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a b s t r a c t

Total and partial densities of states of the constituent atoms of iron tungstate, FeWO4, and cobalt
tungstate, CoWO4, have been calculated using the first-principles self-consistent full potential linearized
augmented plane wave (FP-LAPW) method. The results obtained reveal that the O 2p-like states are the
dominant contributors into the valence band of the tungstates under consideration, whilst the bottom
of the conduction band of FeWO4 and CoWO4 is dominated by contributions of the empty Fe 3d- and
Co 3d-like states, respectively. The FP-LAPW data indicate that the O 2p-like states contribute mainly
into the top of the valence band, with also significant contributions throughout the whole valence-band
region, of FeWO4 and CoWO4 compounds. Other significant contributors into the valence-band region
are the Fe 3d- and W 5d-like states in FeWO4 and the Co 3d- and W 5d-like states in CoWO4. All the
above d-like states contribute throughout the whole valence-band region of the tungstates under con-
and structure calculations
-ray emission spectroscopy
-ray photoelectron spectroscopy

sideration, however maximum contributions of the W 5d-like states occur in the lower, whilst the Fe (Co)
3d-like states in the upper portions of the valence band, respectively. To verify the above FP-LAPW data,
the X-ray emission bands representing the energy distributions of mainly the valence O p-, Fe (Co) d-,
Fe (Co) p- and W d-like states were measured and compared on a common energy scale with the X-ray
photoelectron valence-band spectrum of the corresponding tungstate. The experimental data were found

with
to be in good agreement
CoWO4 compounds.

. Introduction

Iron tungstate, FeWO4, and cobalt tungstate, CoWO4, belong
o a fascinating family of wolframite-type materials which have
ighly potential and technological applications in many areas such
s scintillation detectors, optical fibers, humidity sensors, photoan-
des, phase-change optical recording devices, laser hosts, catalysts,
igments, etc. [1–7]. Additionally, wolframite-type tungstates are
onsidered to be novel and commercially important materials due
o their several encouraging properties, mainly high values of ther-

al stability, refractive indexes and X-ray absorption coefficients
8,9]. In particular, among wolframite-type tungstates, FeWO4
nd CoWO4 have been intensively studied. FeWO4 and CoWO4
ungstates are well-known p-type semiconductors [10–12]. From

xperimental measurements [10,13], the energy band gap, Eg,
quals 2.8 and 2.0 eV for CoWO4 and FeWO4, respectively. Estima-
ions by Lacomba-Perales et al. [14] based on correlations between
he ionic radius of the A2+ cation in a number of AWO4 tungstates

∗ Corresponding author. Tel.: +380 044 424 33 64; fax: +380 044 424 21 31.
E-mail address: khyzhun@ipms.kiev.ua (O.Yu. Khyzhun).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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the theoretical FP-LAPW results for the electronic structure of FeWO4 and

© 2010 Elsevier B.V. All rights reserved.

reveal values of Eg = 2.43 eV for CoWO4 and Eg = 2.35 eV for FeWO4.
Iron and cobalt tungstates were studied in Refs. [15–18] to explore
potential applications of these materials in magnetic fields. As it has
been established by Weitzel [15], the magnetic unit cell (2a,b,c) of
CoWO4 is twice of the chemical unit (a,b,c) and identical with that of
FeWO4. Additionally, the magnetic properties of CoWO4 are proved
to be symmetric with respect to three orthogonal twofold axes x, y,
and z: the ‘magnetic’ axes x and z are inclined to the vectors a and c
of the crystal unit cell at an angle of 40◦ in the ac-plane, whilst the
magnetic axis y lies along the crystal (true) two-fold axis b [16].

FeWO4 and CoWO4 tungstates are isostructural compounds
crystallizing in a monoclinic structure belonging to the P2/a space
group, with unit cell parameters a = 4.753 Å, b = 5.720 Å, c = 4.968 Å,
ˇ = 90.1◦ for FeWO4 [19] and a = 4.670 Å, b = 5.687 Å, c = 4.951 Å,
ˇ = 90.0◦ for CoWO4 [20]. The findings by the authors [19,20] are
consistent with those derived by other investigators [21–25], as
data listed in Table 1 reveal. In the structure of FeWO4 and CoWO4

tungstates, with two formula per unit cell, every metal atom is
surrounded by six oxygen atoms: zigzag chains of oxygen octa-
hedra coordinating the metal ions are aligned along the c axis [10].
Iron(cobalt), tungsten and oxygen atoms occupy the 2f, 2e and 4g
sites, respectively. As an example, Fig. 1 shows the crystal struc-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:khyzhun@ipms.kiev.ua
dx.doi.org/10.1016/j.jallcom.2010.02.107
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Table 1
Lattice parameters of iron and cobalt tungstates as determined by different authors
(monoclinic structure, space group P2/a).

Tungstate Lattice parameters Reference

a (Å) b (Å) c (Å) ˇ (◦)

FeWO4 4.753 5.720 4.968 90.1 [19]
CoWO4 4.670 5.687 4.951 90.0 [20]
CoWO4 4.667 5.681 4.947 90.0 [21]
CoWO4 4.666 5.680 4.948 90.0 [22]
FeWO4 4.7289 5.707 4.9630 90.091 [23]
CoWO4 4.9478 5.6827 4.6694 90.0 [24]
FeWO4 4.753 5.720 4.968 90.8 [25]
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the constituent atoms of the tungstates under study (Table 2) have

T
P

ig. 1. Crystal structure of iron tungstate, FeWO4: Fe, small brown balls; W, middle
lue balls; O, large red balls. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.).

ure of FeWO4. The existence of two non-equivalent positions for
xygen atoms (labelled as O1 and O2; Fig. 1) is characteristic of the
tructure of FeWO4 and CoWO4 tungstates. There are two tungsten
toms and one iron(cobalt) atom in the nearest arrangement of the
1 atoms, whilst one tungsten atom and two iron(cobalt) atoms
re among the nearest neighbours of the O2 atoms [19,20].

Because technological applications of FeWO4 and CoWO4
ungstates are dependent significantly on their quality, different
echniques are widely applied for obtaining these compounds
n the form of either bulk single crystals (e.g., the flux method
10,13], chemical vapour transport [21]) or polycrystalline materi-

ls (e.g., a standard ceramic route [26], the co-precipitation method
ollowing by sintering at 500 ◦C for the formation of a monopha-
ic compound [27]). With the development of nanotechnology,
anostructured transition metal tungstates have attracted much

able 2
ositions of the constituent atoms of FeWO4 and CoWO4 used in the present FP-LAPW ca

Atom Position of atoms in FeWO4 (Ref. [19])

x y z

Fe(Co) 0.5 0.6785 0.25
W 0 0.1808 0.25
O1 0.2167 0.1017 0.5833
O2 0.2583 0.3900 0.0900
d Compounds 496 (2010) 61–68

more attention as compared with bulk materials [28,29]. There-
fore, CoWO4 nanoparticles were successfully synthesized at a low
temperature of 270 ◦C by a molten salt method [29], by spray-
ing the solution containing CoCl2·6H2O and Na2WO4·2H2O on
glass slides at 250–450 ◦C [7]. Using the same reaction reagents,
Zhen et al. [24] have derived single-crystalline CoWO4 nanorods
with average diameter of 20 nm and lengths of 100–300 nm using
the hydrothermal method, whilst the flower-like hollow cobalt
tungstate nanostructures, which consist of CoWO4 nanorods, have
been synthesized by alcohol-thermal process at 180 ◦C employing
a simple reaction between CoCl2 and freshly prepared H2WO4 in
a single alcohol system without any surfactants [30]. Hu et al. [31]
have obtained FeWO4 ferberite flowers using mixed FeCl3 and WCl6
at different ratios in a simple solvo-thermal process adopting cyclo-
hexanol as the solvent. Iron and cobalt tungstate nanostructures,
with average sizes of nanoparticles of about 150 and 70 nm in the
case of FeWO4 and CoWO4, respectively, have been synthesized
very recently in Ref. [32] employing the hydrothermal method
and using sodium tungstate (Na2WO4·2H2O), ferrous ammonium
sulfate [(NH4)2Fe(SO4)2·6H2O] and cobalt chloride (CoCl2·6H2O)
solutions as precursors.

In a previous article [32], we have reported results of experi-
mental studies of FeWO4 and CoWO4 tungstates employing X-ray
photoelectron spectroscopy (XPS), X-ray emission spectroscopy
(XES), and X-ray absorption spectroscopy (XAS) methods. The
experimental results [32] indicate that the W 5d- and O 2p-like
states contribute throughout the whole valence-band region of
the FeWO4 and CoWO4 tungstates, however maximum contribu-
tions of the O 2p-like states occur in the upper, whilst the W
5d-like states in the lower portions of the valence band, respec-
tively. Nevertheless, to the best of our knowledge, no theoretical
band structure calculations have been made so far for FeWO4 and
CoWO4. Therefore, in the present article we intend calculating the
energy distribution of electronic states of different symmetries
of the constituent atoms of iron and cobalt tungstates. With this
aim, we have employed possibilities of the full potential linearized
augmented plane wave (FP-LAPW) method as incorporated in the
WIEN97 code [33] in order to study total density of states (DOS)
and partial densities of states of FeWO4 and CoWO4 tungstates.
Additionally, some new XES results concerning the energy distri-
bution of the valence states of iron and cobalt in the tungstates
under consideration will be reported in the present article.

2. Computational details

Calculations of the electronic structure of FeWO4 and CoWO4
tungstates have been carried out using the first-principles self-
consistent FP-LAPW method with the WIEN97 code [33]. In
the present FP-LAPW calculations, lattice parameters a = 4.753 Å,
b = 5.720 Å, c = 4.968 Å, ˇ = 90.1◦ for FeWO4 and a = 4.670 Å,
b = 5.687 Å, c = 4.951 Å, ˇ = 90.0◦ for CoWO4 as well as positions of
been chosen in accordance with the crystallography data deter-
mined for the compounds in Refs. [19,20]. For calculations of the
exchange-correlation potential, the generalized gradient approxi-
mation (GGA) by Perdew et al. [34] has been used. The muffin-tin

lculations.

Position of atoms in CoWO4 (Ref. [20])

x y z

0.5 0.6712 0.25
0 0.1773 0.25
0.2176 0.1080 0.9321
0.2540 0.3757 0.3939
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Table 3
Atomic orbitals used in the present FP-LAPW calculations of the electronic structure of FeWO4 and CoWO4.

Atom Core electrons Semi-core electrons Valence electrons Number of electrons involved in the
present FP-LAPW calculations

2 2 6 2 6 2 6
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Fe 1s 2s 2p 3s 3p
Co 1s2 2s2 2p6 3s2 3p6

W 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6 4f14

O 1s2 2s2

MT) sphere radii of the constituent atoms in the present calcula-
ions were assumed to be as follows: 2.2 a.u. for Fe, 1.95 a.u. for W
nd 1.60 a.u. for O in the case of FeWO4 and 2.2 a.u. for Co, 1.75 a.u.
or W and 1.60 a.u. for O in the case of CoWO4 (1 a.u. = 0.529177 Å).
he RMT

minkmax parameter, where RMT
min denotes the smallest MT

phere radius and kmax determines the value of the largest k vec-
or in the plane wave expansion, equals 7.0 (the charge density
as Fourier expanded up to the value Gmax = 15). The order of a

otal matrix equals about 1300. In the potential decomposition, the
alence wavefunctions inside the MT spheres were expanded up to

max = 6. The basis function consists of the atomic orbitals of Fe(Co),
and O as listed in Table 3. In the present calculations, a total

umber of semi-core and valence electrons (in addition to core
lectrons) per unit cell equals 136 for FeWO4 and 138 for CoWO4.
he tetrahedron method by Blöchl et al. [35] was adopted for inte-
ration through the Brillouin zone (BZ). The BZ sampling has been
one using 200 k-points within the irreducible wedge of the zone.
or calculations of densities of states, an additional sampling was
ade using 1232 k-points within the irreducible wedge of the BZ.

he iteration process was checked taking into account changes of
he integral charge difference q =

∫ ∣
∣�n − �n−1

∣
∣dr, where �n−1(r)

nd �n(r) are input and output charge density, respectively. The
alculations were interrupted in the case of q ≤ 0.0001.

. Experimental

Details of specimens preparation were reported in Ref. [32]. Briefly, FeWO4

nd CoWO4 monoclinic tungstates (P2/a space group) with average sizes
f nanoparticles of about 150 nm and 70 nm, respectively, were synthesized
ydrothermally using sodium tungstate (Na2WO4·2H2O), ferrous ammonium
ulfate [(NH4)2Fe(SO4)2·6H2O] and cobalt chloride (CoCl2·6H2O) solutions as pre-
ursors. The products obtained were found to be single-phase materials. XPS and
ES measurements [32] have revealed that, the as-prepared FeWO4 and CoWO4

anostructure tungstates were in a composition close to a stoichiometric one.
The ultrasoft X-ray emission Fe (Co) L� (LIII → MIV,V transition) bands reflecting
he energy distribution of the valence Fe (Co) s, d-like states in the iron and cobalt
ungstates under consideration were measured using an RSM-500 spectrometer. The
ands were recorded in the second order of reflection using, as a disperse element,
diffraction grating possessing 600 lines/mm and a radius of curvature of R ≈ 6 m.
he detector was a secondary electron multiplier VEU-6 with a CsI photocathode.
perating conditions of an electron gun in the present experiments were the fol-

ig. 2. Plots of total DOS including upper core, valence-band (VB) and conduction band (C
espect to their dominant atomic contributions).
4s 3d 16
4s2 3d7 17
5d4 6s2 28
2p4 6

lowing: accelerating voltage, Ua = 5 kV; anode current, Ia = 5 mA. The spectrometer
energy resolution was about 0.25–0.3 eV in the energy regions corresponding to the
positions of the Fe(Co) L� bands.

The fluorescent X-ray emission Fe (Co) K�5 (K → MIV,V transition) bands, which
reflect the energy distribution of the valence Fe (Co) p-like states, were derived
using a Johann-type DRS-2 M spectrograph equipped with an X-ray BHV-7 tube (gold
anode). As a disperse element, a quartz crystal with the (1 3 4 0) reflecting plane was
used when recording the Fe (Co) K�5 bands. Operating conditions of the BHV-7 tube
in the experiments were Ua = 40 kV and Ia = 70 mA. At these experimental conditions,
the intensities of the Fe (Co) K�5 bands were found to be rather low in FeWO4 and
CoWO4: the accumulative time was about 180 h to achieve the sufficient intensities
of the bands in the above tungstates. The spectrograph energy resolutions were
estimated to be 0.35–0.4 eV when measuring the Fe (Co) K�5 bands.

4. Results and discussion

Fig. 2 displays results of the present FP-LAPW band structure cal-
culations of total DOS within a 110-eV range for FeWO4 and CoWO4
tungstates. It is apparent that, the upper core Fe (Co) 3s-, W 5s-
and W 4f-like states generate rather narrow bands in FeWO4 and
CoWO4, whilst the Fe (Co) 3p- and W 5p-like states form some-
what broader bands in these tungstates. However, the O 2s-like
states being among the upper core states generate a rather broad
band in the tungstates under consideration with a width of about
2.0 eV (from −15.9 to −17.9 eV) in FeWO4 and about 2.3 eV (from
−15.7 to −18.0 eV) in CoWO4. Contributions into the O 2s-like band
depend on the positions of oxygen atoms in the lattice of FeWO4
and CoWO4. As one can see from Fig. 3, the dominant contributors
into the bottom and the top of the O 2s-like band of FeWO4 are
the O1 and O2 atoms, respectively, whilst the both types of oxy-
gen atoms contribute into the central part of the band in almost
equal proportions. Further, the bottom and the top of the O 2s-like
band of CoWO4 are dominated by contributions of the states associ-
ated with the O1 atoms, however the central portion of the band is
composed mainly of the O 2s-like states of the O2 atoms. It is worth

to mention that first-principles calculations [36–39] also reveal a
comparatively wide width (ranging from about 2.0 to 2.4 eV) and a
multi-peak structure of the O 2s-like band in a number of MWO4
tungstates having either the wolframite (M = Cd, Cu, Zn) or scheelite
(M = Ca, Pb) structure. The O 2s-like band, with a width of 2.1 eV and

B) states of (a) FeWO4 and (b) CoWO4 (note: the upper core states are labelled with
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Fig. 3. Partial densities of states of o

number of fine-structure features, was detected very recently in
b initio band structure calculations of double KY(WO4)2 tungstate
40].

Total DOS and total densities of states of the constituent atoms of
eWO4 and CoWO4 tungstates are presented in Fig. 4. The valence
and ranges from 0 to −5.45 eV and from 0 to −5.7 eV in the case
f FeWO4 and CoWO4, respectively. The present FP-LAPW data
re consistent with results of first-principles calculations of other
WO4 tungstates. As mentioned above, the valence-band width
as found to be 5.45 and 5.7 eV in the case of FeWO4 and CoWO4,

espectively. These values are comparative to those obtained for
alence-band widths of CaWO4 (∼5 eV [36]), PbWO4 (∼5.5 eV [36]),
nWO4 (∼7.5 eV [38]), and CuWO4 (∼7.7 eV [39]).

As one finds from comparison of Figs. 3 and 4, the O 2p-like
tates are the dominant contributors to the valence-band region
f FeWO4 and CoWO4: the O 2p-like states associated with the
1 atoms contribute mainly into the top and the bottom, whilst

he states associated with the O2 atoms into the upper and cen-
ral portions of the valence band of the tungstates under study.
ata of the present FP-LAPW calculations presented in Fig. 4 reveal

hat tungsten atoms contribute predominantly into the bottom of
he valence band of FeWO4 and CoWO4 tungstates, mainly due to
ontributions of the W 5d-like states, as it is apparent from Fig. 5.
urther, iron and cobalt atoms contribute mainly into the upper

ortions of the valence band of FeWO4 and CoWO4, respectively.
mong the electronic states of iron and cobalt atoms, as can be
een from Fig. 6, the Fe 3d- and Co 3d-like states are the principal
ontributors into the valence-band region of FeWO4 and CoWO4,
espectively.

Fig. 4. Total DOS and total densities of states of the constituent atoms of (a) FeW
atoms of (a) FeWO4 and (b) CoWO4.

Figs. 3 and 5 render that the strong hybridization of the W
5d- and O1 2p-like states is characteristic for the lower portion of
the valence band of the tungstates under consideration. Addition-
ally, the O 2p-like states associated with the O2 atoms are highly
hybridized with the Fe 3d- and Co 3d-like states in the upper por-
tion of the valence band of FeWO4 and CoWO4, respectively (cf.
Figs. 3 and 6). These FP-LAPW data partly confirm the suggestions
by Ejima et al. [13] made on the basis of ultraviolet photoelectron
spectroscopy (UPS) studies of FeWO4 that the O 2p- and Fe 3d-
like states hybridize and spread wide in the valence band of this
tungstate.

Fig. 4 shows that a rather narrow band a ranging from 1.78 to
2.45 eV in FeWO4 and from 1.36 to 2.0 eV in CoWO4 can be dis-
tinguished at the bottom of the conduction bands of the above
tungstates. This band in FeWO4 and CoWO4 tungstates is composed
mainly of the empty Fe 3d- and Co 3d-like states, respectively, as
data of the FP-LAPW calculations presented in Figs. 4 and 6 reveal.
In CoWO4, the band a is separated from a somewhat broader upper
band b by a small gap of about 0.05 eV (Fig. 4b), whilst the band b
superimposes the band a in the case of FeWO4 (Fig. 4a). The origin
of the band b in the both tungstates under consideration is similar
to that of the band a: the band b is composed mainly of the con-
tributions of the empty Fe 3d- and Co 3d-like states in FeWO4 and
CoWO4, respectively (cf. Figs. 4 and 6). Further, the band b is sepa-

rated by a gap of about 0.9 eV from a rather broad upper band c in
the case of CoWO4, whilst in FeWO4 the band c superimposes the
band b (see Fig. 4). In the both tungstates under study, the main
contributors into the band c are the empty W 5d- and O 2p-like
states, as data presented in Figs. 3–5 reveal.

O4 and (b) CoWO4 (within the valence-band and conduction band regions).
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Fig. 5. Partial densities of states of tungsten atoms of (a) FeWO4 and (b) CoWO4 (within the valence-band and conduction band regions).
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Fig. 6. Partial densities of states of (a) iron atoms of FeWO4 and (b) of co

From comparison of Figs. 3–6, it is apparent that the con-
ributions of the W 6s-, W 6p-, Fe(Co) 4s-, Fe (Co) 4p- and O
s-like states are rather minor throughout the valence-band and
onduction band regions of FeWO4 and CoWO4 tungstates. Due
o the UPS results by Ejima et al. [13], the bottom of the con-
uction band of FeWO4 is attributed to the empty Fe 4s-like
tates. As one finds from Fig. 6b, the empty Fe 4s-like states (as
ell as the remaining iron empty states, mainly Fe 4p and Fe

d) appear beginning from 1.78 eV and spread towards higher
nergies. Nevertheless, the contributions of the empty Fe 3d-like
tates at the bottom of the conduction band of FeWO4 are much
igher compared with those of the empty Fe 4s- and Fe 4p-states
see Fig. 6a).

With respect to the valence-band occupations, the present FP-
APW data for FeWO4 and CoWO4 seem to agree fairly well with
he experimental results for these tungstates. The experimental X-
ay emission Fe (Co) L� and Fe (Co) K�5 bands recorded for FeWO4
nd CoWO4 tungstates are depicted in Fig. 7 on a common energy
cale with the X-ray emission W L�5 and O K� bands as well as
ith the XPS valence-band spectra derived for the tungstates in
ef. [32]. For such a procedure, we have taken into account binding
nergies of the core-level electrons recorded for the FeWO4 and
oWO4 compounds in Ref. [32] and using measurements of pho-

on energies of suitable inner X-ray lines. The method of matching
he X-ray emission bands of FeWO4 and CoWO4 tungstates on a
ommon energy scale was analogous to that used previously when
tudying the electronic structure of other tungstates [39,40]. From
ig. 7, it is evident that, in agreement with the theoretical band
oms of CoWO4 (within the valence-band and conduction band regions).

structure data depicted in Figs. 3–6, the main contributions of the
W 5d- and Fe (Co) 3d-like states occur in the lower and upper por-
tions of the valence band of FeWO4 (CoWO4), respectively, with the
contributions of the mentioned states in the whole valence-band
regions of the tungstates studied. Additionally, the experimental
data presented in Fig. 7 show that the top of the valence band is
dominated by contributions of the O 2p-like states, being in agree-
ment with the FP-LAPW results (cf. Figs. 3 and 4). It is necessary to
mention that, in spite of the comparatively small contributions of
the valence Fe p- and Co p-like states in the valence-band region of
FeWO4 and CoWO4 tungstates, as predicted by the FP-LAPW calcu-
lations (Fig. 6), it was possible to obtain in the present work the XES
Fe K�5 and Co K�5 bands, representing the energy distributions
of the M 4p-like states in the above MWO4 tungstates (however,
it took rather long accumulative times for recording such spec-
tra as mentioned in the Experimental section). As can be seen in
Fig. 7, the X-ray emission Fe K�5 and Co K�5 bands of FeWO4 and
CoWO4, respectively, are rather broad and without fine-structure
peculiarities. These results are consistent with the theoretical data
presented in Fig. 6. As one can see from this figure, the theoreti-
cal curves representing partial densities of the Fe p- and Co p-like
states are rather flat, with only two humps at the bottom and in the
upper portion of the valence band of the tungstates. These humps

are not resolved on the experimental spectra, probably because of
the rather broad widths of the K level, mainly about 1.0 and 1.1 eV
for iron and cobalt, respectively [41]. Since the X-ray emission Fe
(Co) K�5 bands are positioned on the high-energy slope of the inner
Fe (Co) K�1,3 lines (K → MII,III transition), the above bands are sig-
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ig. 7. The X-ray emission Fe (Co) L�, Fe (Co) K�5, W L�5 and O K� bands matched o
note: the XPS valence-band spectra were excited by Al K� radiation (E = 1486.6 eV)

ificantly asymmetric in the FeWO4 and CoWO4 tungstates studied
Fig. 7).

It is necessary to indicate that predominant contributions of
he W 5d- and O 2p-like states into the lower and upper por-
ions of the valence band, respectively, established for FeWO4 and
oWO4 tungstates, look to be a common peculiarity of the elec-
ronic structure of MWO4 tungstates. In particular, this peculiarity
as theoretically detected for CaWO4 and PbWO4 [36,42], CdWO4
37,43], ZnWO4 [38,44], CuWO4 [39] and SrWO4 [45]. From analy-
is of the theoretical data for MWO4 tungstates [36–39,42–45], one
an conclude that the region of main contributions of the valence
tates associated with the M atom depends significantly on its posi-
ion in the Periodic Table. Additionally, the first-principles band

Fig. 8. Electronic bands along selected symmetry paths with
mmon energy scale with the XPS valence-band spectra of (a) FeWO4 and (b) CoWO4

orted in Ref. [32]).

structure and cluster calculations [36–39,42–45] render that the
O 2p-like states are the main contributors to the valence band
of a number of MWO4 tungstates (M = Ca, Cd, Pb, Cu, Zn). This
conclusion is confirmed by XPS measurements and by theoretical
calculations carried out within relativistic molecular orbital and/or
discrete variational X� methods for Pb, Ca, Ba, Cd and Zn tungstates
[46,47], by XPS and XES data for CuWO4 [48], by polarized reflec-
tivity spectra for CaWO4 [49].
Further, as mentioned above, the present FP-LAPW calculations
predict the increasing width of the valence-band region from 5.45
to 5.7 eV when going from FeWO4 to CoWO4. This prediction is
confirmed by the experimental results presented in Fig. 7. From
this figure it is apparent that, when going from FeWO4 to CoWO4,

in the first Brillouin zone of (a) FeWO4 and (b) CoWO4.
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he full width at half-maximum (FWHM) of the XPS valence-band
pectrum, the XES W L�5 and O K� bands increases by 0.45, 0.3 and
.4 eV, respectively. It is incorrect to compare the FWHM values for
he X-ray emission Fe (Co) L� and Fe (Co) K�5 bands in FeWO4
nd CoWO4 because the energy resolution of the X-ray emission
pectrometers equipped with either a grating or a crystal as a dis-
erse element usually depends on a photon energy region [50,51].

n addition, the energy widths of the K and LIII levels are different
or iron and cobalt [41].

Band dispersions for FeWO4 and CoWO4 tungstates are plotted
n Fig. 8 for several symmetry directions of the monoclinic Bril-
ouin zone. The diagram of the monoclinic Brillouin zone used in
he present FP-LAPW calculations is analogous to that published
reviously in Ref. [37]. The coordinates of the k-points, within the

imited region of the Brillouin zone studied for the band dispersions
Fig. 8), are as follows: � (0.0 0.0 0.0), X (0.5 0.0 0.0), Y (0.0 0.5 0.0),
nd Z (0.0 0.0 0.5). We would like to mention that values of the
and gaps of Eg = 1.78 eV for FeWO4 and Eg = 1.36 eV for CoWO4, as
and structure diagrams presented in Fig. 8 reveal, are smaller than
hose measured experimentally [10,13] and estimated by Lacomba-
erales et al. [14] for these tungstates. The values of band gaps
alculated within the GGA approximation [33] are known to be
nderestimated [52,53]. Since the real values of the band gaps of
eWO4 and CoWO4 tungstates, to the best of our knowledge, have
ot been determined precisely yet [14], we have not made any scis-
ors corrections of the band structure diagrams presented in Fig. 8.

The shapes of the band dispersions for FeWO4 and CoWO4 look
ery similar to each other, as Fig. 8 displays. The dispersions of
he curves near the conduction band minima and valence-band

axima are rather flat for the both tungstates studied. The valence-
and maximum for FeWO4 is located at the � point at the centre of
he Brillouin zone, however the conduction band minimum is posi-
ioned away from the � point, mainly at k = (0.262 0.0 0.0) in the
–� direction. Further, the conduction band for CoWO4 has its min-

mum at the X point, whilst the valence-band maximum is located
n the � –Y direction, mainly at k = (0.0 0.015 0.0). The above data
llow assuming that, FeWO4 and CoWO4 are indirect-gap materials.

Main features of the valence-band dispersions for FeWO4 and
oWO4 are similar to those for the scheelite- and wolframite-type
ungstates studied previously in Refs. [36–39,44]. Nevertheless, due
o the LAPW calculations by Zhang et al. [36], a direct band gap
t the center of Brillouin zone is characteristic of CaWO4, whilst
and extrema for PbWO4 occur at wave vectors away from the
one center (the valence band has maximum in the � direction
nd slightly lower maximum in the ˙ direction, but the conduc-
ion band minimum is located in the ˙ direction). The minimum
and gap for CdWO4 was found to occur at the Y point located at the
enter of the Brillouin zone boundary plane, which is perpendicu-
ar to the crystal axis [37]. The minimum band gap for ZnWO4, due
o ab initio calculations by Kalinko et al. [38] employing the peri-
dic linear combination of atomic orbitals (LCAO) method, again
ccurs at the Y point and correspond to a direct transition. The
bove results indicating a strong influence of a divalent M atom
n the electronic structure of MWO4 tungstates confirm sugges-
ions by Lacomba-Perales et al. [14] based on optical-absorption
nd reflectance measurements of a number of MWO4 monocrys-
als (M = Ba, Ca, Cd, Cu, Pb, Sr, Zn) that electronic properties of these

aterials depend significantly on the position of the M atom in the
eriodic Table.

. Conclusions
The present first-principles FP-LAPW calculations reveal the
imilarity of the electronic structure and the band dispersions of
onoclinic FeWO4 and CoWO4 tungstates. In these compounds,

he dominant contributors into the valence band are the O 2p-

[
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like states. The above states contribute mainly into the top of the
valence band, with also significant contributions throughout the
whole valence-band region. Other significant contributors into the
valence-band region of FeWO4 and CoWO4 tungstates are the W 5d-
and Fe (Co) 3d-like states. Maximum contribution of the W 5d-like
states occur in the lower, whilst those of the Fe (Co) 3d-like states
in the upper portions of the valence band of the tungstates under
consideration. The FP-LAPW data are confirmed experimentally by
comparison on a common energy scale of the X-ray emission bands,
representing the energy distributions of mainly the O 2p-, Fe (Co)
3d-, Fe (Co) 4p- and W 5d-like states. Additionally, the FP-LAPW
data reveal that contributions of the empty Fe 3d- and Co 3d-like
states dominate at the bottom of the conduction band of FeWO4
and CoWO4, respectively.
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