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We present ab-initio calculations of excited-state properties within single-particle and two-particle
approaches in comparison with corresponding experimental results. For the theoretical treatment
of the electronic structure, we compute eigenvalues and eigenfunctions by using a spatially nonlocal
exchange-correlation potential. From this starting point, quasiparticle energies within the fully
frequency-dependent GoW, approximation are obtained. By solving the Bethe-Salpeter equation,
we evaluate optical properties, including the electron-hole attraction and the local-field effects. The
results are compared with experimental spectra from soft X-ray emission, as well as from X-ray
photoelectron spectroscopy or ellipsometry measurements. In more detail, we compute the valence-
band densities of states, bound excitons, and the dielectric function. For the latter, we discuss both

the absorption edge and higher critical points.
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I. INTRODUCTION

Being a possible candidate for applications in optoelec-
tronic devices and being environmentally friendly, ZnO
has strongly re-attracted interest in the last years. Other
group-1II metal oxides, like MgO and CdO, are discussed
in the context of spintronics (together with transition-
metal oxides), alloys, or heterostructures. ZnO [1] and
MgO [2] allow for the formation of new types of nanos-
tructures, such as nanorods, -rings, -brushes, and -tubes.

*E-mail: schleife@ifto.physik.uni-jena.de

From a theoretical point of view, comparably little is
known about the influence of shallow d electrons on the
electronic structures, e.g., gaps and densities of states.
Also, the optical properties of ZnO, especially excitonic
effects, have not yet been studied over a wide spectral
range. A better fundamental understanding of the elec-
tronic structure of all the three oxides would undoubt-
edly be helpful for interpreting experimental results.
Starting from a detailed investigation of the structural
and electronic properties of these materials in the frame-
work of density functional theory (DFT) using the Kohn-
Sham (KS) approach [3], we present ab-initio calcula-
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tions of the band structures and the densities of states
(DOS), including quasiparticle (QP) corrections.

II. METHODS

The computational part is carried out applying DFT
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [4] with the same computational parameters
as described in Ref. 3 unless otherwise noted. The shal-
low Zn 3d and Cd 4d electrons are treated as valence elec-
trons. Spin-orbit coupling (SOC) is included in the DFT
calculations [5]. The experimental part includes soft X-
ray emission (SXE) and high-resolution X-ray photoe-
mission spectroscopy (XPS) measurements. SXE spec-
troscopy is a second-order optical process, where a core
hole electron is excited above the absorption threshold.
This excited state decays by a radiative transition of a
valence electron into an empty core-hole. Along with
being element-specific due to the core level, dipole selec-
tion rules (Al = £1) govern the transition, and SXE di-
rectly measures the orbital-angular-momentum-resolved
partial density of states (PDOS) [6]. In the present
work we have employed SXE of the O K edge to directly
measure the occupied O 2p PDOS.

For the computation of the electronic structure, we
solve the QP problem by using the GW approximation
[7] of the self energy. However, for ZnO and CdO, the
standard approach for the computation of QP energies,
i.e., the application of perturbation theory on top of a
starting point from a generalized-gradient approxima-
tion (GGA) calculation [8,9], is not successful. There-
fore, we use the spatially nonlocal HSE03 [10] exchange-
correlation (XC) functional in the context of a general-
ized KS scheme [11]. The Dyson equation itself is then
expanded in terms of the generalized KS eigenvalues and
eigenfunctions. The idea behind this procedure is that
the standard one-shot perturbation-theory approach for
the computation of QP energies is better justified when
these nonlocal XC functionals are used to compute the
starting electronic structure. It has been demonstrated
that the resulting eigenvalues (and eigenfunctions) are
closer to the true QP values than in the case of GGA [9].
The succeeding GW calculation incorporates the fully
frequency-dependent dielectric function [12] and yields
QP energies that are directly comparable to measure-
ments. This procedure is computationally more demand-
ing than a calculation using a local or semilocal XC func-
tional; thus, we have to restrict the k-point meshes for
the Brillouin zone (BZ) integrations to 8 x 8 x 6 for ZnO
and 10 x 10 x 10 for MgO and CdO. Tests indicate that
this yields results for the QP energies that are converged
up to 10 — 20 meV.

The experiments for MgO and CdO were performed
at the soft X-ray undulator beamline X1B at the Na-
tional Synchrotron Light Source (NSLS), Brookhaven
National Laboratory, which is equipped with a spherical
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Fig. 1. O2p PDOS of rs-MgO: The experimental curve
(solid black) is obtained from SXE measurements from the

O K edge. The theoretical (dashed red) curve is computed
using the HSEO03 functional and a succeeding GW calculation.

grating monochromator. The incident energy was set
to 555 eV. The emitted X-ray photons were measured
using a Nordgren-type grazing-incidence grating spec-
trometer set to energy resolutions of 0.55 eV (MgO) and
0.37 eV (CdO) at the O K-edge region [13]. The emis-
sion energy axis was calibrated to second order in the L
edge of Zn. The XPS measurements for ZnO were taken
within a conventional ultrahigh-vacuum chamber by us-
ing a Scienta ESCA300 spectrometer at the National
Centre for Electron Spectroscopy and Surface analysis
(NCESS), Daresbury Laboratory, UK. The Al K, X-ray
source (hv = 1486.6 V) was monochromated, and the
instrumental resolution was 0.45 eV. The Fermi level po-
sition (zero of the binding energy scale) was calibrated
using the Fermi edge of a silver reference sample. In the
calculations, we incorporated a Gaussian broadening of
0.45-eV FWHM for all the materials.

IIT. ELECTRONIC PROPERTIES

The calculated PDOS of the O 2p electrons for MgO
in the rocksalt (rs) structure is plotted in Figure 1, to-
gether with the experimental SXE data. The O 2p states
are located in the energy region between —6 and 0 eV,
with pronounced peaks at —4.2 eV and —1.2 eV. The
agreement between theory and experiment regarding the
peak positions is quite good. However, for the relative
peak heights or peak intensities, it is worse. In the calcu-
lations, we find an overestimate of the height of the peak
lower in energy with respect to the other one. We ob-
serve this trend for each of the studied oxides, which may
be related to transition matrix element effects present in
the experiment but neglected in our calculations. For
MgO, a fundamental gap of 7.47 eV is computed, which
is slightly smaller than the experimental value of 7.8 eV
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Fig. 2. Theoretical band structure of w-ZnO (without
SOC) calculated using the HSE03 functional as starting point
and corrected by using GW QP shifts. The VBM is used as
energy zero.

] S
10.5|
9.0}
7.5]
6.0}
4.5)
3.0}
1.5/
0.0l

Total DOS (eV-pair)”

Energy (eV)

Fig. 3. Total DOS of w-ZnO: The experimental (solid
black) curve is obtained from high-resolution XPS measure-
ments. The theoretical (dashed red) curve is computed using
the HSEO3 functional and a succeeding GW calculation.

[14]. We find such an underestimate of the direct gap for
all the oxides. One reason for this is that the HSE03 gaps
are at least 1 eV smaller than the experimental values,
and, therefore, still constitute a challenge to the one-step
perturbation-theory approach applied in this work.

For ZnO in the wurtzite (w) structure, the computed
QP band structure is plotted in Figure 2. In the band
structure, the mean position of the Zn 3d bands at I is at
about —6.96 eV. At higher energies, the O 2p states form
the uppermost region of the valence bands. The calcu-
lated gap amounts to 3.2 €V, showing the previously dis-
cussed underestimate of the experimental gap of 3.4 eV
[15]. In addition to the already mentioned reason, the
presence of d electrons complicates the computational
treatment of ZnO and CdO. Even the HSEO3 functional
underestimates the binding energy of the d electrons
and, therefore, leads to an overestimate of the pd re-
pulsion, with consequences as discussed in Ref. 16. The
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Fig. 4. O2p PDOS of rs-CdO: The experimental curve
(solid black) is obtained from SXE measurements from the
O K edge. The theoretical (dashed red) curve is computed
using the HSE03 functional and a succeeding GW calculation.

computed total DOS is plotted in Figure 3 in compari-
son with the curve from the XPS measurements. As in
the case of MgQO, Figure 3 shows two pronounced peaks
caused by the O 2p states. For ZnO, we also find a very
good agreement for the relative peak heights. The theo-
retical curve reveals a peak caused by Zn 3d states which
is located around —6.96 eV, while the experimental value
of about —6.95 eV [17] is somewhat lower. As already
mentioned, this may be one of the reasons for the under-
estimate of the gaps in the calculations.

In Figure 4, the O 2p PDOS for rs-CdO is plotted, to-
gether with the experimental curve from the SXE mea-
surements. In the energy region where the d states are
located, we find an additional peak at about —8.4 eV be-
cause of the hybridization of the p and the d states. The
experimental position of this peak is about 0.4 eV lower
in energy than the theoretical one. The computed di-
rect gap at I" of 1.90 eV is smaller than the experimental
value of 2.28 eV cited in Ref. 18. The agreement is better
for the indirect gap between the valence band maximum
(VBM) at the L point and the conduction band mini-
mum (CBM) at I': we obtain a value of 0.81 eV while
the experimental result amounts to 0.84 eV, as cited in
Ref. 18.

IV. OPTICAL PROPERTIES

In the second part, we focus on the optical proper-
ties of ZnO. We compute the frequency-dependent di-
electric function for the bulk crystal from first princi-
ples by solving the Bethe-Salpeter equation (BSE) and
compare the results with those from spectral ellipsome-
try measurements. Furthermore, bound states below the
QP gap are studied by applying this approach. To ac-
count for excitonic and local-field effects, we include the
screened electron-hole attraction and a bare electron-hole
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Fig. 5. Black curves: Computed imaginary part of the
dielectric function of w-ZnO for ordinary (solid) and extraor-
dinary (dotted) polarization. The experimental curves re-
sult from spectral ellipsometry measurements at 130 K (green
curves) and at room temperature (red curves) and have par-
tially been carried out at BESSY II.

exchange term [19,20]. The electron-hole pair Hamilto-
nian that includes all relevant Coulomb interaction ma-
trix elements [16] is constructed, a task which is compu-
tationally very demanding with respect to memory and
computation time. Therefore, we have to keep the num-
ber of involved electron-hole pairs as small as possible.
For the bound excitons, the k-points around the direct
gap at [ are of special interest. For this reason, we use
k-point meshes with an increased density in the region
around I'. This approach strongly reduces the numerical
effort and allows us finally to carry out calculations with
high accuracy; otherwise the involved matrices would ex-
ceed today’s computational capabilities. The details of
the BSE calculations using such hybrid k-point meshes
will be described elsewhere [21]. In the end, we sam-
ple the outer region of the BZ by using a 8 x 8 x 6
MP mesh. In the inner region, covering 3/8 x 3/8 x
1/2 of the BZ, we refine the sampling by using 14 x 14
X 14 k-points. Altogether, this approach yields a num-
ber of 3064 k-points. SOC is taken into account via a
perturbative approach: The differences between the KS
eigenvalues from calculations with and without SOC are
added to the QP energies that are used to construct the
excitonic pair Hamiltonian.

The computation of a converged dielectric function ne-
cessitates a large number of pair states. For the low-
energy region of the absorption spectrum up to =7 eV,
quite a large number of k-points is necessary while for
higher energies, it is more important to include a large
number of bands. Therefore, the low-energy part of the
dielectric function is evaluated using a hybrid mesh: the
coarse mesh is again a 8 x 8 x 6 MP mesh while the
inner 5/8 x 5/8 x 5/6-part of the BZ is filled with 14 x
14 x 14 k-points. For the high-energy part, using only
the coarse mesh is sufficient.
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Fig. 6. Oscillator strengths vs. binding energy for the
lowest electron-hole pair states. Black: E L c; blue: E || c.
The different shadings represent the different orientations of
the total angular momentum. The lowest QP gap between
I'zc and I'74, is used as energy zero.

Because of the large number of included states, it is
practically impossible to compute the necessary single-
particle wave functions and eigenvalues from a nonlo-
cal XC functional. Instead of doing so, we apply the
GGA+U method to generate eigenvalues and eigenfunc-
tions [19]. We choose U = 6.5 €V so that the final QP
band structure coincides as much as possible with the one
we obtain for GoWj on top of a DFT ground state com-
puted with the HSEO3 functional. For the computation
of the dielectric function, QP energies are also necessary.
For the low-energy part, a scissors shift of 1.97 eV is used
to bring the GGA+U gap to the experimental value of
3.4 eV. For the high-energy region, we carry out a GW
calculation in which the screened Coulomb interaction is
computed using a model dielectric function [22].

We compute the converged ordinary and extraordinary
imaginary parts of the dielectric function of w-ZnO (see
Figure 5), including the electron-hole interaction. Be-
side the band-gap region, which is discussed below, the
excitonic effects have a strong influence on the peak posi-
tions and the oscillator strengths in the range of the high-
energy critical points above 7 eV, as compared with pre-
vious calculations without electron-hole interaction [3].
The polarization anisotropy is in good agreement with
the experimental data, although the calculation slightly
underestimates the position of the peak at about 8 eV,
a problem that can be related to the underlying QP en-
ergies. The occurrence of this peak emerges from a high
combined DOS of the O 2p valence and the upper con-
duction bands. The computed anisotropy above 15 eV
is weak, which is again confirmed by using ellipsometry
studies.

The polarization anisotropy for the bound excitonic
states below the gap is of fundamental interest. In Fig-
ure 6, the oscillator strengths of each electron-hole pair
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are plotted as a function of the corresponding pair en-
ergy near the band edge. The lowest bound-exciton state
(B, I'74, — T'7.) at —59 meV exhibits a strong oscil-
lator strength for E 1 ¢ and small values for E || c.
This is in agreement with the I'7y, character we find
for the involved uppermost valence band states. The
second bound-exciton state (A, T'g, — I'z.) is roughly
4 meV higher in energy while the difference between A
and C (I'7—, — T'z.) is approximately 36 meV. These
values are in excellent agreement with published mea-
sured splittings [23] of 5 meV and 40 meV, respectively,
and with the theoretical results of Ref. 24. The excitonic
bound states are Wannier-Mott-like, despite the partly
non-parabolic character of the involved bands close to T'.
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