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We present ellipsometry data of the dielectric function of wurtzite ZnO in a wide energy range �2.5-32 eV�.
The ordinary and extraordinary components show a strong anisotropy above 10 eV, a feature for which ZnO
deviates from the other II-VI wurtzite compounds. With the aid of ab initio calculations, performed within
many-body perturbation theory �MBPT� and within time-dependent density-functional theory �TDDFT�, we
analyze the origin of the measured optical structures. TDDFT, with the use of a static long-range exchange-
correlation kernel, proves to be a cheaper computational tool than MBPT to yield a good description of the
whole spectrum. Theoretical results for the zinc-blende phase are also presented.
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I. INTRODUCTION

ZnO �Ref. 1� is a wide and direct band gap �3.44 eV at
low temperature2� IIB-VI semiconductor extensively studied
for its applications in spintronics, piezoelectric devices,
chemical sensors, and optoelectronics.3 The latter are favored
by an exciton binding energy of about 60 meV, which, being
larger than room-temperature thermal energy �26 meV�, al-
lows efficient excitonic emission without the need of cooling
devices. ZnO-based room-temperature polariton lasers emit-
ting blue light can also be realized.4 ZnO is explored as
Ohmic contact for light emitters and photovoltaic solar cells
because of its transparency at visible light.5,6 Finally, the
possibility of tailoring its attractive properties exploiting
quantum-size effects makes ZnO a very promising material
for nanostructures.7,8

We focus here on the optical response of bulk wurtzite
�wz� ZnO, reporting ellipsometric measurements in the far
UV. Ellipsometry allows a direct and reference-free determi-
nation of the whole set of linear optical functions by mea-
suring the amplitude ratio of and the phase shift between
parallel and perpendicular polarized components of the re-
flected light beam. Approximations in a subsequent Kramers-
Kronig analysis to determine both the real and imaginary
part of the dielectric function �DF�, or n and k, are avoided.
The use of synchrotron radiation supplies an intense polar-
ized continuum spectrum of light in the whole range of elec-
tronic interband transitions in ZnO. Additionally, polarized
light is very useful to study anisotropic properties with dif-
ferent orientation of the E vector to the optical axes. Most of
the previous work is based on reflectance spectroscopy9–11

which is not suitable to measure the phase shift. Limitation
arises from the required extrapolation to the low and high
photon energies, which are usually a dominant source of er-
ror. Another advantage of ellipsometry is the much lower
sensitivity to scattering processes at e. g. defects or instabili-

ties of the light source. Ellipsometry data for the UV range
published so far are relatively rare12,13 and still limited to
energies below 10 eV. However, the main features �beside
the free excitons close to the band gap� are expected in a
range 10–18 eV due to the wide dispersion of valence bands
including semicore Zn 3d levels. Furthermore, the origin of
the strong anisotropy between the two independent tensor
components parallel and perpendicular to the c axis in the
higher energy region remained rather unattended.

In this paper, we present a joint study of calculated and
measured optical spectra of wz ZnO in a wide energy range
�2.5–20 eV�. In the calculations, excitonic effects are in-
cluded through the solution of the Bethe-Salpeter equation
�BSE� �Ref. 14� and within the time-dependent density-
functional theory �TDDFT� approach,15 using the so-called
“long-range kernel”16 �LRK�. TDDFT has been recently used
to study the excited-state properties of ZnO molecules17 and
ZniOi clusters18 but has not been applied yet to bulk ZnO.

Theoretical results for zinc-blende �zb� ZnO, whose pos-
sible practical exploitation has been recently foreseen19,20 be-
cause of high electron mobility and efficient p-type doping,
are also presented.

II. COMPUTATIONAL APPROACH

The starting point of our calculations is density-functional
theory21 in the local density approximation �LDA�.22

We use a plane-wave code23 and norm conserving
pseudopotentials.24 Regarding Zn, in particular, a pseudopo-
tential �PP� in which all the electrons in the third shell
�3s23p63d10� are treated as valence states �Zn20+ PP� has
been employed. It is well known, in fact, that neglecting the
3d states would produce an heavy underestimation of the
lattice constants ��18% in Ref. 25�. The wave functions
were expanded in-plane waves with a kinetic-energy cutoff
of 240 Ry.
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Quasiparticle corrections to DFT-LDA eigenvalues have
been calculated in the so-called G0W0 approximation,26,27 as
first-order perturbation to �−Vxc, where � is the self-energy
and Vxc the LDA exchange and correlation potential. In this
approximation, the self-energy is evaluated as �= iG0W0
with G0, the single-particle Green’s function, built through
DFT wave functions and W0, the screened Coulomb interac-
tion, obtained in the random-phase approximation as W0
=�−1 V. A plasmon-pole model is employed for the fre-
quency dependence of the dielectric function with 3858
plane waves and a mesh of 9�9�4 k points in the Brillouin
zone �BZ�.28 The resulting electronic gap at high-symmetry
points, calculated with 3d �Zn12+� and with 3d, 3p, 3s Zn
semicore states �Zn20+�, are compared in Table I. Following
Refs. 29 and 30, we have also performed a G0W0 calculation
using Z=1, which means neglecting �� /�E in the computa-
tion of the quasiparticle corrections �G0W0NZ in Table I�.
This approach has been shown to represent a way to include,
at least in an approximated manner, self-consistency effects.
The NZ results for a Zn20+ PP, shown in Table I, are in better
accordance with the experiments, although the gap at � is
still underestimated. Table I shows also that the inclusion of
the full third shell of Zn � Zn20+ PP� is necessary to obtain
acceptable results for the electronic gap, in contrast with the
outcoming of the Zn12+ PP: when only the 3d semicore states
are included, the G0W0 corrections are almost zero and an
electronic gap at � as small as 0.8 eV �to be compared with
an experimental gap of about 3.44 eV� is found. What mainly
makes the case of Zn20+ different from the Zn12+ results is
the overall increased exchange due to the new contribution
between Zn 3d and Zn 3s, 3p states.

Table II shows, instead, a few significant results
for the gap at � obtained in literature using an all-
electron approach,31 hybrid functionals,32–34 and B3LYP

functionals.35 Results obtained by partially self-consistent
GW approaches, where the eigenvalues in G �Ref. 30� and in
GW �Ref. 36� are updated, are also listed.

Partial self-consistency36 improves the agreement with
experiments. A GW calculation fully self-consistent on both
the eigenfunctions and eigenvalues would probably be the
most refined choice, without the need of using ad hoc param-
eters, as U or as the amount of exact exchange. But this
approach would not be computationally feasible in our cal-
culations of the optical properties of ZnO since thousands of
k points �hence thousands of wave functions and thousands
of GW corrections� are needed for well converged optical
spectra.

Hence, we resorted to a compromise by using the best
possible DFT-LDA wave functions �those calculated with the
Zn20+ pseudopotential� and an average GW correction of 2.7
eV �scissor operator approximation� to match the gap at �.
This value of the scissor is close to our G0W0NZ gap correc-
tions averaged over the 4 high-symmetry k points in Table I
�2.77 eV�.

Optical spectra have been calculated in two ways: within
many-body perturbation theory �MBPT� by solving the
Bethe-Salpeter equation, and within the time-dependent DFT
approach, using the long-range TDDFT fxc kernel, fxc=
−� /q2, also known as LRK approach.16 The solution of the
BSE has been obtained by using Haydock’s iterative
method37 to diagonalize the effective two-particle Hamil-
tonian in which the BSE is recast. 42 336 transitions �com-
bining seven valence and seven conduction bands with a
shifted mesh of 12�12�6 k points in the BZ� have been
included. It is known38 that a huge amount of k points near �
need to be included in order to accurately describe the free
exciton, which has a binding energy of 60 meV. For good
convergence of the spectrum at higher energy, instead, many
less k points are needed. In particular, we have found that our
set of k-points gives a reliable optical spectrum from 4 to 20
eV. For what concerns the TDDFT spectrum, instead, thanks
to the fact that the computational load is less heavy, we could
use more transitions �combining 16 valence and 8 conduc-
tion bands� and increase the number of k-points to 50�50
�31 k in the BZ, hence getting a much better convergence
also in the low energy part of the spectrum.

III. EXPERIMENTAL

The ZnO samples are single crystals grown by the hydro-
thermal method provided by CrysTec. They are cleaved at

TABLE I. LDA and G0W0 gaps at high-symmetry points. G0W0NZ indicates Z=1. Energies are in eV. The
experimental gap at � is 3.44 eV2.

k point

Zn12+ Zn20+

LDA G0W0 G0W0NZ LDA G0W0 G0W0NZ

� 0.81 0.8 0.8 0.74 2.6 3.1

A 3.93 4.3 4.4 3.85 6.0 6.6

H 9.46 10.6 10.9 9.30 11.9 12.5

K 9.55 10.5 10.7 9.34 11.5 12.1

TABLE II. Calculated gap at � �eV� for wz ZnO.

Method Egap Reference

AE+G0W0 2.44 Ref. 31

HSE 2.9 Ref. 32

HSE03+G0W0 3.2 Refs. 33 and 34

B3LYP 3.2 Ref. 35

LMTO+G0W0NZ off-diagonal 3.0 Ref. 30

LMTO+GW 3.64 Ref. 30

PAW+GW 3.2 Ref. 36
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the a plane to achieve a surface normal along the �112̄0�
direction. With x-ray diffraction �XRD� measurements of the
� rocking curve we deduce a FWHM of 155.88 arcsec of the

�112̄0� reflection at �=28.173°. Raman spectroscopy reveals
a E2 �high� mode shift at 437.54 cm−1. The orientation of the
c axis in the surface plane was determined by reflectance
anisotropy spectroscopy �RAS�. The RAS determination of
anisotropy is also very helpful to verify the ellipsometric
data.39

All measurements were performed under ultrahigh-
vacuum conditions �5�10−10 mbar� with a rotating analyzer
ellipsometer by using a normal-incidence monochromator
�beamline 3mNIM: 2.5–10 eV� and a toroidal grating mono-
chromator �beamline TGM-4: 8–35 eV� at the Berliner
Elektronenspeicherring-Gesellschaft für Synchrotronstrahl-
ung �BESSY II�. The polarization vector of the beam was

tilted to 20° to the plane of incidence during the ellipsomet-
ric measurements. Actually, the high-energy limit depends on
the reflectivity of the samples. Above the plasma edge of the
material the reflectivity decreases rapidly and is fully utilized
at nearly 32 eV for 45° angle of incidence.

The dielectric function was assessed with the assumption

that the light is reflected at an ideal planar �112̄0� surface
�a plane� of the ZnO crystals. The effect of unintentional
surface overlayers or surface roughness is assumed to be
small. We have determined the so-called ellipsometric ratio �
in two different azimuthal orientations with the c axis paral-
lel ��0� and perpendicular ��	/2� to the plane of incidence.
The two independent dielectric tensor components �� and ��

were finally calculated with two equations, which are de-
duced from the extended Fresnel relations for uniaxial aniso-
tropic materials,40

�0 = ������ cos 
0 − ��� − sin2 
0

����� cos 
0 + ��� − sin2 
0
	/� cos 
0 − ��� − sin2 
0

cos 
0 + ��� − sin2 
0
	 �1�

and

�	/2 = ��� cos 
0 − ��� − sin2 
0

�� cos 
0 + ��� − sin2 
0
	/� cos 
0 − ��� − sin2 
0

cos 
0 + ��� − sin2 
0
	 �2�

Figure 1 shows experimental real and imaginary parts �1
and �2 of the dielectric function of a-plane ZnO in the two
polarizations parallel ���� and perpendicular ���� to the op-

tical c-axis measured at room temperature. In the band-gap
region around 3.3 eV the spectra are dominated by strong
excitonic absorption features �see inset�. In �� the A- and
B-excitonic features could not be separated at this tempera-
ture and appear as one peak followed by a second broader
peak related to their higher excitations to n=2,3 quantum
states. The C exciton is observed in ��.

In the energy range of 4–7 eV no structures are observed
and the anisotropy between extraordinary ���� and ordinary
���� component in this region is weak. Also the broad struc-
ture in �2 at 7–9 eV shows a slight anisotropy. Finally, the
structures at 12.0, 13.8, and 14.8 eV exhibit a very strong
anisotropic behavior, which differs considerably from all
other II-VI and wurtzite compounds,41–43 where the main
structures and anisotropy are found well below 12 eV.

IV. THEORETICAL RESULTS AND DISCUSSION

A. Electronic properties

The density of states �DOS�, calculated at the G0W0NZ
level using the Zn20+ PP, is shown in Fig. 2. The fully occu-
pied Zn 3d semicore levels are centered at about −6.8 eV
below the valence-band maximum, in reasonable agreement
with photoemission data �−7.4 eV �Ref. 33��.

As seen from the DOS projected on the atomic orbitals
�see inset of Fig. 2�, and similarly to most binary semicon-
ductors, the upper valence band of ZnO has a predominant
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p-like character. Neglecting spin-orbit coupling and spin de-
grees of freedom, as it has been done in this work, the three-
fold degenerate upper valence band of a zinc-blende struc-
ture is split, in wurtzite, because of the symmetry lowering,
into a singlet ��1 state in the standard notation� and a doublet
��5 states�. The energy difference between these two states is
the crystal-field splitting: �CF=E��5v�−E��1v�. This infor-
mation, gained from LDA and GW-corrected band-structure
calculations, is reported in Table III. The experimental value
of this parameter is in the range 30–40 meV,2,44 in agreement
with our measured split between the �A,B� excitons and the
C exciton �36 meV�, as shown in the inset of Fig. 1. It ap-
pears that our calculated values of this parameter are either
underestimated �Zn2+� or overestimated �Zn12+�. Comparable
values to the LDA-Zn12+ PP case have been obtained in lit-
erature in a projector augmented wave scheme, both in LDA
and in GGA.48 Also using a Zn20+ electronic configuration
the crystal-field splitting is overestimated in LDA �106 meV�
but in this case the GW corrections go in the right direction,
indicating a more accurate description of the system with the
latter PP.

We have then focused on the Zn20+ PP as starting elec-
tronic configuration. A few other results for the crystal-field
splitting are reported in Table III. We can observe that both
the G0W0 and the G0W0NZ approaches give an overestima-
tion of the crystal-field splitting �about 80 meV�, and even an

update of the eigenvalues in the Green’s function �G1W0�
does not improve the situation. The fact that a Hartree-Fock
calculation, instead, would provide a value of 54 meV, in
better agreement with experiments, points towards the im-
portance of the amount of exchange in the calculations. Fol-
lowing Lambrecht et al.,45 we have then investigated the
effect on the crystal-field splitting and on the position of the
d bands caused by an artificial variation of the exchange
functional. In particular, we have acted on the single-particle
energies using a local exchange within the X�
approximation,46 with � ranging from 1 �corresponding to
the Slater approximation� to 0.7. We find that increasing the
amount of local exchange brings the d bands to higher bind-
ing energies, shifting them from about −5 eV in LDA to
about −6.7 eV in the Slater approximation. Interestingly, the
crystal-field splitting appears to decrease with increasing �,
i.e., with increasing exchange, as shown in Fig. 3, solid line.
Performing a G0W0NZ calculation on top of the X� elec-
tronic states, we find a systematic decrease of the crystal-
field splitting �see Fig. 3, dashed line�. For example, a
G0W0NZ calculation on top of a X� �with �=0.8� starting
point would give a value for the crystal-field splitting of 44
meV, in acceptable agreement with the experimental range.
The importance of the exchange on the crystal-field splitting

TABLE III. Calculated values of the crystal-field splitting �meV�. X� values have been calculated using
�=0.8. Experimental values of the crystal-field splitting are 30 meV �Ref. 44�, 40 meV �Ref. 2� and 36 meV
�this work�.

PP LDA G0W0 G0W0NZ G1W0 HF

Zn2+ 8 2

Zn12+ 105 207

Zn20+ 106 83 77 85 54

X� G0W0 G0W0NZ

Zn20+ 74 49 44
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was also found in Ref. 47, where a G0W0 calculation, on top
of a hybrid functional HSE03 starting point, provides a
crystal-field splitting of 54 meV.

B. Optical properties

Calculations of the dielectric function of wz ZnO have
already appeared in literature: the dielectric function has
been determined through ab initio calculations within DFT
using different pseudopotential schemes: LDA �Ref. 49� or
LDA+U,50 GGA,51,52 a screened exchange hybrid
functional.32 Excitonic effects in the optical properties have
been included by solving the Bethe-Salpeter equation.34,38,53

Here, the imaginary part of the dielectric function �2 has
been evaluated as a first step within the independent-particle
picture with the Fermi golden rule �DFT-RPA, without local
fields effects�. A mesh of 50�50�31 k-points has been used
to sample the BZ and a broadening of 0.1 eV has been ap-
plied. The resulting spectra are shown in Fig. 4 �upper
panel�; a scissor operator shift of 2.7 eV has been applied to
the DFT-RPA spectrum to match the experimental energy
gap. It is clear that neglecting excitonic effects produces
spectra slightly differing from the experimental ones in the
positions of the optical structures but substantially differing
in their intensities. In particular, the free excitons experimen-
tally found around 3.4 eV, giving rise in Fig. 1 to a sharp
peak, are of course not reproduced within a single-particle
scheme.

As a second step, we have included excitonic effects
within the BSE. The results of our calculations are shown in
Fig. 4 �lower panel� for the ordinary and extraordinary com-
ponent. The agreement with the experiments is greatly im-
proved, although the excitonic peak is less sharp in our cal-
culations, due to a limited number of k points we could use
�864 in BZ�. Our results are in good agreement with previous
BSE calculations34,53 and improve the description of the free
exciton peaks compared to Ref. 38. The high-energy part of
the calculated spectra shows a remarkably good agreement

with the experiments also for what concerns the anisotropy
of the dielectric function, correctly reproduced within the
BSE, with the ordinary component more intense than the
extraordinary one around 12 eV and vice versa at higher
energies.

The description of the optical properties of ZnO is
strongly affected by the number of k points used. One of the
major drawbacks of MBPT is the high computational cost.
Even using iterative schemes �such as Haydock recursive
algorithm37�, the solution of the BSE for excitonic matrices
exceeding 100.000�100.000 becomes prohibitive.

An attractive alternative to MBPT is given by TDDFT,
which comes with a lower computational load. Since we are
dealing here with an extended system, it is important to de-
scribe correctly the long-range tail of the �unknown� TDDFT
kernel. For this reason, we used the LRK �Ref. 16� −� /q2.
The true fxc kernel is energy dependent. Using such a sim-
plified and static model to describe both free and not free
excitons is difficult. We found that an optimal value for � is
given by �=0.6. This value is compatible with a dielectric
constant between 5 and 6,54 intermediate between the zero-
frequency ��0� value 8, which accounts also for phonon con-
tribution to screening, and the high-frequency one ��
�,
about 4, which accounts only for electron screening.55 A par-
tial contribution of phonons to the dynamical screening of
the electron-hole interaction must indeed be considered in
ZnO since the exciton binding energy and the LO phonon
energy are almost equal, about 60 meV.55 When the exciton
binding energy is calculated within the Wannier model, an
effective dielectric constant �eff=6 is generally used.56 A the-
oretical estimation made according to Strinati’s theory57 of
the dynamical BSE yields, using values appropriate for ZnO,
an effective dielectric screening of 5.2, corresponding to �
=0.67, in good agreement with the value �=0.6 that we have
used in our calculations. The comparison with experimental
data is reported in Figs. 5 and 6 for ordinary and extraordi-
nary components, respectively.

The agreement between calculated and experimental re-
sults is good, both regarding peak positions and relative in-
tensities. The fact that a static LRK-TDDFT approach well
describes the dielectric function points to a limited influence
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of excitonic effects in the high energy part of the spectrum.
On the other hand, the possibility of using more k points
within TDDFT leads to a description of the absorption line
shape in the excitonic range better than in the BSE approach.
An interpretation of the nature of the optical peaks can be
done by analyzing the transitions that give rise to the imagi-
nary part of the RPA dielectric function.

Regarding the ordinary component ����, the first region
after the absorption edge is mainly due to transitions at the
�-point ��5v→�1c�. For the extraordinary component ����,
the first region is similarly ascribed to the �-point, but the
bands involved are �1v→�1c consistently with the selection
rules that apply for wurtzite structures. The peaks found for
both components at 8.8–8.9 eV are mainly due to transitions
in the region between L and M from states located around
−2 eV which have hybrid O 2p-Zn 3d character �see the in-
set in Fig. 2�. The subsequent energy region is where the
anisotropic character of the dielectric function is most evi-
dent. Regarding the ordinary component, the peak at 12.3 eV
can be ascribed to the M point whereas the features between
14 and 15 eV are mainly due to transitions at � and at k
points from � to A and originating from O 2p-Zn 3d states.
The extraordinary component shows in this region two
peaks: one at 11.0 eV, due to H3v, H1v,2v, and K3v, K2v con-
tributions, and another at 13.0 eV, related to points of the BZ
between L and H and between H and A. The broad structure
in the extraordinary component located between 14 and 16.5
eV is dominated by transitions from �1v to the second group
of conduction bands.

C. Zinc-blende ZnO

The zinc-blende structure of ZnO is a metastable phase. It
has been observed in ZnO epitaxially grown on GaAs�001�
�Ref. 19� in ZnO films grown on Pt�111� /Ti /SiO2 /Si �Ref.
58� and, more recently, in tetrapods59,60 and in nanoshells
grown on ZnS nanoparticles.20 Not many experimental data
exist on this metastable phase. Optical absorption of zb-ZnO
has not been measured yet, but several photoluminescence
spectra have been published, showing a near-band-edge
emission around 3.22–3.29 eV.19,58,59

TEM images on tetragonally distorted ZnO/ZnS layers19

bring to an estimated value for the lattice constant of 4.47 Å,
and a value of 4.595 Å has been estimated by XRD mea-
surements in ZnO films on Pt�111� /Ti /SiO2 /Si.58

In our calculations, a theoretical lattice constant of
4.56 Å is found, in the range of previous calculations32 and
in good agreement with the experiments. Our calculated
electronic gap, which in DFT results 0.48 eV with Zn20+ PP,
is corrected by quasiparticle �G0W0� effects61 to 2.2 eV. Set-
ting Z=1 �G0W0NZ in Table IV� increases the gap to 2.8 eV.
Other GW calculations estimate the electronic gap to be 3.59
eV �LMTO+G0W0 �Ref. 62�� and, starting from and exact
exchange calculation, 3.11 eV �Ref. 63� �see Table IV�.

Optical spectra at the DFT, TDDFT, and BSE level are
shown in Fig. 7. The BSE spectrum has been calculated us-
ing the Zn20+ pseudopotential, a grid of 2048 Chadi-Cohen
shifted k points, seven valence bands and seven conductions
bands. A scissor operator of 2.8 eV has been applied to all
the spectra, in order to fit the theoretical gap with the experi-
mental photoluminescence one. Important excitonic effects
are clearly visible, also for this phase of ZnO, with a marked
enhancement of the oscillator strength at the onset of the
absorption. Comparison of the zb spectrum with the wz ones
shows strong similarities, especially for the ordinary compo-
nent.

V. CONCLUSIONS

The combination of first-principles calculations and ex-
perimental measurements of the dielectric tensor yields de-

TABLE IV. Calculated gap at � �eV� for zb-ZnO.

Method Egap Reference

LDA+G0W0 2.2 This work

LDA+G0W0NZ 2.8 This work

LMTO-ASA+G0W0 3.59 Ref. 62

EXX+G0W0 3.11 Ref. 63
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FIG. 6. �Color online� Experimental results for the extraordinary
component, compared with the TDDFT calculations.
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FIG. 7. �Color online� Imaginary part of the dielectric function
calculated for zb-ZnO. The DFT plus a scissor operator shift, TD-
DFT and BSE results are compared.
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tailed information about the electronic structure of ZnO. Dis-
tinct transition structures in the optical spectra have been
assigned to certain critical points in the band structure and
the origin of the anisotropy above 10 eV is found to be
caused by the large hexagonal crystal field. At the band edge
the anisotropy can only be reproduced when taking excitonic
effects into account. The orbital resolved density of states
shows considerable hybridization of the Zn 3d with the
lower O 2p shell; hence, the d electrons strongly participate
to the chemical bonding. The calculated overall frequency
dependence of �� and �� is in good agreement with the cor-
responding experimental values. Moreover, this work shows
that TDDFT is a very suitable alternative to overcome the

high computational cost of MBPT. Finally, the dielectric
function for the rarely investigated case of the zinc-blende
crystal structure is studied theoretically.
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