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The bulk electronic structure of MgO is calculated from first principles including correlation

effects within the GW approximation.

The band gap, the position of the 2s O band, and the

valence band width are in good agreement with experiment. From the quasiparticle band structure,
optical transitions corresponding to the main optical absorption peaks are identified. The energy-
loss spectrum is also calculated and compared with experiment. The surface electronic structure
of MgO(100) is calculated self-consistently within the local-density approximation. It is found that
states observed in a recent photoemission experiment outside the bulk allowed states are close to

surface states.

I. INTRODUCTION

The electronic structure of MgO with sodium chloride
structure has been the subject of many studies' '3 be-
cause it is a prototype for simple oxides. From a tech-
nological point of view, it is an important material with
many applications. Most of the band-structure calcula-
tions have been based on the local-density approxima-
tion (LDA) within the density-functional theory.l* It is
well known that a comparison between the single-particle
eigenvalues in the LDA with the experimental photo-
emission band structure is not warranted by the theory.
Nevertheless, for simple sp systems such as MgO, the
LDA valence band structures are often in good agree-
ment with experiment. However, there are problems due
to the neglect of the nonlocality and energy dependence
in the exchange-correlation potential. The band gap of
MgO in the LDA is ~5 eV whereas experimentally it is
~ 8 eV.1516 This appears to be quite a general problem
in the LDA. The problem becomes worse in the transi-
tion metal oxides where the LDA in some cases gives a
wrong prediction for the ground state. For example, the
LDA predicts FeO, CoO, and CuO to be metals whereas
experimentally, they are insulators.

One of the objectives of this paper is to study the bulk
electronic structure of MgO including correlation effects.
We have performed a first-principles calculation of the
quasiparticle band structure within the GW approxima-
tion (GWA).17"'° From the quasiparticle band structure,
we identify the main optical transitions corresponding to
the main peaks in the experimental optical absorption
spectra. There have been considerable differences in the
assignment of these optical transitions in the literature.
Furthermore, as a measure of the quality of the screened
Coulomb potential used in the GWA, we have calculated
the energy-loss spectra and made comparison with ex-
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periment.

Another objective of this paper is motivated by a
recent angle-resolved photoemission measurement on
MgO,?® that reveals the existence of some states that
appear to lie outside the bulk bands. The origin of these
states is ambiguous. For this reason, we have performed
a self-consistent first-principles calculation of the surface
electronic structure in order to clarify the origin of these
states. The calculation has been performed within the
LDA. Inclusion of the self-energy correction is at the
present stage not feasible due to the large computational
size. However, our results for the bulk band structure
within the GWA indicate that the valence band structure
is well described by the LDA. In addition, we have also
investigated a possible atomic rumpling that has been
proposed in the literature.

II. THEORY AND NUMERICAL METHOD
The self-energy within the GWA is given by!718
S(r,r';w) = 2L /dw'G(r,r';w + ) W(r,r;0') . (1)
™

In practice, the self-consistent Green function G is re-
placed by a zeroth-order Green function G, which in
our case is constructed from the LDA Bloch states. The
screened potential W is given by

W(r,r';w) = /d3r" e Hr,r";w) v — 1), (2)

where ¢! is the inverse dielectric matrix and v is the
bare Coulomb potential. A method for calculating e~!
is described in detail in a previous publication.?? The
method can be used also for systems containing d and f
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electrons. For the LDA band-structure calculations, we
use the linear muffin-tin orbital?! (LMTO) method. The
LMTO basis within the atomic sphere approximation?!
(ASA) has the following form:

XRL = $rL + Z R hr'L' R (3)
RL'

where RL denotes the site and angular momentum (I, m),
respectively, ¢ is the solution to the Schrodinger equation
inside the muffin-tin sphere, and ¢ is its energy derivative
taken at some fixed energy ¢,. The response function
within the random phase approximation?? (RPA) con-
sists of products of Bloch states so that the Hilbert space
spanned by the response function is formed by products
of the type ¢¢, ¢, and $¢. Some of these products are
linearly dependent and we construct an optimized basis
for ! by forming linear combinations of these product
functions and throwing away linearly dependent combi-
nations. The number of basis functions per atom is typi-
cally 50-100.2° The total number of basis functions used
in our present calculation is 125.

The quasiparticle energies are obtained in a standard
way as follows:'®

Exn = éxn + ZxnAX(ékn) , (4)
where €, is the LDA eigenvalue and
(Ykn|E(ekn) — vie ™ [Ykn).- (5)

The Z factor, which is the weight of the quasiparticle, is
given by

AE(ekn) =

az3—(6""—)]—1<1. (6)

Zkn = [1 T dw

The energy-loss spectra is given by

Haw), (7

where ¢ !(q,w) is the Fourier transform of ¢~ !(r,r';w).
In our calculation, we include the effects of local field
that are usually neglected in most calculations. The
MgO(001) surface calculations have been performed
within the LDA with a repeated slab geometry. For
solving the one-particle Schrodinger equation we applied
a full-potential LMTO method.?® The use of nonover-
lapping spheres increases the number of basis functions
compared to the LMTO-ASA method. In the interstitial
region the products of LMTO’s have been expanded in a
set of Hankel functions fitted to the value and the first
derivative on the sphere surfaces. More details about this
method may be found in the work of Methfessel, Hennig,
and Scheffler,?* where they calculated the low-index 4d
transition metal surfaces. For the calculation of possi-
ble atomic relaxations at the MgO surface it has turned
out to be essential to have no shape approximation on
the charge density and the potential. The exchange and
correlation potential of Hedin and Lundqvist2® was used.
The basis set consists of 2(Mg 3s), 2(Mg 3p), 2(O 2s), and
2(O 2p) functions with kinetic energies of —k? = —0.7

—Im e~

ELS(q,w) =
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and —1.0 Ry, which leads to 8 basis functions per atom.
The band structures have been calculated with the same
muffin-tin radii for O and Mg, which are 0.7% smaller
than the touching and the experimental lattice constant
(@exp = 4.21 A). The disappearance of surface band split-
tings with 9 layers indicates slab size convergency.

The calculation of surface relaxation was done with a
five-layer slab and with spheres 1.5% smaller than the
touching and the theoretical predicted bulk lattice con-
stant (atheo = 4.16 A). Empty spheres between the MgO
layers and one layer of empty spheres on top of the sur-
face were introduced to have a better representation of
the charge density in the interstitial region. The tails of
the Hankel functions were augmented up to [ = 4. The
charge density was expanded within the spheres up to
I = 4, except for the surface empty spheres where the
expansion was done up to [ = 6. The k-space integration
was performed with a sampling technique?® with 2 and
4 divisions in the perpendicular direction to the surface
and up to 12 divisions in the parallel directions (up to 72
irreducible points).

III. RESULTS AND DISCUSSIONS
A. Bulk electronic structure

The LDA band structure along I'’X and I'L is shown in
Fig. 1. The band structure is calculated with the LMTO-
ASA method. It is in good agreement with the band
structure calculated using a full-potential LMTO. The
LDA band gap is 5.2 €V and it is a direct gap at the
I" point. The large gap is as expected because MgO is
highly ionic. Comparison with other calculations is given
in Table I.

The values vary from 4.2 to 8.9 eV and our value is
closest to the value obtained with the linear-augmented-
plane-wave (LAPW) method.® The LDA band gap is too
small compared with the experimental optical band gap

20.0 ~ -

Energy (eV)

—10.04

-20.0
L T X

FIG. 1. Energy bands of MgO from LMTO-ASA (solid
line) and GWA (dots) calculations.
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[7.8 eV (Ref. 16)]. The width of the upper valence band is
4.9 eV, which is in good agreement with the experimental
values (5 — 6 eV). The position of the top of the low-
lying oxygen s band in the LDA is at 15.5 eV and the
experimental values lie between 18 and 21 eV.

In Fig. 2 we show the total and partial density of states.
The top of the valence band is primarily O p and the bot-
tom of the conduction band is Mg s. As can be seen from
the partial density of states, there is a large hybridization
between Mg and O in both the valence and conduction
bands. In Fig. 1 we show the GW quasiparticle band
structure. The GW band gap is found to be 7.7 eV,
which is in good agreement with the experimental value
of 7.8 eV. The experimental gap corresponds to the opti-
cal gap whereas our theoretical gap should be compared
to the photoemission gap, which is smaller because it
contains no excitonic effects. Assuming the GW gap is
close to the correct gap, we expect the excitonic binding
energy to be small.

TABLE I. The band gap of MgO determined by different
methods.

Method gap (eV)
Experiment® 7.83
GWAP 7.7
LMTO-ASA® (LDA) 5.2
Full-potential LMTO? (LDA) 5.0
LAPW*® (LDA) 4.98
LMTO-ASAf (LDA) 6.06
Orthogonalized linear combination of

atomic orbitals® (LDA) 4.19
Pseudopotential® (pp) (LDA) 4.5
pp mixed basis' (LDA) 4.36
Augmented plane wavel (LDA) 4.65
Pseudofunction® (LDA) 4.63
Koringa-Kohn-Rostoker! 5.37
Hartree-Fock™ 8.9
Hartree-Fock + corr.® 8.21
Hartree-Fock-Slater® 7.53
Tight-bindingP? 7.76
Empirical pp? 7.77

“Whited, Flaten, and Walker, 1973 (Ref. 16).

POur calculation.
°Our calculation.
40ur calculation.
°Stepanyuk et. al., 1989 (Ref. 9).

fTaurian, Springborg, and Christensen, 1985 (Ref. 7). The
inclusion of “empty spheres” leads to a gap of ~ 5.0 eV (see

Note in Ref. 8).

8Xu and Ching, 1991 (Ref. 12).
PChang and Cohen, 1984 (Ref. 6).
{Wang and Holzwarth, 1990 (Ref. 11).
IKlein et. al., 1987 (Ref. 8).

*Bortz et. al., 1990 (Ref. 10).
'Yamashita and Asano, 1970 (Ref. 2).

"Pantelides, Mickish, and Kunz, 1974 (Ref. 4).
"Pandey, Jaffe, and Kunz, 1991 (Ref. 13).
°Walch and Ellis, 1973 (Ref. 3).

PDaude, Jouanin, and Gout, 1977 (Ref. 5).
9Fong, Saslow, and Cohen, 1968 (Ref. 1).
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FIG. 2. Total density of states (DOS) of MgO (lower panel)
and partial DOS of O (middle panel) and Mg (upper panel).

The result for the band gap can perhaps be understood
if we regard the GWA as a Hartree-Fock approximation
(HFA) with dynamically screened Coulomb potential. In
the HFA, the band gap is overestimated and the RPA
screening reduces the gap to the correct value. For s-
p systems such as MgO, the screening is expected to be
dominated by the long-range Coulomb correlation, which
is well described by the RPA.

The self-energy correction lowers the O 2s band by
~ 2 eV so that the top of the band lies at 18 eV, which
is rather close to the experimental values (18-21 eV). It
is known that the LDA places core or corelike states too
high, which may be understood by the presence of self-
interaction, which is absent in the GWA, thereby lower-
ing the O 2s band.

From Fig. 1, it can be seen that the self-energy cor-
rection is almost independent of the k point. The va-
lence band is essentially unchanged from the LDA re-
sult, except for a small increase of 0.3 eV in the band
width. These results are qualitatively similar to those
for semiconductors where the correct result is also sim-
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TABLE II. The main characters of the states at high sym-
metry points. '

State exn (eV) Mg (0]
T'is 0.0 7% p 93% p
Iy 5.2 50% s 20% s
| 15.7 70% d 15% d
X5 -4.3 30% p 60% p
Xi -1.5 16% p 80% p
X3 9.0 54% d 11% d
X, 9.6 73% s 11% d
Xs 13.7 30% p 36% p
L2 -4.9 30% s 60% p
L3 -0.8 15% d 85% p
L, 8.1 51% p 10% s

6% d

L} 12.9 23% s 40% p
6% d

L 16.4 70% p 16% d

ply obtained by a rigid shift of the LDA conduction band,
which is called scissor operator in the literature.

Optical absorption measurements on MgO reveal
prominent peaks at 7.7, 10.8, 13.3, and 16.8 eV. Due to
differences in the calculated conduction band structure,
there have been considerable differences in the assign-
ment of which transitions leading to these main peaks.
With the proper inclusion of correlation effects in the
band structure, a reliable assignment can be made. To
find out which transitions are allowed, we list in Table II
the main characters of the states at the high symmetry
points I'; X, and L. In Table III we deduce from the
GW quasiparticle band structure, the transtions which
are expected to correspond to the main peaks in the ex-
perimental optical absorption.

The peak at 7.7 eV is probably predominantly exci-
tonic because from Table II, the main character of the
highest valence state at the I' point is O p, whereas the
lowest conduction state is Mg s resulting in small optical
transitions. Comparison with previous works in Table III
reveals that our assignment for each peak agrees with at
least two other works.

We have also calculated the energy-loss spectrum of
MgO within the RPA. The result is shown in Fig. 3
together with the experimental result.?” The peak at
~ 24 eV is a plasmon peak that is very close to the
plasmon energy estimated from the electron gas formula
wp = /47p. The structures below and above the plasmon
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FIG. 3. Calculated (broken line) and measured energy-loss
spectrum (Ref. 26) (full line).

energy are evidently due to the band structure, which
are also observed experimentally. The calculation is per-
formed with only s,p and d orbitals and it takes into
account local field effects but they are found to be al-
most negligible. We note that that spectrum was cal-
culated for q = (0.25,0,0)27/a whereas the experimen-
tal spectrum corresponds to q = 0. This explains the
shift towards higher energy of the theoretical spectrum
with respect to the experiment. Since the energy-loss
spectrum is proportional to the imaginary part of the
screened Coulomb potential (ImW) for long wavelength,
the reasonable agreement with experiment shows that the
long-range screening is well described by the RPA and it
provides a good input for the GW calculation.

B. Surface electronic structure

In a recent experiment the electronic structure of MgO
was studied by Tjeng, Vos, and Sawatzky?® with angle-
resolved ultraviolet photoelectron spectroscopy. The
band structure of MgO along a circular path in the
I'XWK and the ' XU L plane have been measured. Since
band-structure calculations are only available in the lit-
erature along high symmetry lines, the band structure
along the circular path has been calculated by Tjeng, Vos,
and Sawatzky with a bulk fitted tight-binding model.
The overall agreement with experiment turns out to be

TABLE III. Prominent peak positions in the optical absorption and their assignment.

Peak position GW HF +correlation LDA Empirical
(eV) pseudofunction pseudopotential
Ref. 15 Our calculation Ref. 13 Ref. 10 method
Ref. 1
7.7 Ts-T T15-T 5T I'5-Ty
10.8 L;-LY Ls-L Xi-X1 Ls-L5
13.3 Xi-X1,Xs X5-X3 X5-Xs $4-3
16.8 X4-X1, X5 Xi-X, X3i-Xs Xi-X3

L:-L;




8792

very good. However, additional peaks, ~ 0.9 eV lower
than the valence band top,2° were found in the TXW K
plane, which cannot be explained by the tight-binding
bands. As one possible explanation, angle-integrated
transitions were proposed. On the other hand, these
peaks fall outside the bulk allowed states at the M point
of the surface Brillouin zone and a possible attribution
to surface states could not be excluded.

The band structure of the MgO (100) and (110) surface
was previously calculated by Lee and Wong with a bulk
fitted tight-binding model.3® Most of the surface bands
in this calculation could be explained by the reduction of
the Madelung energy at the surface. This reduction, how-
ever, enters in the calculation as a parameter. To have
a better understanding for the origin of these states, we
have performed self-consistent ab initio surface calcula-
tions. The results for the MgO(100) surface band struc-
ture along I'-M-X-T are shown in Fig. 4 and compared
with the tight-binding band structure. In addition, the
experimental peaks are included relative to the local va-
lence band top at M, which are nearly coincident with
one surface band. One has to note that the experimen-
tal peaks have been measured on a circular path, which
is near the I'-M line but that dispersion along the pro-
jection path is ignored. Surface resonances in the bulk
allowed regions have not been analyzed in our study yet.
Since the valence band width and the band gap differ in
both calculations not all the surface bands found by Lee
and Wong are included in Fig. 4. We expect the surface
relaxation to be very small and used the undistorted sur-
face structure for the calculations of the band structure.
This has been supported by a recent theoretical study
by Pugh and Gillan,3? who found the relaxation effects
to be exceedingly small. Our total-energy calculation
shows that a “rumpling” at the surface, which has been
observed experimentally by a low-energy electron diffrac-
tion measurement3! is energetically unfavorable by 0.02
eV per MgO.

The continuum of the bulk projected band structure
(hatched area) has been constructed by folding down the
calculated bulk band structure to the surface Brillouin
zone.

In three regions outside the bulk band-structure sur-
face states are found in both studies. Firstly, one surface
band appears below the bottom of the bulk conduction
band reducing the band gap by about 0.6 €V. The finding
of the more localized surface band in the previous tight-
binding study could not be supported. Secondly, there is
a flat surface band on top of the bulk conduction band.
We found no surface band creating an indirect gap near
the X point like in the study of Lee and Wong. Moreover,
one surface band instead of two (which have not been in-
cluded in Fig. 4) appears in the relative gap of the valence
states near the X point. Most of the differences described
above may be attributed to self-consistency and the more
complete basis set of our treatment.

The lowest unoccupied surface band with mostly Mg s
character has very similar dispersion as the bottom of the
bulk conduction band. One can explain its appearance
qualitatively by simple electrostatic arguments, namely,
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FIG. 4. Surface band structure of MgO(100) (dots). The
experimental result of Tjeng, Vos, and Sawatzky (Ref. 28)
(open dots) and the theoretical result of Lee and Wong (Ref.
30) (crosses) have been added.

the reduction of the Madelung energy at the surface pro-
posed by Levine and Mark.3® To what extent this holds
for the highest occupied surface band and how much its
dispersion reflects charge redistribution at the surface
might be analyzed from our result by model calculations.

IV. SUMMARY AND CONCLUSIONS

We have calculated from first principles the bulk band
structure of MgO including the effects of correlation. The
band gap and the position of the semicore O 2s are in
good agreement with experiment and the self-energy cor-
rection has little effect on the LDA valence band. We
expect therefore that the same is true in the surface case
except for the unoccupied bands, which should be shifted
up if self-energy correction is included. The LDA sur-
face calculations have been performed self-consistently.
We compare the surface band structure with experiment
and with an earlier calculation based on a tight-binding
model. It is found that the recently observed nonbulk
states in photoemission experiments can be attributed
to surface states. We have also investigated the possible
rumpling but found that it is energetically unfavorable
by 0.02 eV.
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