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The electronic structure of magnesium oxide is investigated, using both molecular-cluster and energy-band
representations within the Hartree-Fock-Slater scheme. Predictions of the simple one-electron model are
correlated with x-ray data; some previous controversies are resolved and additional features explained. The
results also suggest that the prominent optical-absorption peak at 10.8 eV may be due to an intraband
exciton previously identified in alkali-halide and rare-gas crystal spectra.

I. INTRODUCTION

Magnesium oxide is the lightest of the IIA-VIA
compounds which are characterized as cubic ionic
materials. These compounds are divalent counter-
parts of the alkali halides and find extensive use
as host materials for studying optical and magnetic
properties of a variety of impurities, vacancies,
defects, etc. The high strength, high melting tem-
perature, and excellent ir and optical transmission
of MgO give rise to numerous technical applications.
The fundamental electronic properties of MgO have
been the subject of many experiments involving
such techniques as optical absorption and reflec-
tivity, I=® soft-x-ray emission and absorption, 8~
and electron spectroscopy (ESCA), 1114

Since these experimental techniques are now
capable of high accuracy, the results provide an
opportunity to develop a better theoretical under-
standing of electronic states in MgO and related
compounds. We shall be interested in comparing
predictions of a simple one-electron Hartree-Fock-
Slater (HFS) model with experimental data and with
previous theoretical efforts. Previous interpre-
tations of x-ray data attempted by Fischer!® and by
Fomichev et al.® were based on an ionic band-
structure model of the crystal while Dodd and
Glenn® have used an empirical molecular-orbital
(MO) approach. In this paper HFS results are
presented for both energy-band and MO models,
which resolve some of the earlier controversies
over level assignments and explain additional fea-
tures of the x-ray data.

Very extensive optical data for MgO are avail-
able, much aimed toward understanding the band-
edge excitons. Here we consider contributions of
the ordinary one-electron direct transitions in the
energy range 0-20 eV, which can be compared with
data of Roessler and Walker, 3 and with results of
the empirical pseudopotential method (EPM) of
Cohen and co-workers. !¢ The results suggest
that the prominent absorption peak at 10.8 eV may

8

be due to an intraband (L point ?) exciton previ-
ously identified in alkali-halide and rare-gas crys-
tal spectra, rather than a one-electron interband
transition.

The remainder of the paper is arranged as fol-
lows: In Sec. II we discuss the HFS scheme and
the implications of localized versus itinerant mod-
els for ionic crystals; the computational methods
used are presented in Sec. III. Molecular-orbital
and energy-band results are presented in Secs. IV
and V, respectively. An interpretation of soft-
x-ray data is given and comparisons with previous
work are made in Sec. VI. The optical absorption
is discussed in Sec. VII, and conclusions are drawn
in VIII.

II. THEORETICAL MODELS

The relative merits of itinerant versus localized
one-electron descriptions of ionic crystals remain
unsettled despite many investigations on the sub-
ject. These investigations have, until recently,
been hampered by a lack of quantitative methods
which can provide definite comparisons with ex-
perimental data and by difficulties in estimating
many-body (correlation) corrections to the one-
electron predictions. The gradual development
of powerful numerical techniques and the avail-
ability of high-resolution data, e.g., soft-x-ray
emission and absorption and optical reflectance,
provide an opportunity for making more rigorous
tests of theoretical models.

From the itinerant point of view, we may men-
tion the augmented-plane-wave (APW) energy-band
calculations of DeCicco on KCl, ! which show that
ground-state properties such as cohesive energy
can be obtained to good accuracy. On the other
hand, the extensive APW work of Mattheiss on the
transition-metal monoxides'® leads to the conclu-
sion that a band representation may be inadequate
for transport and other excited-state properties.

A localized-orbital picture has been put forward,
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for example, in the studies of Kunz, !® Lipari, 2
and others on the alkali-halide and rare-gas crys-
tals, where in particular one-electron binding en-
ergies are examined.

In this work we explore the predictions of a (non-
self-consistent) HFS model for the occupied levels
and low-energy excitations of MgO, adopting the
simplest one-electron direct-transition interpre-
tation of the excitation spectrum. Thus the effec-
tive Hamiltonian is

H=T+V_+V,, (1)

where the first two terms are the kinetic energy
and Coulomb potential, respectively, and the ex-
change operator V_ is approximated by the local

potential

V,=-3a (3p/8m)1/3, (2)

(Hartree atomic units are used unless otherwise
specified.) Here the exchange coefficient « is
treated as an adjustable parameter, $<a <1, se-
lected to match some feature of the experimental
data, although various theoretical prescriptions
have been proposed. ?'~2* In our non-self-consis-
tent-field (non-SCF) approach the crystal charge
density p is approximated by the superposition of
atomic (ionic) densities as

p=2ip,
v

and the Hamiltonian is thus determined. It is im-
portant to note that the full crystal potentials are
determined, without making the usual muffin-tin
averaging approximations; thus all aspherical
“crystal-field” terms are retained.

A single-particle excitation energy can be gener-
ally written

AE 4=8,-86,+U,, ®)

where §; and §; are one-electron eigenvalues of H,
and U, contains self-energy and correlation terms
obtained from some many-electron theory. In the
Hartree-Fock single determinant model U;; takes
a simple well-known form, % but can be compu-
tationally difficult. Further, &; and &, need not
be eigenvalues of the same (ground-state) Hamil-
tonian, leading to further complications. The
“transition state” scheme has been suggested®® as
a simple alternative, but requires a separate cal-
culation for each transition. For the present we
investigate the simple scheme, generally used in
band theory, of determining all §; from a single
potential and neglecting all U;; corrections.

By comparing the results of a form of localized-
orbital (molecular-cluster) calculation with pre-
dictions of the Bloch-wave (energy-band) scheme
we examine consequences of assumptions about the
spatial character of HFS single-particle eigenstates.
A reasonably consistent picture is obtained between

molecular-cluster and energy-band predictions, and
the experimental data. Significant differences re-
maining between the simplified HFS model and ex-
periment, which cannot be removed merely by ex-
change scaling provide a measure of “correlation
effects” (and possibly self-consistent relaxation
effects) in rough accord with estimates in the liter
ature.

III. COMPUTATIONAL METHOD

Approximate eigenvalues and eigenfunctions of
the HFS Hamiltonian are generated by means of a
discrete variational method (DVM) which has pre-
viously been applied to a number of molecular?’
and energy-band®® problems. These calculations,
and the earlier DVM computations on molecular?®'%°
and nuclear problems® all have in common the se-
lection of a discrete set of sample points in coor-
dinate space, definition of an error functional con-
nected with the Schrédinger equation, and mini-
mization of the error functional over the discrete
grid of sample points by a variational procedure.
These direct numerical-variational methods have
been shown capable of high accuracy in treating
potentials of very general form. Details of our
formulation of the DVM have been given else-
where®'33; a brief summary of the approach fol-
lows.

The approximate wave functions are expanded
in some fixed basis set,

¥R, T) =20 x,(&, F)C,4(K), @)
H

where the basis functions y;(K, ¥) are either (a) sym-
metry-adapted molecular orbitals belonging to the
kth irreducible representation (irrep) of the molec-
ular-cluster point group, or (b) Bloch orbitals of
wave vector K, belonging to the kth irrep of the
crystal translation group. For all results reported
here the basis orbitals were in turn constructed
from linear combinations of Slater-type orbitals
(STO’ s) centered at nuclear sites. Gaussian func-
tions, plane waves, and Korringa-Kohn-Rostoker
KKR-muffin-tin orbitals® have been used in other
work, as the choice of functions is a matter of con-
venience.

We define the error functional for state 7 at point
r as

5,(T)=(H-8,)¥,(T) (5)

and minimize the expectation values (x;|8;) over
some grid of sample points {T,}, obtaining the ma-
trix secular equation

HC=SCE (6)

for determining the variational coefficients Cy;(K).
These equations are identical to the conventional
Rayleigh-Ritz equations, except that the matrix el-
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ements are given as a sample mean, e.g.,
Hu =Z> w(F))XT (;,)H Xj(-l:’) . (7)
»

Here w(T) is a weight function, generally chosen so
that matrix elements converge to their integral

values as the number of sample points is increased.

Reasonable choices of weight function and distri-
bution of sample points lead to rapid convergence
to the Rayleigh-Ritz eigenvalues.

IV. MOLECULAR-CLUSTER RESULTS

Now we may present results for the particular
case of the MgOg cluster embedded in the magne-
sium oxide crystal obtained within the HFS-DVM
scheme described in the preceding sections. The
magnesium atom was placed at the center of the
cluster, surrounded by six oxygen atoms in an oc-
tahedral configuration. The MgO bond length was
taken to be 3.98 a.u. * in all calculations. The
STO basis functions used to expand the molecular
orbitals are listed in Table I, and comprise a basis
of roughly “double ¢” 3¢ quality. Convergence in
energy to 0.01 a.u. in valence and the first few ex-
cited energy levels was achieved with the use of
1200 sample points; further convergence was dem-
onstrated with larger numbers of points. 37

The input charge densities and atomic Coulomb
potentials were computed from the accurate HF
atomic orbitals of Clementi.*® Most of the cluster
computations were performed with potentials de-
rived from atomic charge densities. This may
seem peculiar in view of the common assumption
that Mg** and O™ ions make up MgO, but the basic
one-electron results are rather insensitive to the
choice of potential. We must emphasize that this
result follows only when the complete potential of
the electrically neutral atomic (ionic) crystal is
employed; i.e., the external molecular field or
crystal-field terms play an important role in de-
termining relative level spacings. However, as
was found by successively treating the potentials
generated by Mg®0° neutral atom configurations,
and Mg'0", and Mg*'0™" ionic configurations, the
net effect of assumed ionicity (including distortions

TABLE I. STO basis functions for MgO cluster and
energy bands.

Site Magnesium Site Oxygen
nl t nl ¢
1s 13.5 1s 10.0
1s 7.5 1s 5.5
2s, p 5.0 2s, p 5.0
2s, p 2.8 2s, p 2.8
3s, p, d 1.9 3s, p 1.9
4s 1.9 3d 1.9

%Only used in band calculation.

TABLE II. Energy levels for MgOg cluster, obtained
with crystal potential of neutral atom configuration and
exchange parameter a =0.82. Results for 1200 sample
points (Hartree a.u.).

Irrep: ay € g ty
—46.67 —20.02 -0.62 —20.02
—20.07 -1.20 +0. 652 -1.95

-3.15 -0.76 -1.20

—-1.22 +0.002 -0.77

—-0.79 +0.512 —-0.64

-0.192 —-0.032

—-0.03? te 2 +0.132
-0.66 —0.63 +0.542
+0.292 +0.522

2Unoccupied levels.

of the input charge density) is to shift the entire
complex of valence and excited-state levels almost
uniformly. These results are reproduced in the
energy-band calculations discussed in the sequel,
and give an indication of the small changes to be
expected in proceeding to more complex SCF cal-
culations.

A representative set of one-electron energies
is found in Table II, obtained with neutral atom
input configurations, and using the optimized ex-
change scaling parameter a =0.82 (cf. Sec. V).

A series of computations were made to study the
effects of varying the exchange parameter o, using
values ranging from % to 1. Since both cluster and
band results show the same behavior, a discussion
of this feature is postponed until Sec. V. Contri-
butions to the molecular potential from atoms out-
side the cluster are shown in Fig. 1. The impor-
tance of treating this molecular field properly was
studied and shifts in MO valence levels of ~5 eV
were found upon omitting these terms. Muchlarger
shifts were observed for excited-state levels.

Our application of the HFS cluster model to MgO
is somewhat artificial, in the sense that no such
molecule or complex exists separate from the crys-
tal. Of course, the nearest-neighbor oxygen atoms
have the greatest perturbing effect on the central
Mg atom, but the 12 next-nearest-neighbor Mg
atoms (at R=5.61 a.u.) are arbitrarily excluded
from the cluster. Thus the MO wave functions,
even when computed under the perturbing influence
of the external crystal field, are “valid” only for
the cluster. More elaborate calculations, includ-
ing the orthogonality constraints among localized
crystal orbitals, would be desirable; however, it
appears that a great deal of experimentally signif-
icant information is already available at this level
of effort. For example, we compare the molecular-
cluster results with those of our energy-band cal-
culations in Fig. 2. The most noteworthy feature
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FIG. 1. MgO crystal potential (neutral atom configu-
ration) with central MgO; cluster removed.

of this diagram is the cluster of bonding 7 and ¢
levels lying between — 0.6 and — 0.8 a.u. These
valence level MO’ s are predominantly made up of
ligand (oxygen) 2p character and are separated
from the first unoccupied (6a,,) MO by an energy
gap of roughly 12 eV. The interpretation of MO
levels as marking the approximate “center of grav-
ity” of a crystal energy band is seen to be justified.
Note in particular the position of the 6a,, excited-
state level relative to the first conduction band.
Since the same Hamiltonian has been employed for
both cluster and band calculations, no shifts of the
zero of energy are required to achieve this corre-
spondence. The total width of the MO valence band
is about 5 eV; the twofold o-7 splitting between the

group of 4¢,,, 3e,, and 5a,, levels and the 1f,,, 1f,.,

5t3,, 14, group is evident.
V. ENERGY-BAND RESULTS

The valence and lowest conduction bands of MgO
have been studied previously by Yamashita, using
linear-combination-of-atomic-orbitals, (LCAO)
methods®®® and the Green’ s-function approach, in
the muffin-tin approximation.3®® A valence band-
width of 9 eV was first obtained, 3% and this value
was used by Fomichev et al.® in an attempt to in-
terpret x-ray absorption data. The more recent
calculation gives a bandwidth of about 4 eV3®;
however, the direct band gap found is much too
small. There is qualitative agreement between the
Green’ s-function results and the present DVM cal-
culation in the energy range where comparison is
possible; however, significant quantitative differ-
ences are found. One of the important results of
our work is to show that the use of an exchange
parameter a =0. 82 required to match the direct
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gap deduced from optical data also yields a valence
bandwidth of ~3.0 eV. This bandwidth, which is
consistent with other recent calculations for ionic
materials, 177183940 jg of great importance for fur-
ther theoretical and experimental investigations,
e.g., in estimating correlation effects and inter-
preting x-ray band tailing.

Therefore it is of considerable interest to see
how modifications of the crystal potential, through
choice of input atomic (ionic) configurations and
exchange scaling, affect experimentally accessible
gaps and bandwidths. The band structure of MgO
has also been studied by Cohen and co-workers*'!®
using the EPM fitted to the optical data. An inter-
esting comparison of first-principlesand empirical
results for optical absorption is thus made possible.
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FIG. 2. Comparison of band and cluster energies.
The three conduction bands have different shadings.
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Basis functions for the variational calculations
were constructed as Bloch sums of STO functions
centered on metal and ligand sites. Considerable
experimentation was done by varying the number
and type of STO’ s to determine the effects of basis
truncation on the band energies. The data pre-
sented here were generated using essentially the
same STO set (Table I) used in the molecular-
cluster calculations, and represent a reasonable
compromise between accuracy and computational
cost. Convergence of band energies as a function
of the number of sampling points per cell was also
investigated; approximately 1000 points per cell,
chosen from superimposed atomiclike distribu-
tions, 228 proved adequate for present purposes.

A typical set of energy bands for MgO are plot-
ted along symmetry lines in Fig. 3; the correspond-
ing Hamiltonian was generated from neutral atom
configurations, with an exchange scaling parameter
a=0.82. Aspherical (non-muffin-tin) contributions
to the crystal potential are sizable, as shown in
Fig. 4. The results are characterized by a nar-
row valence band mostly composed of oxygen 2p
functions and, separated from the valence band by
a wide energy gap, the broad “free-electron-like”

conduction bands. The conduction bands are shown
up to an energy of 1.6 Ry. The computed energies
are estimated to be converged within 0.005 Ry in
the valence band and first conduction band, ~0.015
Ry in the next five conduction bands, and ~0.07 Ry
in the highest three bands. A direct gap of 7.53
+0.07 eV at I is found, compared to the experi-
mental value of 7.775 eV.°®

In order to test the sensitivity of the bands to a
scaling of the exchange factor, the energy values
at the I' and L symmetry points were recalculated
for values of a ranging from 0.75 to 1.0. The re-
sulting values of the energy gap and the valence
bandwidth are plotted in Fig. 5. These important
quantities are thus found to be quite sensitive to
exchange scaling, changing by more than 30% over
the stated range of o values. Very similar be-
havior was noted by Painter in his energy-band
calculations for the highly ionic compound LiF.*
While the energy gap and valence bandwidth scale
in opposite fashion with increasing «, it should be
noted that the four direct valence band - conduction
band transitions (at I' and L) plotted in Fig. 6 all
scale in the same manner with a. Infact, the total
change of each quantity is roughly 3 eV over the
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FIG. 3. Energy-band structure of MgO for a =0.82, with neutral atom configuration.
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tion of crystal potential:
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With this exchange sensitivity in mind, it is
clearly also necessary to examine the effects of
input atomic (ionic) configurations in an ad hoc
non-SCF procedure. By comparing the results
obtained with neutral atom Mg°0° and ionic config-
urations Mg'0~ and Mg**0™ as input, we expect to
bracket the results to be obtained from an SCF
calculation. The energy bands were recalculated
along symmetry lines for each of the three poten-
tials; in every case the resulting occupied eigen-
states show well-defined Mg ™0™ character, as
expected in the conventional ionic model.®® Signif-
icant changes in energies, aside from uniform
shifts, are rather small, and thus help to justify
use of the non-SCF results.

Changes occurring in several important band
parameters with the three potentials (« fixed at
0.82) are shown in Fig. 7. Here I'j;-L, is the va-
lence bandwidth, I';-T';5 is the fundamental gap,
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a, EXCHANGE FACTOR

FIG. 5. Direct gap I';-T'j5 and valence bandwidth I'j5-
L, vs exchange parameter «.

L
28 36

r (a.u.)

L;-Lg is a higher gap, and I'j,-Tys. is the d-band
splitting at I'. We see that changing the assumed
ionicity has a relatively small effect on important
transition energies; e.g., the direct gap I'y-T'y5
changes by about 15% over the entire range of po-
tentials. This can be contrasted to changes of more
than 30% when the exchange isscaledin the interval
0.75=<a=<1.0. Another interesting feature is the
great stability of the d-band splitting at the I point.
Further study of the results leads to the general
conclusion that the bands generally undergo rigid
upward shifts of several volts as the potential is
changed from neutral atom to monovalent to diva-
lent ionic.

We can gain some further understanding of these
effects by examining the crystal wave functions.
In Fig. 8 are plotted four I' point crystal wave func-
tions obtained in the DVM calculations. The T,
wave function, shown in Fig. 8(a), is a low-lying
(~ - 32 eV) bonding combination of magnesium 2s

T T T T T T
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=L, =L,
16 9 =I5 24
15 8 —H14 23

MgO Bands
Neutral Potential
14 7 —H{13 22
L L - I 1

0 e o7 08 09 0o 4 ©

FIG. 6. Variation of important band transitions with
exchange o.
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and mostly oxygen 2s. Figure 8(b) displays one
representative state of the triply degenerate 2p-
like occupied TI'y5, valence level; it is seen to be
predominantly oxygen 2p with a slight magnesium
2p contribution. The first I' conduction level is
shown in Fig. 8(c), and is seen to be an almost
equal mixture of Mg and O 3s functions. Finally,
one state of the triply degenerate I'ys, conduction
level is shown in Fig. 8(d). This state consists of
roughly equal parts of d functions on magnesium
and oxygen.

Figures 8(b) and 8(c) offer a simple explanation
for the sensitivity of the band gap and the valence
bandwidth to exchange scaling. Since the first con-
duction band is s like and diffuse, it is affected by
exchange in a different way than the p-like valence
band. In the local exchange approximation, the ex-
change potential is proportional to the cube root of
the electron charge density. The compact p-like
valence functions have large amplitude in regions
of high charge density whereas the I';, function has
less amplitude and is more spread out. Thus, in-
creasing exchange has two effects on the valence
band: the band is narrowed and shifted to lower
energy. The first effect was seen in Fig. 5; the
second effect is shown in Table III where some va-
lence-band and first conduction-band energies are
listed for various values of a@. Increasing exchange
also lowers the first conduction band, but not as
much as the valence band; hence the band gapwidens
as « increases.

A. Comparison of Energy-Band and Cluster Results

In Fig. 2 we have compared valence and excited
states from the band calculation and the MgOg clus-

P. F. WALCH AND D. E. ELLIS 8

ter calculation, using the same crystal Hamiltonian.
We can restate our results for the cluster as fol-
lows: The cluster is found to have an energy gap
and valence bandwidth which scale with « in the
same manner as the energy bands. The valence-
excited gap values of ~10-14 eV are considerably
larger than the experimental gap, and the valence
bandwidth is somewhat larger than that given by
the energy-band calculation. Energy-band and
cluster results are found to be almost identical for
the (core) levels below the valence bands. Both
models show the first excited states to be predom-
inantly s like and of mixed Mg and O character.
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TABLE III.
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Variation of several valence- and conduc-

tion-band energies with exchange parameter a (neutral

atom configuration).

a=0.75 a=0.82 a=1,0
irrep eV evV) eV)
| 6.8 8.2 11.7
13.7 5.8 21.2
Ly, 0.8 2.2 5.7
Ly, 14.3 6.3 21.6

V1. CORE BINDING ENERGIES AND X-RAY DATA

A. Core Binding Energies

High resolution x-ray photoelectron spectra
(XPS or ESCA) measuring electron binding ener-
gies for magnesium and oxygen K, L; and Ly, 1
shells are available for MgO. *~!* Although dif-
ficulties in the determination of work functions and
surface layer effects (including charging effects in
insulators) are well known, a comparison with the
calculated one-electron spectra is useful as a first
approximation. This has been justified in the HF
model by invoking Koopmans theorem; viz., that
HF orbital energy eigenvalues give approximately

the binding energies for the electrons.

Orbital re-

laxation and multiplet hole interactions are ne-

glected.

The experimental data are compared with one-
electron energies (obtained with both MO and band
schemes) in Table IV. Theoretical results are pre-
sented for neutral atom and divalent ionic input
configurations; sizable changes due to exchange
It is evident that a =0.82 leads

scaling are noted.

to a better match with valence levels.

The Mg-1s

binding energy is probably seriously underestimated
because of the truncated STO basis used. As re-
marked previously, the absolute position of levels
depends rather strongly upon assumed ionicity;
e.g., in the Mg*’ O™ potential the T, (O 2s) level
rises from 33 to 27 eV. With respect to XPS data,
the divalent potentials are seen to be preferable;
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however, more rigorous calculations are clearly
desirable.

B. Densities of States

A general impression of features to be expected
in both absorption and emission spectra can be ob-
tained from the energy-band density of states
(DOS) D(E), which is shown in Fig. 9. The DOS,
formed as a sum over individual band densities

d,(E):ﬁgfd’k 5[8,&) -E], (8)
have been frequently used in the interpretation of
photoemission and x-ray data. However, a de-
tailed understanding requires the calculation of
transition strength matrix elements, coupling ini-
tial and final states. An intermediate step not re-
quiring extensive wave-function computations, but
incorporating the k selection rule (direct transi-
tions) is followed here, making use of the interband
densities of states

du(E)=(.22;)_§ [ 5E .0 -E], (©)

TABLE IV. Comparison of MO and XPS binding energies (eV).

HFS-MO
Experiment?® Mg?0? a=1 a=0.82 Mg*'0™: «=0.82
Mg-1s 1305.3 lay, 1301 1269 1266
O-1s 532.2 2ay, 567 547 539
Mg-2s 90.6 3ay, 95 86 82
Mg-2p 51.7 2ty, 63 53 49
0-2s 23.7 4ay,, 38 33 27
3t1u, 26‘
0-2p 6-10.5 5ay, 22-27 17-22 10-15
4t1u, cse s ltl‘

2Unpublished data of G. K. Wertheim, MgO on Mg. Also see Refs.

11-13.
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FIG. 10. Interband joint densities of states (@) d;, (b)
dys, and (c) €,(E) obtained using oscillator strengths cal-
culated between (1,2, 3) valence bands and first five con-
duction bands.

where E;;=8,- ;. Inthe “constant oscillator
strength” approximation these quantities allow dis-
cussion of individual band-pair contributions to
absorption and emission processes in both optical
and x-ray energy ranges.

The DOS were calculated by straightforward pro-
cedures discussed in detail elsewhere. ! Briefly,
the energy levels were determined at 45 inequiv-
alent K vectors in the Brillouin zone, and a least-
squares fit to the energy bands was made, using
symmetrized sums of plane waves. The optimum
number of expansion functions was foundto be about
25, representing a compromise between undesirable
high-frequency ripple in the fit and minimum error
on the data grid. The resulting rms errors in the
energy-band fits were 0.003 a.u. in the valence
bands, 0.01 a.u. in the first four conduction bands,
and 0. 02 in the five highest bands treated, and set
a significance limit on the derived DOS. Thus, all
DOS results were calculated with an energy reso-
lution of 0.02 a.u. in the conventional histogram
representation. The amplitudes were calculated
by diophantine sampling; a precision of at least
3% was obtained using 8000 sample points. The
results shown in Figs. 9 and 10 will be discussed
in context with the x-ray and optical data.

C. X-Ray Data

In principle, x-ray emission spectra give at
least a qualitative picture of the valence band, while
absorption spectra provide a similar view of the
conduction bands. By combining the two spectra
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one hopes to determine band gaps, the width of the
valence band, etc. The analysis is complicated by
the presence of localized (excitonic) states, multiple
ionization satellites, and such possible hybrids as
“valence-electron configuration” states. **** Fortu-
nately, much reliable datahave become available
and attempts have been made to correlate the band-
structure calculations®**** and MO models® 4?45
withthe experimental results for various insulators.
However, it is fair to say that interpretation of
soft-x-ray data is still a developing art, compared
to such established methods as optical reflectance
and absorption analysis.

For MgO Fischer® and Fomichev et al.® have
attempted an interpretation based on the band struc-
ture due to an ionic model of the crystal, while
Dodd and Glenn® have used an empirical MO ap-
proach. Analysis of x-ray data based on energy-
band computations is the more traditional, while
the MO scheme has recently been used by several
authors® for covalently bonded materials. The
importance of k-dependent transition strengths for
the understanding of x-ray intensities has been re-
peatedly emphasized*?; however, the required com-
putation of matrix elements is rather tedious. The
MO approach provides a simplification in that se-
lection rules for allowed transitions are immedi-
ately determined from the known orbital symme-
tries. The allowed MO transition energies are ex-
pected to coincide with average values or peaks in
the band excitation spectrum.

However, empirical models can lead to conflict-
ing results; e.g., disagreement exists between
the interpretation of the main K8 emission band of
magnesium in MgO given by different workers.
Fischer argues that KB is a valence band (0O-2p) to
Mg-1s “crossover” transition!®; Dodd and Glenn
would argue that KB is a Mg-3p —~1s transition and
that the bonding in MgO has a high degree of co-
valent character.® They also attribute the split-
ting (2-3 eV) in the KB line to the energy difference
between o and 7° (bonding) molecular orbitals con-
structed mainly from O-2p levels. Their picture
is based on empirical application of a qualitative
MO energy-level model for octahedral complexes;
no actual MO calculations were performed to jus-
tify this result.

The present HFS-MO calculations on the MgO,
cluster resolve the KB question infavor of Fischer’s
crossover model. However, many other features
of the empirical MO model are compatible with
our numerical results. One important result is
the energy splitting found between the o, 7 levels
(together constituting the ligand “2p band”). We
note that taking a weighted average of the energy
levels in the two groups leads to a splitting of
~3 eV, depending slightly on the model potential
employed. It is fairly clear that this splitting man-
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ifests itself in three different parts of the MgO ex-
perimental spectra; the magnesium KB and Lyy, 1y
emission spectra and the oxygen K emission. All
three spectra have about the same width, indicat-
ing a probable common origin in the oxygen-p va-
lence band, and a splitting of 2-3 eV. We also
note that our MO interpretation of the data allows
for an immediate understanding of the lesser in-
tensity of the low-energy peak. This follows from
the fact that the electron population (DOS) of the

o levels is one-half that of the 7 levels. The strict
application of MO electric dipole selection rules
(0, symmetry) is certainly not valid here since sym-
metry mixing of the levels in the crystal due to
overlap with wave functions from atoms outside the
cluster will occur. However, these selection rules
can be used as a good first approximation in pre-
dicting the most important crossover transitions,
as well as “one-center” terms.

Our results show that MgO comes out to be a di-
valent insulator, filling up energy levels to a
Mg*"0™ configuration, regardless of assumed ion-
icity used in constructing the Hamiitonian. The
cross-over transition from the valenceband MO’ s
to the Mg-1s level is allowed; however, the total
transition energies found are only in fair agreement
with experiment. The unoccupied 6a,, MO state is
separated by a gap of 10-13 eV from the valence
band, and the valence bandwidth is ~5 eV. These
results are compared with features of the energy-
band DOS (Fig. 9) and with the results of optical
reflectance measurements in Sec. VII.

The KB’ structure in Mg emission is also of some
interest. Dodd and Glenn would argue that this
structure, which is found to be about 14.5 eV be-
low KB in energy, is a satellite. Fischer claims
that this structure is due to an O-2s - Mg-1s tran-
sition, and our computations again support this
latter view. The ligand 2p valence MO’ s are sep-
arated from the 2s levels by 11-16 eV in all the
calculations. Note that these crossover transitions
are MO allowed since the ligand s states form ¢,,,
e., and a,, symmetry orbitals, and thus O-#,,~ Mg-
a,, is a permitted electric dipole transition. A puz-
zling feature of the experimental results is the lack
of a KB’ structure in the oxygen emission spectra
in MgO. Such structure is dipole allowed and should
be found about 14.5 eV below KB in energy. The
authors feel that such a peak does exist but has not
been observed because the oscillator strength is too
weak. The Mg KB’ structure is already weak and
the matrix elements for such a transition are from
an initial state #;, MO primarily constructed from
ligand s functions to a Mg-1s final state. The cor-
responding oxygen transition, to the O-1s level,
takes place because of the Mg-2p contribution to the
initial state ¢;, MO, but this contribution is weak,
hence the predicted low intensity of the O-KB' struc-
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ture. These qualitative observations would be sup-
ported by a rigorous calculation of the transition
probabilities.

Fomichev et al.® identified structure in the
Mg Ly, 111 emission data with the 2p-2s splitting
of Mg in MgO, and both MO and band calculations
support this interpretation. This splitting occurs
at about 38 eV, and our MO calculations show the
splitting to be approximately 33 eV; the band cal-
culations give the identical 33-eV results, with no
other states in a comparable energy range. HF
atomic calculations of Clementi® show a splitting
in the atom of 40 eV. The XPS results (Table IV)
give 90.6 eV for the Mg-2s binding energy, and
51.7 eV for the Mg-2p level, allowing a further
experimental estimate of 39 eV for the splitting.

Now we may discuss further significant features
of the band-structure results. Attempts have been
made to correlate x-ray emission datawithvalence
bandwidths and energy gaps, but these efforts are
made quite difficult by many-body and instrumental
effects. Estimates as high as 8.5 eV have been
given for the valence bandwidth of MgO, ® but such
figures are doubtless too high. Accurate energy-
band calculations!”*® and optical reflectance ex-
periments* consistently show ionic solids to have
much narrower valence bands than this. The va-
lence bandwidth found in the present work is ~3 eV,
in reasonable agreement with the EPM result. *

In addition, we note a pronounced twofold splitting
in the valence-band DOS, shown in Fig. 9. This
splitting is ~1.6 eV, while observed splitting in
the x-ray emission data is 2-3 eV. In the cluster
calculations, we saw that the HFS model (with a
chosen approximately to match the band gap) re-
produces the experimental splitting.

The initial rise in the conduction-band DOS fol-
lows the expected EV? dependence. This leading
edge structure is due almost entirely to the broad
singly degenerate first conduction band, with the
minor peak at 7.2 eV above the band edge due to
the relatively flat region in this band after the
cross-over at @. For further discussion we label
the bands, in ascending energy, asvalence= (1, 2, 3),
conduction =(4,5,...). The small gap between
bands 4 and 5 which extends across most of the
Brillouin zone is responsible for the minimum seen
next. Now, one would expect the onset of x-ray
absorption to the d bands to be foundat an excitation
energy around 18 eV, as there is considerable d
character in the wave functions at, e.g., X3 and
Ws. Indeed there is pronounced structure centered
at 17.3 eV in D(E), and this is found to come pri-
marily from the relatively flat portions of bands
5 and 6. Prominent peaks in the conduction-band
DOS are found at 17.3, 22.3, 29.6, 32.3, 32.8,
and 36.8 eV above the top of the valence band.
Fomichev and Zhukova!® identify d-band absorption

about 22 eV above the Ly, 1; absorption edge, but
this value now appears to be too high. The peak
at 22.3 eV in D(E) comes from the flat structure
(principally along A) in bands 7 and 8. The 29. 6-
eV peak results from the ninth band which is flat
through much of the zone (4, Z, @, A), while the
last three peaks are due to bands 10,11, and 12,
respectively.

It should also be mentioned that Fomichev et al.®
attribute the start of K x-ray absorption of oxygen
in MgO to transitions to p-like conduction-band
states about 4 eV above the bottom of the first (s-
like) conduction band. A plot of the pertinent T,
wave function [Fig. 8(c)] shows equal amounts of
magnesium and oxygen s character; thus the O-1s
- conduction-band transition is allowed, and of the
crossover type. Also there are no p-like levels as
close as 4 eV from the bottom of the conduction
bands. It seems that the error in Fomichev’ s anal-
ysis lies in the attempt to match his x-ray data to
an early LCAO band calculation of Yamashita®*®
which gave a rather too large valence bandwidth of
~9 eV,

Finally, we note that inelastic Compton x-ray
scattering measurements have been made*® which
appear to compare fairly well with an ionic model
derived from the KKR band calculation. 3® More
detailed studies of the momentum distribution aris-
ing from different points in the Brillouin zone have
been undertaken, using wave functions obtained in
the present work.

VII. OPTICAL PROPERTIES

Several experimental studies of the optical prop-
erties of MgO have been reported. '™® The reflec-
tance data of Roessler and Walker extend up to 30
eV and have been used to extract the complex di-
electric constant €(w),?® and the exciton structure
found at the low-energy edge has been the object
of careful study.3™® Exciton levels are observed
to form just below the conduction-band minimum
in compounds like the alkali halides*’ and MgO and
thus mask the “true” single-particle (direct) ab-
sorption edge. For the purposes of this work, the
result of primary interest is the interband absorp-
tion edge which results when the structure attrib-
uted to the exciton is subtracted off. By fitting
the exciton structure with Lorentzian peaks and
band edge with EY/2 behavior, Whited and Walker
were able to obtain a fundamental band gapof 7. 775
eV.5 No mention is found in the literature of evi-
dence for indirect (phonon-assisted) transitions,
so remaining structure is presumed to be due to
one-electron direct transitions, or plasma reso-
nances. The main features of €, observed are a
sharp (exciton) peak at 7.7 eV, strong peaks at
10.8 and 13.2 eV, a weaker double peak at 16.8
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and 17.3 eV, a “bump” at 20.5 eV, and weakbroad
structure over 23-24 eV.

A. MO Picture

The lowest predicted optical excitations are di-
pole allowed 5¢,,, 4t,,— 6a,, transitions, occurring
at 12. 3 and 15. 8 eV, using neutral atom potentials
with @ =0.82. As mentioned previously, the 6a,,
state corresponds to the center of gravity of the
first conduction band, and indeed there is a strong
peak in the experimental €, data® at 13.2 eV. These
transitions are described most simply as charge
transfer from O-2p to Mg-3s, although the upper
level has a noticeable admixture of O-s character.
Of course there is no evidence of the 7.7-eV ex-
citon; more seriously, the experimental peak at
10. 8 eV is not represented.

There are numerous allowed transitions from
valence levels to the 6¢,, 7a,,, 4e, levels, occur-
ring between 16 and 21 eV. These can probably
be related to the observed double-peak structure
centered at 16.8 and 17.3 eV. These transitions
are predominantly O-2p - 3s excitations. Thebump
observed at 20.5 eV is usually attributed to a bulk
plasma resonance.?® Recalculation of transition
energies, using divalent ionic configurations, led
to shifts of ~ 0.8 eV toward lower energy.

B. Band Picture

The joint densities of states d;;(E) between va-
lence band 3 and the first two conduction bands are
shown in Fig. 10, together with the imaginary part
of the dielectric function €,(E). The energy range
up to ~30 eV is spanned. Optical studies of MgO
by the EPM show 3-4 and 3-5 transitions to be
most important. *!® Thus it is very encouraging
to note a considerable resemblance between the
dg, and dgs first-principles results and the EPM
data, which was obtained by fitting to experiment.
However, the main peaks found in the present work
occur ~1 eV higher than the EPM results. In ad-
dition to two main peaks, at 14.5 and 16.5 eV, dy,
+dg5 DOS reveal a faint shoulder around 9-10 eV.

Since three valence bands are actually rather
close together in energy the remaining d;; contri-
butions overlap considerably. Additional DOS peaks
are noted at 18, 18.5, 19, and 19.5 eV correspond-
ing to (1, 2, 3)~ (5, 6) transitions. Valence — (6, 7)
transitions involve states with d character on both
metal and ligand sites, and show additional struc-
ture in the range 22-24 eV. We have calculated
the interband oscillator strengths between valence
bands (1, 2, 3) and the first five conduction bands
throughout the Brillouin zone to determine the com-
plete interband absorption measured by

e B) =L 3 1 [ax

m i (2m)®
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wf, (%) %Ess ®) - B) (10)
7l 22

While marked variation of matrix elements with k
is found, as in our previous work on diamond, *!
this is insufficient to reproduce the major peak at
10.8 eV. The theoretical €, [Fig. 10(c)] shows
weak peaks at 9.0 and 11.5 eV, as compared with
a shoulder in the EPM model in the same energy
range. Other important features include peaks
centered around 14.0, 18.0, 19.0, 22.5, and 24.5
eV which appear 1-2 eV above the corresponding
experimental peaks. The optical structure pre-
dicted by both the MO cluster and band models is
listed in Table V along with the experimental €,
results. The MO model makes no prediction about
either of the first two observed peaks, and the band
model shows only weak structure near the second
peak. A comparison of corresponding joint density
of states results with the complete €, calculation
shows that use of k-dependent oscillator strengths
leads to a more rapid increase in absorption near
the band edge, and produces peaks superimposed
on the rising shoulder. However, the amplitude
of these peaks falls well below the experimental
€, values. Omission of the 7.7-eV peak is not sur-
prising, since this is well-established exciton
structure, not contained in a one-electron model.
But the inability of either model to predict the
second (10.8 eV) peak is very serious. Our band
computation was made with a value of a scaled to
give approximate agreement with the experimental
band gap. It is also possible to decrease the tran-
sition energies by decreasing a. Extrapolating
from existing results, the authors estimate a value
of a~0.60 would shift the d;; data downward by
~2 eV and into agreement with the experimental
third and fourth peaks (and give a band gap ~5.5
eV), but would still not give the second peak. Such
a value of a is outside the recommended values
and far from the optimum values found for atomic
magnesium (0.73) and atomic oxygen (0.74).*® Thus,
we conclude that the lack of agreement with exper-
iment is not simply a matter of scaling a but pos-
sibly reveals a basic limitation of the one-electron
theory.

It is possible to use Mg**O™" atomic potentials
to shift the important transition energies; it ap-
pears that we can gain at most 1 eV by doing this
for «=0.82. Thus, a combination of scaling o and
changing input atomic potentials could give the cor-
rect positions of the third and fourth reflectance
peaks. But each alteration would give an incorrect
band gap; it is not possible to obtain the third and
fourth peaks and the band gap simultaneously, and
no plausible set of changes will yield the first or
second peaks. Similarly, the MO transition ener-
gies are reduced by less than 1 eV when the di-
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TABLE V. Comparison of theory and experimental €, optical data (eV).

Experiment? EPMP HFS-band® HFS-MO°®
7.7 exciton 7.76 gap 7.5 gap
9.0 weak peak
10.8 peak 11.1 peak? 11.5 weak peak
14,0 peak
13.2 peak 13.2 peak 18.0 peak 12.3
19,0 peak
16.8 peak 15.7 peak 22,5 peak 15.8, 15.9, 16.5
24,5 peak
17.3 peak 16.2 peak 17.0, 17.2, 17.5
20.5 bump 19.8, 20.6
23-24 weak, broad

®Reference 3.
bReference 16.
®Neutral atom configurations, a =0.82.

valent configuration is employed.

Fong et al.'® assumed the first reflectance peak
to be excitonic and constrained the second peak to
be a one-electron transition in the EPM model.
The EPM model associates transitions along A and
at L with the 10. 8-eV peak; interestingly, only a
shoulder of height ~ % that of the experimental peak
is obtained by the gap-fitting procedure used. It
is apparent that our first-principles results suffer
the same fate even after the inclusion of oscillator
strengths.

In summary, it is concluded that simple HFS
one-electron band or MO theory, taken from a
range of physically interesting input potentials, is
not capable of explaining the first two reflectance
peaks. The work of Roessler and Walker® strongly
supports the view that the first peak is a I" point
exciton. We in turn suggest the possibility that the
second represents an L-point exciton. Since our
calculation shows the Lg—~ L,, M, critical-point
transition to be about 14 eV, the predicted exciton
binding energy of ~3 eV is probably too high. But
our important transition energies (away from I')
have been seen to be too high by roughly 1-2 eV
so this binding could be lowered in the manner pre-
viously discussed.

The great resemblance between MgO and KBr
optical spectra has been remarked previously. *
The existence of L-point excitons in alkali-halide
and rare-gas crystals has been invoked by Phil-
lips*®% in explaining the optical data, based on
band models very similar to that found for MgO.
Measurements down to 77 °K on MgO* do not re-
veal fine structure or temperature-dependent shift
in the second peak, so the exciton hypothesis does
not yet have a firm basis in experiment. A simi-
lar puzzle is found in the second reflectance peak
of CdO, *! also having the rocksalt structure, in-
dicating the importance of further work on this
structure.

9This EPM peak is ~ § of the experimental
height, forming a rather broad shoulder.

VIII. CONCLUSIONS

We have examined the predictions of the first-
principles HFS model for optical absorption and
soft-x-ray data in MgO, using both molecular-
cluster and energy-band representations. Depen-
dence of binding and excitation energies upon choice
of potential was studied inthe simplest one-electron
scheme by varying assumed ionicity and exchange
scaling parameter. A value of a=0.82 was found
to approximately match the band gap; however,
the band results do not reproduce the prominent
10. 8-eV absorption peak. Similar results for the
MO calculations suggest that this peak may be due
to an intraband exciton, previously identified in
rare-gas and alkali-halide crystals, rather than
a one-electron transition. A valence bandwidth
in reasonable accord with other recent calcula-
tions on insulators is obtained, but differences of
1-2 eV between experimental and theoretical split-
tings and positions of excitation energies suggest
the need for including correlation effects in the
excited state.

XPS photoemission and x-ray absorption and
emission data can be correlated fairly well with
both MO and energy-band results. These results
serve to resolve several previous controversies
over the nature of bonding in MgO and the origin
of specific x-ray transitions. In particular, the
KB' structure in Mg emission is identified with
the O-2s - Mg-1s crossover transition. The 2-3-
eV splitting observed in x-ray emission is iden-
tified with a pronounced ~ 1. 6-eV twofold splitting
found for the valence-band DOS, and with the 3-eV
MO splitting. The absolute value of XPS binding
energies is unknown, lacking a determination of
charging effects and work function corrections.
Similarly, theoretical &, binding energies depend
rather sensitively on the model potential; however,
the degree of agreement between theory and exper-
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iment is encouraging. Valence-band structure vis-
ible inthe XPS studies suggests further possibilities
for extracting photoemission cross sections.

Both MO and energy-band results show the ground
state of MgO to be essentially the simple divalent
structure with ten electron atomic closed shells.
Thus the HFS eigenfunctions obtained here should
provide a good starting basis for treating corre-
lation effects by methods developed for inert gas
and alkali-halide crystals. A comparison of theo-
retical and experimental Compton profiles should
provide an excellent further test of ground-state

properties, and work is in progress in this direc-
tion.
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