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a b s t r a c t

Ab initio quantum chemistry calculations of the structural and electronic properties of monoclinic
wolframite-type ZnWO4 crystal have been performed within the periodic linear combination of atomic
orbitals (LCAO) method using six different Hamiltonians, based on density functional theory (DFT) and
hybrid Hartree-Fock-DFT theory. The obtained results for optimized structural parameters, band gap
and partial density of states are compared with available experimental data, and the best agreement is
observed for hybrid Hamiltonians. The calculations show that zinc tungstate is a wide band gap material,
with the direct gap about 4.6 eV, whose valence band has largely O 2p character, whereas the bottom of
conduction band is dominated by W 5d states.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc tungstate ZnWO4 is a technologically important material,
which can be used in applications such as scintillators, laser
hosts, optical fibers, sensors and phase-change optical recording
[1–5].
The crystal structure of ZnWO4 has beendetermined byneutron

[6] and X-ray powder diffraction [7]. ZnWO4 has the monoclinic
wolframite-type structure with the space group P2/c. There are
two formula units per primitive cell, having the lattice parameters
a = 4.69263 Å, b = 5.72129 Å, c = 4.92805 Å and β =
90.6321◦ [6]. The presence of two non-equivalent oxygen atoms
is responsible for three pairs of Zn–O and W–O bonds, having
different lengths. Thus, both Zn and W atoms are surrounded by
six oxygens, forming distorted octahedral coordination. The WO6
octahedra distortion has been directly observed by the W L3-edge
X-ray absorption spectroscopy in [8].
The lattice dynamics of ZnWO4 has been probed by Raman

scattering in [9,10] and interpreted on the basis of the octahedral
WO6 groups vibrations. The luminescent properties of ZnWO4 have
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been widely studied [11–14] and are determined by a charge-
transfer between oxygen and tungsten ions in the WO6 molecular
complex [15].
The electronic structure of ZnWO4 has been scarcely studied.

A cluster discrete variational Xα (DV-Xα) method has been used
in [16] to understand the origin of the valence and conduction
bands. It has underestimated the value of the band gap (2.63 eV
calculated versus 4.6 eV [11] and 4.9 eV [16] experimental), but
was rather successful in describing X-ray photoelectron spectrum
(XPS) [16].
Recently, the electronic structure of [WO6]6−–Zn2+ complex in

ZnWO4 crystal has been calculated by the configuration interaction
method in embedded cluster approach to explain the intrinsic
luminescence of tungstate [17]. The influence of point defects
as oxygen and zinc vacancies on the electronic structure of the
complex has been also studied [17].
To the best of our knowledge, the band structure calculations of

wolframite-type ZnWO4 have been not performed until now.
In the present work, we have calculated structural and

electronic parameters of wolframite-type ZnWO4 crystal, using
the periodic linear combination of atomic orbitals (LCAO) method.
The obtained results are compared with low-temperature X-ray
diffraction data [7] and X-ray photoelectron spectrum [16].
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Fig. 1. Band structure diagram (left panel) and total/projected density of states (right panel) for wolframite-type ZnWO4 . The energy zero is set at the Fermi energy level.
2. Computational details

The electronic structure and properties of ZnWO4 crystal were
carried out using the CRYSTAL06 code [18]. In this approach, the
linear combination of localized Gaussian-type atomic orbitals is
used to construct Bloch sums as basis functions for the crystalline
orbitals. To avoid core electrons of tungsten and zinc atoms, the
effective core potentials (ECP) from [19,20] have been chosen:
the large core ECP68 for W (Z = 74) atom (68 electrons in
the core) and the small core ECP18 for Zn (Z = 30) atom (18
electrons in the core). Note that the Hay-Wadt ECP68 [19] has
been used to describe the structural and electronic properties of
bulk tungsten trioxideWO3 and to explain the observed instability
of cubic WO3 [21], providing the good agreement between the
calculated structural parameters for tetragonal WO3 and available
experimental data. The use of ECP18 allows us to include Zn 3d-
electrons in the valence shell, which is known to be important for
the transition metal compounds. The basis set [20], corresponding
to ECP18 pseudopotential, was chosen for Zn atom, and the
diffuse Gaussian type orbitals with exponents less than 0.06 were
excluded to avoid the basis set linear dependence. The basis set,
optimized in the calculations of the cubic WO3 crystal [21], was
adopted for W atom. The all electron basis set, optimized in earlier
calculations of perovskites [22], was used for O atoms.
In the CRYSTAL06 code, the accuracy in the evaluation of the

Coulomb and exchange series is controlled by a set of tolerances,
which were taken to be the default values (6, 6, 6, 6, 12). The
Monkhorst-Pack scheme [23] for 8 × 8 × 8 k-point mesh in the
Brillouin zone was applied. The total spin projection Sz = 0 was
fixed in the calculation of the closed shell ground state of insulating
ZnWO4 crystal. The SCF calculationswere performed for three pure
DFT (LDA [24], PW91 [25], PBE [26]) Hamiltonians and three hybrid
HF-DFT (B3PW [27], B3LYP [28], PBE0 [29]) Hamiltonians.

3. Atomic structure

In this section, we present the results of the lattice parameters
and atomic fractional coordinates optimization for different
Hamiltonians in comparisonwith available experimental data. The
optimized values of structural parameters are given in Table 1.
The experimental datawere obtained from low-temperature (12K)
X-ray diffraction [7].
A sum of squared differences between calculated and exper-
imental structural parameters was used to compare results for
different Hamiltonians. All parameters were divided into three
groups: the first group consists of three lattice constants (a, b, c),
the second one contains the angle β , and the third one contains
three atomic fractional coordinates (x, y, z). Lattice constants and
atomic fractional coordinates are best reproduced by LDA and PBE0
Hamiltonians, whereas the value of the angle β agrees best of all in
the case of hybrid HF-DFT B3PW and PBE0 Hamiltonians. The dif-
ferences for the three lattice constants do not exceed 4%, the an-
gle β is reproduced within 2%, and atomic fractional coordinates
within 14%. Taking into account the differences for all parame-
ters, the hybrid HF-DFT PBE0 Hamiltonian produces the best over-
all agreement with experimental data [7], and therefore we will
further discuss only results based on it.

4. Electronic structure and chemical bonding

In this section, the electronic band structure, projected density
of states (PDOS) and difference electron density maps are
discussed.
The calculated energy dispersion curves and PDOS for hybrid

HF-DFT PBE0 Hamiltonian are shown in Fig. 1. The dispersion
curves are plotted along eight different symmetry directions in
the Brillouin-zone. Note that the band structure diagrams for
other Hamiltonians have qualitatively similar appearance, but
have significant difference in the band gap value (Table 1), which
is significantly smaller in pure DFT Hamiltonians, as expected [30].
The narrow subband, observed at about −9 eV, corresponds

to the Zn 3d states and is well separated from other bands. The
upper part of the valence subband (−7.5–0 eV) is due to mostly
O 2p states, mixed with W 5d states, whereas the lower part is
composed of the O 2p, W 5d with some admixture of Zn 4s states.
The highest state in the valence band for pure DFT methods is
located at the B point, while the states at 0, Y and A points are
very close in the energy values. A similar situation occurs for hybrid
Hamiltonians. However, here the highest state is located at Y point.
The bottom of the conduction band is composed mostly of W 5d
states. However, an admixture of O 2p and some of Zn 4s states
is clearly observed along the conduction band. The lowest energy
state in the conduction band is located at Y point of the Brillouin-
zone for all Hamiltonians.
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Table 1
Comparison of lattice parameters (a, b, c , β) and atomic fractional coordinates (x, y, z), calculated using LDA, PW91, PBE, B3PW, B3LYP and PBE0 Hamiltonians, with the
low-temperature (12 K) X-ray diffraction data from [7] for wolframite-type ZnWO4 . The total atomic charges (Q ), following a Mulliken population analysis scheme, are also
given. The experimental values of the energy band gap Eg was taken from [11,16].

LDA PW91 PBE B3PW B3LYP PBE0 Exp

a (Å) 4.606 4.696 4.705 4.669 4.693 4.660 4.683
b (Å) 5.702 5.909 5.928 5.840 5.947 5.805 5.709
c (Å) 4.795 4.866 4.870 4.831 4.857 4.820 4.923
β (◦) 88.74 88.95 89.05 89.45 89.32 89.62 90.54
Zn (y) 0.687 0.695 0.698 0.697 0.700 0.697 0.681
W (y) 0.205 0.207 0.206 0.202 0.205 0.201 0.181
O1 (x) 0.221 0.220 0.220 0.218 0.219 0.218 0.230
O1 (y) 0.896 0.895 0.895 0.895 0.893 0.895 0.885
O1 (z) 0.449 0.458 0.458 0.454 0.459 0.453 0.430
O2 (x) 0.253 0.247 0.247 0.246 0.245 0.247 0.269
O2 (y) 0.387 0.382 0.382 0.379 0.378 0.379 0.380
O2 (z) 0.409 0.409 0.410 0.408 0.409 0.407 0.406
Q (Zn) 1.48 1.50 1.50 1.55 1.54 1.57 –
Q (W) 3.58 3.52 3.51 3.72 3.76 3.75 –
Q (O1) −1.32 −1.30 −1.30 −1.37 −1.38 −1.38 –
Q (O2) −1.22 −1.21 −1.21 −1.27 1.28 −1.28 –
Eg (eV) 2.31 2.33 2.31 4.27 4.22 4.60 4.6, 4.9
Fig. 2. (Color online) Difference electron densitymaps in (001) (top plot) and (110)
(bottom plot) planes for wolframite-type ZnWO4 . Solid, dashed, and dot-dashed
lines correspond to positive, negative and zero difference, respectively.

To conclude, the minimum band gap for PBE0 Hamiltonian,
which is the best in the reproduction of structural parameters,
occurs at Y point of the Brillouin-zone and corresponds to a direct
transition. The calculated band gap value Eg = 4.6 eV is in
good agreement with the experimental values 4.6 eV [11] and
4.9 eV [16].
In Fig. 2, we show the difference electron density maps in the

two most representative (001) and (110) planes. The (001) plane
passes through Zn, W and three O atoms. One can see that the
electron density aroundW atom is distorted due to a displacement
of the W atoms from the center of oxygen octahedra, caused by
the second order Jahn–Teller effect. The electron density around
Zn atoms is relatively symmetric. The second (110) plane passes
Fig. 3. Comparison of XPS spectrum and PDOS curves for wolframite-type ZnWO4 .
Curves are vertically shifted for clarity.

through Zn and W atoms only. There is electron density distortion
around both atoms, indicating that oxygen octahedra around Zn
atoms are also deformed.
The comparison between XPS spectra [16] and PDOS curves

calculated using PBE0 is shown in Fig. 3. The binding energy of
PDOS curves is given relative to the Fermi level placed at the top of
the calculated valence band. The energy scale of the XPS spectrum
has been modified for the best agreement of the main sharp peak
in the experimental signal with the Zn 3d PDOS position. The low
binding energy broad peak of the XPS spectrum is attributed to the
O 2p states, with some admixture of the W 5d states. The overall
agreement between calculated splitting of the O 2p states and Zn
3d states and the two peaks in the XPS spectrum is very good,
being better than that found previously within the cluster DV-Xα
method [16].

5. Conclusions

Ab initio calculations of the structural and electronic properties
of wolframite-type ZnWO4 crystal have been performed within
the periodic LCAO method using six different Hamiltonians,
based on density functional theory (DFT) and hybrid Hartree-
Fock-DFT theory. The results obtained for all Hamiltonians differ
from experimental values less than 14%, while all structural
and electronic parameters are best reproduced by hybrid PBE0
Hamiltonian. Tungsten–oxygen chemical bonding is covalent due
to the electron density transfer to oxygen atoms, whereas zinc
atoms show more ionic behavior. Calculated density of states is in
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good agreement with XPS spectrum. The main contribution to the
valence band is due to the Zn 3d states at high binding energies
and the O 2p and W 5d characters at low and medium binding
energies.
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