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Ab initio periodic Hartree-Fock (HF) theory was used to determine the elastic constants and selected
phonon frequencies of bulk MgO; the accuracy of a posteriori correlation corrections to the periodic
Hartree-Fock calculations is also discussed. Inclusion of diffuse atomic orbitals in the MgO basis was
necessary to accurately describe elastic distortions and phonon vibrations of the solid. The computed
HF lattice constant (4.195 A) agrees with experiment (4.19 A) and the elastic constants are within +15%
of the observed values. Correlation corrections to these energetics shorten the lattice parameter to 4.09
A and further stiffen the elastic constants. The HF phonon frequencies at the (I, X, and L) points in the
Brillouin zone were within 15% of experiment and the correlation corrections softened the modes im-
proving agreement with experiment. These data will be used to parametrize electrostatic shell models of

MgO.

I. INTRODUCTION

This is the first in a series of papers that will discuss
the derivation of electrostatic shell models from ab initio
calculations of the bulk properties in selected classes of
ionic and semi-ionic compounds. The motivation for the
present work was to determine the level of ab initio
theory needed to accurately describe bulk MgO. These
data will, in turn, be used to parametrize the models. In
recent years periodic Hartree-Fock (HF) theory has been
used to study the bulk and surface properties of a wide
range of ionic and semi-ionic systems.> The analytic
representation of the HF operators in a local basis set al-
lows one to perform numerically accurate calculations
very efficiently. In general, the structural and elastic
properties of these materials are well described; errors in
lattice constants and elastic properties being +1-2 %
and +5-10 %, respectively, which is in line with molecu-
lar experience.’ In the current work we also examine the
performance of a posteriori correlation corrections es-
timated using gradient-corrected density functionals (as
implemented in the program CRYSTAL92).* We report the
first calculations of this nature for the elastic constants
and the high symmetry point phonon frequencies of
MgO.

The relative accuracy of these methods and the sensi-
tivity of the bulk properties to directional flexibility in
the basis set are described below. The second paper in
this series will compare computed energetics of the ab in-
itio derived shell model with the its empirically derived
counterpart.

Although it is practical to use ab initio theory to de-
scribe the bulk and surface properties of many materials,
it may not be computationally efficient to use this method
to predict the full structural relaxation that accompanies
crystal cleavage or defect site formation. It is therefore
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beneficial to obtain structural information from simple
models which can then be used as starting geometries for
ab initio investigations of complex systems containing
surfaces, defects, and compositional mixtures. Shell mod-
els have been used extensively to describe energetic and
dynamical processes in solids. Traditionally, they have
been constructed primarily from empirical data.’”’
However, a recent study reported the derivation of a di-
polar shell model for layered AB, compounds from
periodic HF calculations on MgCl,.>"'° The empirical
fitting procedure is obviously limited to those systems for
which ample experimental results are available. The ad-
vantage of the ab initio derived models is that they can be
used both to study systems that have not been probed by
experiment and to describe the properties of idealized
structures that do not exist in nature. The latter investi-
gations help to determine the intersystem transferability
of the derived models. The ab initio data also contain a
description of anharmonic contributions to the distortion
energetics. These are incorporated into the models by
fitting the total-energy curves as a function of distortion
parameter, not just the computed force constants. An ac-
curate description of the energetics is essential if models
derived for bulk solids are to be used to predict extensive
structural perturbations due to changes in coordination
and environment resulting from the formation of sur-
faces, interfaces, and site defects.

II. COMPUTATIONAL DETAILS

Periodic Hartree-Fock (HF) theory' as implemented in
the program CRYSTAL92 (Ref. 4) was used in the present
work in conjunction with a posteriori correlation-
corrected periodic Hartree-Fock theory.'""!? Correlation
corrections to the ground-state periodic HF energies are
made using three correlation-only density functionals—
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TABLE I. MgO lattice parameter and elastic constants basis
set dependence. Basis sets expressed as [Mg/O]. Experimental
values from Anderson, 1966.

[8511/8411] [8511*/8411%]
Expt. % error % error
a (A) 419 4205 (4+0.36) 4195 (40.1
B (GPa) 164.6 180 (+9.4) 181 (+10.0)
C11 (GPa) 3062 351 (+14.6) 333 (+8.7)
C12 (GPa) 938 94 (+0.2) 105 (+11.9)
C44 (GPa) 1570 187 (+19.1) 181 (+15.3)

CS,1 P86,!* P91.151¢ Applications of the correlation-
corrected periodic HF methodology to solids!! include
studies of bulk semiconductors,!” a systematic study of
the formation energy of ionic and semi-ionic com-
pounds,'®2 the interlayer properties and binding energies
in MX2 materials,” '° and adsorbate-surface binding ener-
gies.9 2!

The Gaussian basis sets used in the present study are
described in an earlier work? and are expressed here as
[Mg/0O]. The small basis [8511/8411] resembles a
double-zeta set on both the cation and anion and the
large basis [8511* /8411*] adds polarization functions to
both atoms in the form of a single d shell with the same
exponent (@ =0.65 bohr~!) on each. The tolerance pa-
rameters used to evaluate the Coulomb and exchange
series in all of these calculations were (s, =t,,=5) and
(sex=P% =5 and pl,=10)."! This study extends an ear-
lier investigation of bulk properties of MgO (Ref. 22) and
other ionic compounds.? The elastic constants reported
below are within 5% of those presented by Dovesi et al.?
Errors of this magnitude are likely to result from the use
of different schemes for obtaining polynomial fits to the
ab initio total-energy data. In the present work the elas-
tic constants are described as a function of the magnitude
of the fractional displacement vector “distortion parame-
ter” about the equilibrium lattice constant (@ =4.205 A).
The reported elastic constants were obtained from poly-
nomial fits of the energetics converged with respect to po-
lynomial order (typically third to fifth order). The pho-
non frequencies were obtained from quadratic fits of the
total energies.

III. RESULTS AND DISCUSSION

A prerequisite to parametrizing any model from ab ini-
tio data is a quantitative determination of the accuracy of
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the ab initio method. The present work examines two po-
tential sources of error in the ab initio calculations, limi-
tations of the basis set on the calculated properties and
the treatment of correlation effects with a posteriori corre-
lation corrections to periodic Hartree-Fock theory. The
bulk properties of rocksalt MgO examined here are the
elastic constants and the (I', X, and L) point phonon fre-
quencies.

A. Elastic constants

Table I contains the variation of the calculated lattice
spacing and elastic constants as polarization functions
are added to the basis set. These data are compared to
experimental data measured at T =77 K.?* The d func-
tions on the cation and anion have little effect on the cal-
culated bulk modulus, but does improve (decrease) C11
and C44. The change in C11 behavior is anticipated as
this distortion of the lattice is anisotropic and therefore
sensitive to the directional flexibility of the basis set. The
computed C12 value is correspondingly increased with
larger basis because it is intrinsically coupled to B and
C11 through the relation, B =1/3(C11+2C12). The in-
clusion of polarization functions produces a consistent
overestimation of the elastic constants by approximately
10%. This is in accordance with previous HF calcula-
tions on bulk solid?> and molecules.® The cost of including
these functions is a twofold increase in CPU time for a
single point energy calculation. Computational require-
ments precluded a full determination of the basis set limit
of the MgO calculations, but an estimate can be made by
comparison to a similar study on LiH,** an analogous
system with fewer electrons per unit cell. The latter work
indicated that it was necessary to include p functions on
both lithium and hydrogen in order to correctly describe
the elastic properties. However, the computed properties
varied little with substantial changes (20%) in the ex-
ponent of the p orbitals and to the addition of higher an-
gular momentum basis functions (d functions on Li and
H). This suggests that the present results will be insensi-
tive to both the optimization of the d exponents and to
the addition of f functions.

The data in Tables II and III show the effect of a pos-
teriori correlation corrections to the periodic Hartree-
Fock calculations for the small and large basis sets, re-
spectively. The computer HF lattice spacing is within
+0.5% of the experimental value in both cases. Includ-
ing correlation corrections causes the lattice parameter to
be underestimated by 2.0-2.6 %. This decrease in the

TABLE II. Correlation corrected periodic Hartree-Fock calculations of MgO lattice parameter and

elastic constants.

Experimental values from Anderson, 1966, calculations with [Mg/O] basis

[8511/8411].
HF HF+CS HF+ P86 HF +P91

Expt. % error % error % error % error
a (A) 4.19 4205 (+0.36) 4.105 (—2.0) 4.101 (—2.1) 4105 (—2.1)
B (GPa) 164.6 180 (+9.4) 196 (+19.1) 212 (+28.8) 212 (+28.8)
C11 (GPa) 306.2 351 (+14.6) 482 (+57.4) 474 (+54.8) 471 (+53.8)
C12 (GPa) 93.8 9% (+0.2) 53 (—43.5) 81 (—13.6) 82 (—12.6)
C44 (GPa) 1570 187 (+19.1) 188 (+19.7) 187 (+19.1) 185 (+17.8)
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TABLE III. Correlation corrected periodic Hartree-Fock calculations of MgO lattice parameter and elastic constants. Experi-
mental values from Anderson, 1966, calculations with [Mg/O] basis [8511* /8411*].

HF HF+CS HF+P86 HF+P91
Expt. % error % error % error % error
a (A) 4.19 4.195 (+0.1) 4.090 (—2.4) 4.079 (—2.6) 4.086 (—=2.5)
B (GPa) 164.6 181 (+10.0) 205 (+24.5) 204 (+23.9) 205 (+24.5)
C11 (GPa) 306.2 333 (+8.7) 460 (+50.2) 466 (+52.2) 461 (+50.5)
C12 (GPa) 93.8 105 (+11.9) 77 (—17.9) 73 (—22.2) 77 (—17.9)
C44 (GPa) 157.0 181 (+15.3) 182 (+15.9) 180 (+14.6) 180 (+14.6)

equilibrium lattice constant is directly evident in the
computed bulk modulus curves (Figs. 1 and 2). The three
correlation functionals are nearly linear increasing func-
tions of the lattice spacing over this range of distortions
(see Fig. 2). In polynomial fits to the HF and correlation
energies the linear terms are 0.02 and 0.2, respectively.
The large positive slope of the functionals produces a cor-
respondingly large negative shift in the equilibrium posi-
tion (8§ =—0.0024, 83" =—0.025). If the HF bulk
modulus cure was quadratic over this region the addition
of a linear correlation contribution would have no effect
on the second derivative despite changing the lattice
spacing (first derivative quantity). The anharmonicity in
the HF curves (requiring cubic or higher-order polynomi-
al fits) introduces an explicit dependence on R in the
computed force constants, hence the bulk modulus is in-
creased by 10-15 % when correlation corrections are in-
cluded.

Figures 3-6 illustrate analogous effects on the C11 and
C44 curves. The correlation corrected minima for the
C11 and C44 distortions are —0.04 and 0.0, respectively.
This produces a large increases (35-40%) in the C11
elastic constant, but no change in C44. The greater
change in C11 with respect to B results in a decrease in
C12 with the inclusion of correlation. These trends are
observed in calculations employing both basis sets; the
computed values using the three functionals are, howev-
er, more uniform when the larger basis set is used (see
Tables IT and III).

In Figs. 7 and 8, the HF and correlation contributions
to B, C11, and C44 are compared. Clearly correlation
affects B far more than C11 or C44; this may be under-
stood in terms of a simple model based on variations in
nearest-neighbor (NN) and next-nearest-neighbor (NNN)
distances. The bulk modulus corresponds to an isotropic
distortion of the cubic lattice with 6 NN (Mg-O) and 12
NNN (Mg/Mg or O/0) contacts which increase with in-
creasing lattice parameter. This produces a substantial
variation in the computed density along these coordinates
and hence a correspondingly large change in the correla-
tion energies. In contrast the C11 distortion is anisotrop-
ic with two groups of NN and two groups of NNN. Dis-
tortions of the lattice (to first order) change 2 NN (Mg-O)
distances while fixing the remaining 4 NN; they also alter
8 NNN while 4 NNN are held constant. A crude model
of the correlation energy based on the Mg-O distances
works rather well—relative changes in B are three times
those found in C11 for similar changes in 6. The C44
distortion does not change the NN distances to first order
and hence the effects of correlation are small. These ob-
servations indicate that simple pairwise models of the
correlation energy may be adequate in this system.

As the correlation energy is being estimated from the
local density, which increases as the lattice constant is de-
creased, it is not surprising that a simple binding term is
generated. The elastic constants are strongly affected by
the reduction in the lattice parameter produced by this
term. In general, correlation increases the size of inert
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_ FIG. 1. Bulk modulus. Relative energies as
a function of the fractional distortion (d)oof
the lattice parameter (relative a =4.205 A).
Solid line is HF data and dashed lines include
correlation corrections. All curves have been
zeroed at d =0.03.
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FIG. 2. Bulk models: HF and correlation
corrections. Relative energies as a function of
the fractional distortion (d) of the lattice pa-
rameter (relative to a =4.205 A). Solid line is
HF data and dashed lines are correlation-only
values. All curves have been zeroed at
d =0.03.

FIG. 3. C11. Relative energies as a func-
tion of the fractional distortion of the lattice
corresponding to C11 (relative a =4.205 A).
Solid line is HF data and dashed lines include
correlation corrections. All curves have been
zeroed at d =0.02.

FIG. 4. C11: HF ,and correlation correc-
tions. Relative energies as a function of the
fractional distortion of the lattice correspond-
ing to C11 (relative a =4.205 A). Solid line is
HF data and dashed lines are correlation-only
values. All curves have been zeroed at
d =0.02.
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FIG. 5. C44. Relative energies as a func-
tion of the fractional distortion of the lattice
corresponding to C44 (relative a =4.205 A).
Solid line is HF data and dashed lines include
correlation corrections. All curves have been
zeroed at d =0.015.

FIG. 6. C44: HF and correlation correc-
tions. Relative energies as a function of the
fractional distortion of the lattice correspond-
ing to C44 (relative a =4.205 A). Solid line is
HF data and dashed lines are correlation-only
values. All curves have been zeroed at
d =0.015.

FIG. 7. HF elastic constants. HF total en-
ergies for bulk modulus C11 and C44 as a
function of the fractional distortion parameter.
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gas configurations (such as the oxygen anion). This  objective of this study to obtain energy vs distortion data

effect, which is not apparent in the a posteriori estimate of
correlation, provides a possible mechanism for the
correct description of the lattice constant and hence the
elastic properties. A discussion of the relative accuracy
of different schemes for including a posteriori correlation
corrections to HF theory is presented in a paper by Cau-
s4 and Zupan.?
B. Phonon frequencies

Phonon frequencies at three special positions in the
Brillouin zone (T, X, and L) were computed within the
frozen-phonon approximation. The X- and L-point pho-
non motions were generated within tetragonal and rhom-
bohedral unit cells of twice the primitive cell volume.
These cells have 16 and 12 symmetry operations and con-
tain two distinct magnesium and oxygen atoms. The su-
percell matrices used were

011
101
110
and
1 1 -1
0 O 1

1 —1 0

for the X and L points, respectively.

Phonon eigenvectors were calculated using a dynami-
cal matrix based on an empirically derived dipolar shell
model.?> Within this model the oxygen and magnesium
sublattice motions are decoupled at the I" and L points;
the optical (acoustic) modes corresponding to the motion
of light (heavy) atoms. The displacement vectors corre-
sponding to X-point phonons (computed from the shell
model) involve coupled motions of the atomic sublattices.
The actual magnitude of this coupling is strongly model
dependent; a fully decoupled model was therefore used to
generate the ab initio X-point energy curves reported
below. Although this introduces errors into the comput-
ed X-point frequencies, it is in keeping with the original

that can be used to parametrize the shell models. The
eigenvectors for each mode are shown in Tables IV and
V. The symmetry of the system was fully exploited in the
calculations. Pairs of like atoms are equivalent in all
modes at the X point and in the transverse acoustic (TA)
and optic (TO) modes at the L point. The L-point longi-
tudinal optic (LO) displacements produce equivalent oxy-
gens and inequivalent magnesiums and the reverse occurs
for the longitudinal acoustic (LA).

At the T point the optical modes correspond to rela-
tive motion of the Mg and O sublattices. The LO mode
produces a dipole moment parallel to k which generates a
macroscopic electric field in the crystal. The dipole mo-
ment of the TO mode is perpendicular to k thus no mac-
roscopic electric field is created. The Ewald convention
used in the ab initio calculations precludes the generation
of a macroscopic electric field and hence the calculated

TABLE IV. Periodic Hartree-Fock calculations of phonon
frequencies using the frozen-phonon approximation. Basis set
[Mg/O]. Experimental values from Peckham, 1967.

k point/ Eigenvector/ Expt. [8511*/8411*] [8511/8411]

mode sublattice (THz) (THz) % error (THz) % error
r
TA 0.0
LA 0.0
TO (0dd)/O 11.8 1192 (+1.0)0 13.13 (+11.3)
LO 21.7
X
TA (dd0)/Mg 87 999 (+14.8) 11.35 (+30.4)
LA (00d) /Mg 13.0 1420 (+9.2) 16.93 (+30.2)
TO (dd0)/0 13.2 13.70 (+3.8) 1421 (+7.6)
LO (00d)/0 16.61 18.76 (+12.9) 19.25 (+15.9
L
TA (d0O—d)/Mg 88 855 (—28) 924 (+5.0)
LA (ddd)/Mg 16.6 17.68 (+6.5) 18.14 (+9.3)
TO (d0—d)/O0 11.1 1131 (+19 12.01 (+8.2)
LO (ddd) /O 18.5 19.57 (+5.8) 19.89 (+7.5)
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TABLE V. Correlation corrected periodic Hartree-Fock calculations of phonons in MgO. All calcu-
lations performed using [Mg/O] basis [8511* /8411*].

k point/  Expt. HF HF+CS HF +P86 HF+P91
mode (THz) (THz) % error (THz) % error (THz) % error (THz) % error
r
TA 0.0
LA 0.0
TO 11.8 11.92 (+1.0) 11.31 (—4.1) 11.46 (—2.9) 11.46 (—2.9)
LO 21.7
X
TA 8.7 9.99 (+14.8) 9.72 (+11.7) 9.84 (+13.1) 9.85 (+13.2)
LA 13.0 14.20 (+9.2) 13.75 (+5.8) 13.92 (+7.1) 13.93 (+7.1)
TO 13.2 13.70 (+3.8) 11.91 (—9.8) 11.98 (—9.2) 12.00 (—9.1)
LO 16.61 18.76 (+12.9) 18.18 (+9.4) 18.27 (+10.0 18.28 (+10.0)
L
TA 8.8 8.55 (—2.8) 8.20 (—6.8) 8.28 (—5.9) 8.29 (—5.8)
LA 16.6 17.68 (+6.5) 17.45 (+5.1) 17.45 (+5.1) 17.47 (+5.2)
TO 11.1 11.31 (+1.9) 10.88 (—2.0) 10.92 (—1.6) 10.94 (—1.4)
LO 18.5 19.57 (+5.8) 19.14 (+3.4) 18.99 (+2.6) 19.01 (+2.8)

frequency corresponds to the transverse optical mode at
the I" point.

In Table IV the basis set dependence of the phonon fre-
quencies is reported along with the corresponding experi-
mental data.”?"?® In accordance with molecular HF cal-
culations, periodic HF theory tends to overestimate vi-
brational frequencies.’ The presence of polarization
functions reduces the phonon frequencies and improves
the agreement with experiment. This effect is largest for
the X-point TA and LA modes. At the X point the longi-
tudinal and transverse modes produce large changes in
the Mg-O distances and hence large anisotropic (tetrago-
nal) distortions of the local charge density. At the L
point longitudinal modes correspond to atoms moving
into the interstices of neighboring layers and the trans-
verse modes move planes of like atoms past each other.
The L-point modes all produce a more isotropic (rhom-
bohedral) distortion of the local charge density. One
might therefore expect that greater angular flexibility in
the local basis functions would better describe the X-
point modes. This prediction could not be tested because

the inclusion of local functions with f symmetry has not
been implemented into the CRYSTAL package. However,
analogous studies of LiH indicated that the basis set
should be converged when d functions are present.* As
noted above the X-point frequencies are also in error due
to the approximate nature of the eigenvectors used. Cal-
culations of the I'-point TO frequency when the d func-
tions were removed from either the cation or anion indi-
cated that both sets were necessary to properly describe
the vibration (d function on Mg only, 12.33 THz; O only,
12.58 THz).

An additional factor that could affect the computed vi-
brational constants is nonzero coupling between the
motions of light and heavy atoms. The shell-model cal-
culations predict a small coupling between the LA and
LO modes (and correspondingly between the TA and TO
modes) at the X point. The absolute magnitude of this
coupling is inherently model dependent and therefore has
not been explicitly treated in the present frozen-phonon
construction. A more accurate description of these
modes would be expected to reduce the acoustic and in-

FIG. 9. X-point TO mode. Relative HF
(solid line) and correlation corrected (dashed
lines) energies as a function of disotortion dis-
1 tance from equilibrium (@ =4.205 A).
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crease the optic frequencies, thus further reducing the
theoretical-experimental error.

The correlation corrected phonon frequencies are re-
ported in Table V and the X-point TO curves are shown
in Figs. 9 and 10 (only the larger and more accurate basis
set was used) and the lattice constant was fixed at 4.205
A. The a posteriori treatment of correlation softens all of
the lattice vibrations, consistent with the results found
for correlation corrected vibrational frequencies in mole-
cules.> The frequency of the I'-point TO mode was recal-
culated using the correlation corrected optimized lattice
parameter (4.09 A) and the resulting values were 14.39,
13.92, 13.82, 13.80 THz for HF, HF+CS, HF + P86, and
HF+P91, respectively. As observed in calculating the
elastic properties the reduction of the lattice constant by
2% increases the curvature of the energy surfaces (due to
the anharmonicity of the underlying HF energy surface)
and thus the phonon frequencies by approximately 20%.
At a given lattice constant the correlation correction
softens the modes relative to HF. One expects this effect
because as an atom moves away from its equilibrium po-
sition the density overlaps increase resulting in a rise in
the correlation energy. The resultant attractive potential
softens the HF repulsive term. The magnitudes of the
correlation corrections (typically <5%) in the phonon
calculations are substantially less than those computed
for the elastic constants. This is not unexpected since the
elastic constant distortions change the cell volume and
therefore greatly perturb the charge density of the lattice.
Atomic displacements in a lattice vibration (at a fixed
volume) will have much less of an effect on the electron
density distribution.

IV. CONCLUSIONS

Ab initio periodic HF and correlation corrected period-
ic HF theory was used to calculate the bulk properties of
MgO. The inclusion of polarization functions in the basis

sets on both the cation and anion resulted in a slightly
improved lattice constant and errors in the elastic con-
stants consistent with previous studies of ionic com-
pounds indicating that the calculations were close to the
HF limit. The computed HF lattice parameter is in very
good agreement with experiment (% error <0.5%) and
the elastic constants are overestimated; the computed
values are within 15% of the empirical data (values extra-
polated to T =0 K). A posteriori correlation corrections
to the HF energies reduce the lattice parameter (% error
—2.0%) and hence further stiffen the elastic constants
(worsening the theoretical-experimental error). The an-
isotropic C11 distortion was particularly sensitive to the
inclusion of correlation corrections. Phonon frequencies
were computed within the frozen-phonon approximation
at the (I, X, and L) points in the Brillouin zone. The HF
values were in good agreement with experiment (errors
—3 to +15%). The X-point TA and LA modes were
especially sensitive to the inclusion of polarization func-
tions in the basis set. Correlation corrections reduced all
the vibrational frequencies by 3-5 % and improved the
agreement with experiment. The parametrization of elec-
trostatic shell models from these data will be presented in
a future work.
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