at I is listed in Table I. Although the plane-wave
basis is reduced from E~„=65 to 60 Ry, the value of the
frequency is in good agreement with experiment. This
agreement is expected since the lattice constant changes
by only 0.3% and the bulk modulus by 3.4% with the use
of Ez ——60 Ry.

C. Pressure-induced 81-82 transformation

Figure 1 shows the total structural energies as a func-
tion of volume for the rocksalt and CsCl structures. The
rocksalt phase is lower in energy than the CsCl phase at
zero pressure. As the volume is reduced, the total-energy
difference between two phases, Bl and B2, decreases
slowly. An energy difference of about 0.1 Ry persists up
to a pressure corresponding to a volume of 0.5 Vo.
Around 0.37 Vo the energy in the 82 phase is lower than

Volume
FIG. 1. Calculated total energies per molecule as a function

of volume for NaC1- and CsC1-structure MgO. The volumes are
all normalized to the calculated equilibrium volume (18.403
A /molecule) in the rocksalt structure.

that in the Bl, and the 81 structure transforms into the
82 phase. This phase transition will be discussed later.

As shown in Table II, our results for the structural
properties in B2 are significantly different from those ob-
tained in other calculations. The calculated values for
both the equilibrium lattice constant and the cohesive-
energy difference between the Bl and the B2 phase are
smaller than the results by Singh and Sanyal, and also
smaller than those obtained using Watson's wave function
in the modified electron-gas model (MEGM). The lattice
constant estimated using Yamashita and Asano's (YA's)
wave function is smaller than our value, but the energy
difference is very much larger. Our calculations are
shown to be rather close to the results of the KKR
method. However, the cohesive-energy difference ob-
tained from the KKR method seems to be underestimated
since for other ionic crystals, e.g. , KCl, the calculation
produced a lower energy for the B2 phase.

The CsCl structure can be obtained from rocksalt by
nonhydrostatic compression along the [111] direction.
First, by compressing the crystal along the [111]axis, the

TABLE II. Transition pressure, transition volumes, and total-energy difference for the rocksalt (B1) to CsCl (B2) transition.

4E„, is the total-energy difference per molecule between the minima of the two phases. The volumes are all given as fractions of the
0

calculated equilibrium volume (18.403 A /molecule) in the rocksalt structure. The results are compared with other calculations. Lat-
0

tice constants are in units of A.

a (B1) a (B2) I, (Mbar) V, (B1) V, (B2) hE„, (eV)

0.3590.37710.52.6284.191Present calculation
MEGM (Ref. 5)
YA'
Watson'
Singh and Sanyal (Ref. 6)
KKR Ref. 7

3.72
2.56
1.169

2.587
2.806
2.827
2.593

4.20
4.58
4.214
4.217( )

'YA and %'atson refer to the wave functions of Yamashita and As'ano and Watson used in Ref. 5, respectively.

1.506

4.076
3.382
5.68
0.735
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trigonal primitive cell of rocksalt can be changed into a
cube with one type of atom at the bcc center. While keep-
ing cell volume unchanged, compressing the crystal in this
direction decreases the nearest-neighbor distance, and
eventually the crystal transforms into the CsCl structure.
The CsCl phase has eight nearest-neighbor atoms and a
larger nearest-neighbor distance compared to that of rock-
salt at constant volume. Thus this structure becomes
more ionic.

We found that MgO transforms from the 81 to the 82
structures at pressure around 10 Mbar. At a pressure of
10.5 Mbar, the Gibbs free energy (equal to E„,+PV) at
zero temperature becomes equal between two phases, B1
and B2, as shown in Fig. 2. Then the volume changes by
only 1 8%. Be.yond the pressure 10.5 Mbar the 82 phase
is stabilized with respect to the B1 phase. The calculated
value for the transition pressure is significantly larger
than other predictions, 3.72 and 1.167 Mbar. Clearly, a
81 82 t-ransition for MgO is unlikely to occur even in the
deep regions of the Earth's mantle core. Although experi-
ments ' have shown no direct evidence for the 82 phase
of MgO up to about 1 Mbar, the 81-82 transition is ex-
pected to occur at relatively high pressure because of the
small ratio of the ionic radii. For oxides, the transition
pressure has been found to increase with decreasing ratio
of cation-to-anion radii. However, it is interesting to
note that the pressure predicted here is considerably
higher than that expected from a simple ionic argument.

To understand the structural stability, it is instructive
to investigate the individual contributions to the total
structural energy of Eq. (1). From Table III we see that
the main contribution to the instability of the CsCl struc-
ture comes from the electrostatic energy, the suin of EH
and E,', . This is because the CsCl structure has more ion-
ic character. In Fig. 3, the self-consistent charge density
and the charge transfer obtained from the difference be-
tween the self-consistent charge density and that from

overlapping atomic charge densities are shown at several
volumes. Both the rocksalt and CsCl phases have a simi-
lar pileup in the charge density around 0 at normal and
compressed volumes. Since the CsC1 phase .has eight
atoms in the first-neighbor shell, more charge is accumu-
lated around the 0 atom than for the rocksalt structure.
Therefore, the CsC1 structure has higher Hartree and
electron-ion energies, and the structure becomes unstable
with respect to rocksalt. As the volume is compressed,
the peak in the charge density is reduced for both Bl and
82 phases. However, the charge transfers from Mg to 0
are very similar. At high pressure, the charge density is
still localized around 0 and thus the bonding is still ionic.
At a reduced volume of 0.4 Vo, the Hartree energy for the
CsCl phase still contributes considerably to the instability
while the contribution of the electron-ion intera'ction ener-

gy decreases. The electronic contribution E, (the sum of
Ei„„,E,'„EH, and E„,) favors the rocksalt phase; however,
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FIG. 3. Self-consistent charge densities and charge transfers
(see the text) along the Mg —0 bond for (a) NaC1-structure MgO
and (b) CsCl-structure MgO at normal and compressed volumes,
Vo (solid line), 0.754 Vo (dotted-dashed line), and 0.5 Vo (dotted
line). Units are in electrons/ Vo where Vo is the experimental
equilibrium volume (18.668 A /molecule).

10 12

Pressure (Mbar)

FIG. 2. Zero-temperature free energies per molecule as a
function of pressure for NaC1- and CsC1-structure MgO.
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TABLE III. Individual contributions to the total energy per molecule for the B1 and B2 phases at
normal and compressed volumes, Vp, 0.754 Vp, and 0.5 Vp where Vp is the experimental volume. Ryd-
berg units are used. The notation is the same as Ref. 13.

V/Vp ——1.0

Energy (B1) Energy (B2)
Energy difference

(B2-B1)

E~

Ea
E~
E
E~
Etot

23.90404
—8.631 03

9.91032
—38.227 94
—13.04461
—21.43708
—34.481 69

23.671 78
—8.567 38
10.094 57

—37.98679
—12.787 82
—21.582 96
—34.37078

—0.232 26
0.063 65
0.184 25
0.241 15
0.256 79

—0.145 88
0.11091

V/Vp ——0.754

Ek
E„,
Ea

E,
Ecc
Etot

24.943 20
—8.943 56

8.838 98
—36.831 29
—11.992 67
—22.438 89
—34.431 56

24.739 79
—8.88422

9.123 89
—36.704 53
—11.725 07
—22.599 17
—34.32424

—0.203 41
0.059 34
0.284 91
0.126 76
0.267 60

—0.16028
0.107 32

V/Vp ——0.5

E„,
Ea
Eec
E

I
Ecc
Etot

27.19709
—9.545 77

7.46002
—35.783 22
—10.671 88
—23.386 53
—34.058 41

27.048 66
—9.494 10

7.894 75
—35.848 05
—10.398 74
—23.570 33
—33.96907

—0.148 43
0.051 67
0.434 73

—0.064 83
0.273 14

—0.183 80
0.089 34

the energy difference between the Bl and B2 structures is
reduced because of large decreases of the Ewald and E,',
energies. The Ewald energy at compressed volume plays
an important role in driving the phase transformation. '

Reduced nearest-neighbor distances decrease the Ewald
' energy, and then the Ewald energy favors a high coordi-

nation number at high pressure. For MgO, we found that
the contribution of the Ewald term to the CsC1 structure
is not as significant as in the cases of the covalent semi-
conductors, Si and Ge. ' Around 10 Mbar, a relatively
large decrease of the E,', causes the phase transformation
from the Bl to the B2 structure.
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D. Electronic structures at normal and high pressures
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Figure 4 shows the calculated band structures for
NaC1-structure MgO at volumes Vq and 0.5 Vo. The cal-
culated fundamental gap and valence-band width at zero
pressure are listed in Table IV for MgO in the Bl struc-
ture. The p-derived valence-band width of 4.8 eV is ap-
preciably larger than those of NaC1 (Ref. 37) (2.0 eV) and
KC1 (Ref. 7) (1.13 eV). This indicates that the wave func-
tions at ionic sites are less localized compared to more
ionic NaC1 and KCl. In fact, the ionicity of f; =0.841 for

L F' X UK 1 L 7' X UK I

FIG. 4. Electronic band structures for NaCl-structure MgO
at volumes, Vp and 0.5 Vp. Energies are measured from the
valence-band maximum I ~ in units of eV. Numbers refer to the
conventional (Bouckaert-Smoluchowski-Wigner) indices for
point-group symmetry representations.
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TABLE IV. Fundamental energy gaps and valence-band widths for NaC1-structure MgO. The s-,
p-derived, and total valence-band widths are denoted by s, p, and sp, respectively. The experimental
volume Vp is used. Units are in eV. APW is the augmented-plane-wave method and EPM is the empir-
ical pseudopotential method.

Present
Expt.
EPM' (Ref. 37)
APW (Ref. 39)
KKR (Ref. 40)

E
4.50
7 77'
7.8
4.87
5.37

b E„(sp)

17.14
21.0b

18.5

17.20

EE„(p)

4.80
5-6b
5.3
4.75
4.07

EE„(s)

1.74

1.36

'Reference 35.
Reference 36.

'The empirical pseudopotentials are taken from Ref. 38.

MgO is smaller than 0.935 for NaC1 and 0.953 for KC1
(Ref. 8). The band width of the 2p-derived band is quite
close to the measured value and other calculated results.
The energy difference, from the top of the valence band to
the 2s band, is underestimated by 3.8 eV compared to the
measured value of 21 eV. However, the calculated results
for the valence-band structure is very similar to those ob-
tained from the pseudopotential and KKR (Ref. 40)
methods. The fundamental gap from I i5 to I'i of 4.5 eV
is significantly underestimated as is the case for other re-
sults except for the empirical calculation which is fitted to
the observed optical spectra. This underestimation by as
much as 40% is of the same order as that generally found
for semiconductors using the local-density theory.

Table V summarizes the variations of the fundamental
gap and valence-band width for the rocksalt and CsC1
phases at compressed volume. For NaC1-structure MgO,
as the volume is- reduced, the valence-band width in-
creases. As shown in Fig. 3, compression delocalizes the
charge density, and then the Mg 3s and 0 2p electrons are
likely to be coupled. Although the X point in the conduc-
tion band moves closer to the valence band, antibonding
states remain unoccupied, and the band gap prevents

charge transfer to the conduction states. At low pressure,
the direct band gap increases since the I

&
point, the

lowest energy in the conduction band, moves away from
the valence band. At very high pressure corresponding to
a volume between 0.754VO and 0.5VO, the band gap
changes from direct to indirect as shown in Fig. 4, and it
begins to decrease. This effect represented by the X point
comes from the charge movement to the nonbonding re-
gion. However, since the bonding at high pressure is still
ionic, as discussed before, the structure has an insulating
gap. For MgO in the CsC1 structure, we found that the

. pressure variations of the band gap and valence-band
width are similar to those in rocksalt. However, the
valence-band width, especially the s-derived band, in-
creases faster compared to the width in rocksalt. The top
of the valence band is found to be at the M [(1/2, 1/2, 0)]
point in the Brillouin zone. In Fig. 5, the band structures
for CsC1-structure MgO are shown at normal and
compressed volumes. As the volume is reduced, the band

gap increases and changes from indirect (from M to I ) to
direct (from M to M) at a similar pressure to that found
in the rocksalt phase. The effect of pressure is found to
be mainly determined by the I point. A decomposition of

TABLE V. Fundamental energy gaps and valence-band
widths for NaC1- and CsC1-structure MgO at reduced volume.
The s-, p-derived, and total valence-band widths are denoted by
s, p, and sp, respectively. Units are in eV. Volumes in the
present work are all normalized with respect to Vp.

10

Y=Y V=O. SYo

20

V/Vp

Rocksalt
1.0

0.754

0.50

4.50
(r-r)

7.73
(r-r)

7.27
(I —X)

AE„(sp)

17.14

18.96

22.72

b E„(p)

4.80

6.27

9.42

aE„(s)

1.74

2.74

4.31

0

c -10-
LQ

HgO(82)

10

CsC1
1.0

0.754

0.50

213
(M—r)

5.14
(M—r)

6.17
(M—M)

18.26

20.57

25.30

6.56

8.54

12.40

3.00

4.98

9.23

R M X X r x

FIG. 5. Electronic band structures for CsC1-structure MgO
at volumes Vp and 0.5 Vp. Energies are measured from the
valence-band maximum in units of eV.
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the conduction, band shows that the I ~ and I ~2 points are
composed mostly of s states and d states on the cations
and anions, respectively. Therefore, the movement of the
I ~2 point to the valence band results from the increase of
the charge density in the nonbonding region. We find
that the band gap is still indirect up to the pressures con-
sidered here. This behavior is consistent with the result
by Liberman. ' Moreover, the CsC1 structure is found to
have insulating behavior even after the structural transfor-
mation takes place.

IV. CONCLUSION

Our calculations indicate that MgO should transform
from the rocksalt to the CsC1 phase at a very high pres-
sure of about 10 Mbar. The high transition pressure for
MgO results froin not only the enhancement of the Har-
tree energy contribution to the instability of the CsC1
structure but the relatively small contribution of the
Ewald term to this structure. As the crystal is com-
pressed, the charge density is reduced. However, bemuse
of the ioniclike character remaining in the bonding, the
crystals in both the 81 and B2 phases have been found to
favor insulating behavior near the transition pressure
predicted here. As shown in Fig. 4 even at a compressed
volume of V =0.5 Vo the gap is large (7 eV). Hence we do
not expect transitions to metallic phases like the P-Sn
structure. The zinc-blende structure also is probably not
stable since it usually occurs for semiconducting phases.

In the present work, the frozen-core approximation has
been used. Since the overlap between the 2p-core and 3s-
valence wave functions for Mg is non-negligible, a small
atomic charge for the 2p state may be expected to be
redistributed in the bulk. This effect is accounted for by
including partial cores in the exchange-correlation func-
tional. However, a calculation which treats the 2p states
as a valence state seems to be impractical at this point.

Finally, we demonstrate that the localized nature of the
0 wave function is important in order to compute accu-
rate calculations for the structural properties of MgO.
Although the energy-band structures has been shown to be
less sensitive to the smoothness of the wave function, ' the
localized charge density is necessary to represent the ionic
character of MgO. The local-density theory which is ex-
pected to give accurate results only for systems with slow-

ly varying charge density appears also to predict accurate
structural properties of ionic crystals such as MgO and
NaC1 (Ref. 16) which have more rapid variation in charge
density.
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