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a b s t r a c t

The processes of the excitation energy transfer to the emission centers have been investigated for

calcium tungstate crystals taking into account features of the electronic structure of valence band and

conduction band. The calculations of the electronic structure of host lattice CaWO4 were performed in

the framework of density functional theory. The underestimation of the bandgap value in the

calculations has been corrected according to the experimental data. Luminescence of two samples

grown using Czochralski (cz) and hydrothermal (ht) techniques were studied. Intrinsic emission band

related to excitons, self-trapped on WO4 complexes has been observed for the both samples while the

additional low-energy emission band related to the defects of crystal structure has been observed only

for (ht) sample indicating the enhanced concentration of the defects in the sample. It was shown that

the features of the conduction band electronic structure are reproduced in the excitation spectrum of

intrinsic luminescence only for the (ht) sample while for (cz) sample the correlation is absent. The

enhanced role of the competitive channels in the process of excitation energy transfer to intrinsic

emission centers in (ht) sample is responsible for the observed difference.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Calcium tungstate (CaWO4) is a well-known material with
attractive luminescence properties. Starting from the end of 19th
century when it was used for the registration of X-ray radiation,
CaWO4 was extensively used as X-ray phosphor, scintillating
material and laser host media. Despite the long history of the
utilization, it still finds new areas of application. Recently it was
shown that CaWO4 is a perspective material for cryogenic scintillat-
ing bolometers, the type of detector that can be used for the search
of rare events [1,2].

Because of the long-continued application of CaWO4 its lumi-
nescence [3–8] and optical [9–13] properties were studied in
details. Less data is available on the band structure of CaWO4.
Information about the band structure was initially deduced from
the reflectivity spectra measured in the fundamental absorption
region which were analyzed using the data of the calculations of
molecular orbitals–linear combination of atomic orbitals [10,12,13].
The method allows to ascribe features in the reflectivity to electro-
nic transitions within WO4 complex, but it does not allow to make
certain conclusions about the contribution of the calcium electro-
nic states in the conduction band (CB) and valence band (VB).
ll rights reserved.
Only in the last 14 years the calculations of the band structure
were performed using different approaches in the framework of
the density functional theory (DFT) [14–18]. The calculations
allowed getting complete information about the parentage and
position of the electronic states in the energy bands of CaWO4.
However the calculated data on the band structure depend on the
applied calculation method. The verification of the calculations is
worth to be performed in this case via the comparison with
the experimental data. Optical functions calculated from the data
on the density of electronic states can be used for joint analysis
with experimental data as it was shown for, CdWO4 [19,20],
PbWO4 [21,22], ZnMoO4 [23] and CaWO4 [12]. Underestimation
of the bandgap is a problem commonly arising at the calculations
of the band structure. The introduction of the self-energy correc-
tion [20] or scissors operator [23] at the stage of calculation of
optical functions allows to overcome this problem. Simple shift of
the permittivity spectra calculated from the data on the band
structure with the underestimated bandgap was used in [12] for
comparison with the data of experiment for CaWO4. Such proce-
dure is not absolutely correct and it might be one of the reasons
for the significant mismatch between the permittivity calculated
from experimental data and from the data on the band structure
that was obtained for the polarization c//E in [12]. In the present
work we are performing joint theoretical and experimental
analysis of the band structure of the CaWO4, validating the results
of calculations via analysis of permittivity spectra. The bandgap
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was corrected on the stage of the calculations of the optical
functions introducing the scissors operator. It is also considered
as a simple and effective method of estimation of a band gap of a
given compound.

After certain correction procedure the data on the calculated
density of electronic states can be used for analysis of the formation
of luminescence excitation spectra as it was shown in [23]. There-
fore the data of the calculations were used for the further analysis
of the excitation energy transfer to the emission centers in CaWO4.
To a considerable degree these processes determine the scintillation
light yield that is important for the application of CaWO4 in
scintillating bolometers. Two samples of CaWO4 that demonstrate
different luminescence properties are under consideration in the
present study.
Table 1
Atomic positions and lattice parameters in CaWO4.

CaWO4 Atom x y z

a¼0.52444 nm O 0.1507 0.0086 0.2106

b¼0.52444 nm Ca 0 1/4 5/8

c¼1.1381 nm W 0 1/4 1/8

a¼901, b¼901, g¼901

Fig. 1. Band structure of CaWO4.
2. Experimental and calculation details

Two test samples of CaWO4 were grown using different techni-
ques. One of the samples was grown using spontaneous crystal-
lization technique from the melt (ht) in All-Russia Research Institute
of Mineral Materials Synthesis (Russia) while the other was grown
using Czochralski technique (cz) in I. Franko Lviv National University
(Ukraine). Freshly cleaved plane surface was used for the measure-
ments on (cz) sample and natural plane surface of growth was used
for the measurements on (ht) sample. The X-ray phase analysis
confirmed the presence of the single tetragonal scheellite phase in
both investigated samples. Concentration of impurities in the
investigated samples was obtained by means of atomic-emission
spectral analysis. The (cz) sample contains admixtures of Cl
(70 ppm), Fe (20 ppm), Si, K and F (10 ppm) and (ht) sample
contains admixtures of F, Ni and Mo (10 ppm).

The measurements of emission, luminescence excitation
and reflectivity spectra were carried out using synchrotron
radiation at the SUPERLUMI station, DESY [24]. McPherson
2-meters primary monochromator equipped with aluminum
grating (1200 grooves/mm) allows performing measurements in
the energy range 3.7–25 eV with spectral resolution not worse
than 0.4 nm. Reflectivity and excitation spectra were corrected
using sodium salicilate. Luminescence spectra were measured
using Czerny–Turner monochromator ‘‘Spectra Pro 300’’ working
in spectrograph mode with CCD detector from Princeton Instru-
ments. Spectra were corrected for the spectral sensitivity of
the registration route. Measurements at UV excitation were also
carried out at the laboratory set-up of Skobeltsyn Nuclear
Physics Institute. Xenon lamp (150 W) was used as a source of
excitation and spectra were detected using Oriel MS257 spectro-
graph equipped with Marconi CCD detector. All presented lumi-
nescence spectra were corrected for the spectral sensitivity of the
registration route. For the decomposition of the luminescence
spectra into elementary components (Gauss distribution) the
spectra were converted from nanometer to energy scale. Note
that moving from fixed wavelength bandwidth (dW) to energy
bandwidth (dE) needs intensity conversion from I(W)dW to I(E)dE.
For the equivalent conversion the intensity of the luminescence
was multiplied on factor l2.

The calculations of the electronic structure of CaWO4

host lattice were performed in the framework of DFT. Following
Zhang et al. [14] we calculated the electronic structures using
theWIEN2k package [25]. WIEN2k is based on the full potential
linearized augmented plane wave (LAPW) method, an approach
which has proven to be one of the most precise and reliable ways
to calculate the electronic structure of solids. The exchange-
correlation functional was taken in the generalized gradient
approximation (GGA) within the scheme of Perdew et al. GGA96
[26] to determine the total energy, band structure, and density of
states (DOS). The lattice parameters and atomic positions of
the atoms in CaWO4 were taken from the structural parameters
in [27] and the corresponding data are presented in Table 1.
3. Results and discussion

3.1. Band structure calculations

The result of our calculations of band structure is presented in
Fig. 1. The obtained result is well correlated with [14]. In order to
better describe the strongly correlated 5d electrons of transition
metal W the localized density approximation (LDA) and mean-
field multi-orbital Hubbard correction, the so-called LDAþU [28]
or GGAþU [29] approximations were used. The LDAþU and
GGAþU methods require as an input the Coulomb repulsion
strength (Hubbard parameter U) and the exchange parameter
J which can be related to Slater’s integrals [30]. The structure
of the VB and CB as well as the bandgap value (Eg) did not change
substantially, when calculated using either the LDAþU or
GGAþU methods. Thus, significant improvement in the accuracy
of the calculated band structure is not expected when employing
different DFT methods presently available. The similar conclusion
has been done in [31].

The VB is composed mainly of 2p states of oxygen with a
considerable contribution of 5d states of tungsten in the lower
part of the VB starting from the 2.1 eV below the top of the VB.
The bottom of the CB is composed mainly of 5d states of tungsten
that form the narrow subband of 0.9 eV width. The subband
is separated from the main part of the CB by the gap of 0.8 eV.
The contribution of electronic states of calcium is negligible in the
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VB and in the lower part of the CB. The considerable contribution
of cation 3d states starts at�3 eV above the bottom of the CB.

It is widely known that CaWO4 can be considered as an
insulating material or wide-band-gap semiconductor. According
to the performed calculation CaWO4 is a direct-gap insulator with
the bandgap of 4.1 eV. However the obtained value of the bandgap
seems to be underestimated. The band structure problem of a
strongly correlated system in DFT associated with LDA and GGA is
well-known, they predict band gaps in semiconductors or insula-
tors typically underestimated by 50%. The use of conventional
LDAþU or GGAþU methods usually retains the structure of the
VB and CB but the bandgap increases. The bandgap is regulated by
the selection of the Hubbard parameter U within certain limits
(usually 4�7 eV). The first-principles calculation of this parameter
is a non-trivial challenge [31]. A possible method to alleviate this
problem is to introduce a scissors operator [32]. Assuming that the
energy of bandgap must be increased from Eg

GGA calculated by the
GGA method to Eg

GGA
þD, where D is the desirable extension of the

bandgap, it is possible to apply this relation in the expression for
variational energy. This expression can be solved by the conven-
tional methods. In this work we apply a simpler approach and only
shift the DOS calculated by GGA96 at the certain value to obtain the
best agreement with experimental data. The necessary experimen-
tal data for the comparison with the calculation was obtained
measuring the reflectivity of CaWO4.
5 10 15 20 25
0.0

0.2 21.1
3

Photon energy, eV

Fig. 2. (a) Reflectivity (1) and luminescence excitation spectra, lem¼440 nm (2) of

CaWO4 (cz) at T¼10 K. In the inset—luminescence excitation spectra in the region

of the first sharp peak measured at 10 K (1) and 300 K (2) and (b) Reflectivity (1),

and luminescence excitation spectra, lem¼440 nm (2) and lem¼590 nm (3) of

CaWO4 (ht) at T¼10 K. Energy position of the reflectivity peaks is denoted on

the plot.
3.2. Reflectivity of CaWO4

The reflectivity spectra are presented in Fig. 2. It should be
noted that the dead surface layer may arise in the oxides that are
sensitive to the influence of the environment. In this case the
reflectivity from the surface of (ht) sample may be distorted as
we used the surface of the natural growth. As it was shown, e.g.
for the hygroscopic calcium oxide the reflectivity is very sensitive
to the quality of the surface of the sample [33]. It was shown that
when the surface worsens under the influence of the atmosphere
the reflectivity peaks are almost smoothed out. However it is
not the case of the calcium tungstate that is chemically resistant
and non-hygroscopic compound. The structure of the reflectivity
of (ht) sample is only slightly less pronounced than that of (cz)
sample that may be connected to the different quality of the
samples itself.

The profiles of the spectra differ substantially—the reflectivity
peaks are located at the same energies but the relative intensity of
the peaks depend on the sample. As it was shown in [12,13] the
anisotropy of the crystal structure of CaWO4 may lead to the
essential modification of the reflectivity structure depending on
the orientation of the crystallographic axes sample relatively to
the electric vector of the incident radiation. The exact orientation
of the crystallographic axis of the samples has not been controlled
in the present experiment; however, we believe that the differ-
ence of the reflectivity structure in the samples under investiga-
tion is due to the anisotropy of crystal structure of CaWO4.

Peaks in reflectivity observed below 10 eV were attributed to
the transitions from the VB formed with 2p O states to the lower
part of the CB that is formed mainly with 5d W states [12,13]. At
higher energies (10–15 eV) the contribution from the electronic
transitions from the VB to the CB composed mainly of the calcium
states [13] or from the deeper oxygen-related electronic states of
the VB to the states of the CB that are formed with 5d W states
[12] is supposed.

It is not the aim of the present work to analyze in details the
features of the reflectivity. The obtained reflectivity was used to
calculate the permittivity for the further comparison with per-
mittivity obtained from DOS.
3.3. Calculations of permittivity from DOS experimental reflectivity

The calculations of permittivity were performed using Kramers–
Kronig relations. The refractive index of CaWO4 n¼1.94 was used
as reference parameter in the transparency region. The reflectivity
in the region above 25 eV was approximated by (hn)�4 law.
Another parameter for the calculation was the maximum value
of the reflection coefficient in the fundamental absorption region
R. The measurements of reflectivity performed by us did not allow
to obtain information about R from experiment. In order to
check the correctness of Kramers–Kronig calculations with given
R parameter we used four types of sum rules for partial number of
electrons N(hn) and zero-frequency dielectric permittivity e(0),
which are based on e2(hn) and energy loss function Im(e(hn)�1).
The calculations of permittivity for the both samples were correct
up to the R¼30% that was used for the calculations of the optical
functions. Generally it is in coincidence with the reflectivity
coefficient obtained for CaWO4 in [11] �35%. The ‘‘experimental’’
permittivity calculated in this way was compared with that
obtained from the DOS (‘‘theoretical’’ permittivity).

The theoretical background for calculation of dielectric func-
tions from data of DOS is described in detail in [34,35]. All this
formalism has been implemented as a module into the WIEN2k
code [25]. The module carries out the Brillouin zone integration
and computes the imaginary part of the complex dielectric tensor.
The real part of the dielectric tensor is obtained by the Kramers–
Kronig relations.
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The permittivity curves that were initially obtained from the
DOS were significantly shifted to the low-energy region in
comparison with that obtained from experimental reflectivity.
The discrepancy arises due to underestimation of the bandgap
value in the calculated DOS which is a typical problem in case of
calculations using full potential LAPW method. In order to get
better correspondence between the ‘‘theoretical’’ and ‘‘experi-
mental’’ permittivity curves, the bandgap value was increased:
electronic states of the CB were shifted to the higher energies
and optical functions were calculated again. The optimal coin-
cidence of the energy position of the first pronounced peak was
used as a criterion for the choice of the shift value. Finally the
CB shift was 0.8 eV and the bandgap is obtained as 4.9 eV.
The real and imaginary parts of dielectric permittivity obtained
from Kramers–Kronig analysis of measured reflectivity and those
calculated in the framework of density functional formalism are
shown in Fig. 3. Since the orientation of the samples was random,
for the further analysis we will use ‘‘theoretical’’ permittivity
averaged over three directions: e¼(exxþeyyþezz)/3.

The comparison of ‘‘theoretical’’ and ‘‘experimental’’ permittivity
shows that the curves demonstrate a set of common features.
First pronounced peak in e2 is observed at 6.0 for (ht) sample and
at 6.1 eV for (cz) sample and for the ‘‘theoretical’’ permittivity.
In the e1 the first peak is observed at 5.62 eV for the ‘‘calculated’’
curve while for the ‘‘experimental’’ curves it was found at 5.77 eV.
Therefore the coincidence between the ‘‘experimental’’ and ‘‘theo-
retical’’ curves is not perfect and the obtained bandgap value should
be taken with the certain error 4.970.15 eV. The first peak in e2 is
followed with minimum in the energy region 6.5–8.0 eV with
further sharp rise at energies exceeding 8 eV. It is followed by a
group of peaks in the region 8.0–10.5 eV and a shoulder at
�11.2 eV with further drop of intensity. The main difference of
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(1) and from the experimental reflectivity for (cz) (2) and (ht) (3) samples.
the structure of e2 is observed in the region of the wide non-
elementary band in the region 8–10 eV. ‘‘Theoretical’’ e2 has two
pronounced peaks at 8.8 eV and 9.7 eV, while the ‘‘experimental’’
curves demonstrate only single pronounced peak in this region. For
(cz) sample the peak is at 8.4 eV followed by the shoulder at 9.3 eV
while in (ht) sample the peak is at 9.6 eV with the shoulder at lower
energies (�8.4 eV). These peaks are the same for both the samples
in which relative intensity depends on the orientation of the
samples. We suppose that the peaks correspond to the doublet
peaking at 8.8 eV and 9.7 eV in the ‘‘theoretical’’ e2 that is averaged
over three directions. The shift may arise for the following reason. It
is known that for any of single-electron approximations including
DFT the best result is obtained for DOS located near the top of the
VB and the bottom of the CB. However, DFT is not considered
accurate enough for calculations which can be used to describe
excited states [36]. The peaks observed in the region 8–10 eV
correspond to the electronic transitions that involve initial or final
electronic states located in the depth of the bands. Therefore the
shift between the peaks (0.3–0.4 eV) in ‘‘theoretical’’ and ‘‘experi-
mental’’ e2 may be considered as a probe for the joint erroneous
shift of the electronic states located in the depth of the VB and CB.

3.4. The bandgap value of CaWO4.

After the shift of the CB states the bandgap value obtained from
the DOS data is Eg¼4.970.15 eV. Consistent analysis of experi-
mental data and theoretical calculations implies that the values of
basic parameters of CaWO4 like the bandgap value should be in
coincidence. Let us analyze the validity of the obtained value from
the viewpoint of the results presented in the literature.

Data on the Eg of CaWO4 obtained previously using different
experimental and theoretical methods are summarized in Table 2.
According to the data presented in the table different experi-
mental and calculation methods allow to get Eg that spread in a
wide energy interval 3.9–7.0 eV.

Several theoretical approaches were used for a calculation of
the band structure of CaWO4 and its bandgap. The latter varies
from 4.09 to 6.5 eV depending on the method applied for the
calculations. For theoretical calculations Shao et al. [16] and
Itoh [17] used the discrete variational Xa (DV-Xa) method. The
Xa method developed by John Slater (1951) usually employed
as a standalone exchange functional, without a correlation func-
tional and DV-Xa method is its recent modification. Orhan [15]
and Evarestov [18] actually use the same program CRYSTAL98 or
CRYSTAL06 respectively. These packages are based on both DFT
and Hartree–Fock (HF) theories. Orhan et al. [15] applied the
Becke 3-parameter exchange functional and the gradient-
corrected correlation functional by Lee, Yang and Parr (B3LYP
method). Evarestov et al. [18] used the Becke 3-parameter, Perdew
and Wang correlation functional (B3PW method) and the gradient-
corrected correlation functional of Perdew, Burke and Ernzerhof
(PBE method). Wien code based on the LAPW method was used by
Williams [14]. Detailed comparison of different theoretical methods
for calculation of strongly correlated electrons requires special
consideration and is out of the scope of the present study.

The distinctions in the experimental determination of Eg are
connected with experimental methods that were used for this
purpose. From the absorption spectra Eg is generally deduced by
extrapolation of the absorption edge to zero according to the
Wood and Tauc method. For CaWO4 crystals the value of the
optical bandgap spreads from 3.9 to 4.94 eV that is obviously
depends on the thickness of the sample (see Table 2). The method
allows to obtain greater values for the thin films. The values up
to 5.27 eV were obtained when the thickness of the samples
was reduced to the tens of nanometers (about 100 nm). For the
mentioned scale the quantum confinement effects may be expected



Table 2
Bandgap values of CaWO4 obtained using different theoretical and experimental

methods.

Eg(eV) Reference Remarks

Data from theoretical calculations

4.09(d)a [14] DFT, LAPW method

5.27(d) [15] HF-DFT, B3LYP method

5.27 [16] DFT, DV-Xa method

5.97 [17] DFT, DV-Xa method

6.5(d) [18] HF-DFT, B3PW and PBE methods

Data from absorption

3.87 [4] Crystal, d¼0.3 cm

3.94 [43] Crystalline thin films, d¼1.5–2.0 mkm

4.6(i) [42] Crystal, do1 mm

4.94(d) [41] Crystal, d¼10–30 mkm

5.27 [15,39] Crystalline thin films, d¼110 nm

5.4 [40] Crystalline thin films, d�2 mkm

Data on the position of the first reflectivity peak

5.9 [10] Crystal

6.0 [12] Crystal

6.0 [44] Crystal

Data on the edge of creation of separated e–h pairs

46.0 [50] Thermostimulated luminescence excitation

46.2 [51] Photoconductivity

6.2–6.5 [9,45,46] Phosphorescence edge, luminescence excitation

6.8 [47,48] Thermostimulated luminescence, photostimulated

luminescence excitation

7.0 [49] Thermostimulated luminescence excitation

Other methods

5.270.3 [8] Two-photon spectroscopy

a Type of the bandgap if it was determined—direct (d) ot indirect (i)
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that enlarge the bandgap. Even greater value 5.4 eV was obtained
for the thicker films in [40] that stand apart from the observed
dependence.

The disadvantage of the applied method is that it does not
account for the possibility of exciton effects at the edge of the
fundamental absorption. Actually in the compounds where excitons
are created the Eg exceeds that obtained from the edge of absorp-
tion. Some tungstates (PbWO4, CdWO4, ZnWO4) demonstrate typical
temperature dependence of the fundamental absorption edge
described with empirical Urbach rule that can be considered as a
probe for the existence of excitons in tungstates [19,37].

A number of experimental methods that allow to detect the
edge of the creation of separated electrons and holes were applied
in case of CaWO4. The applied methods that include measure-
ments of photoconductivity, edge of phosphorescence, excitation
spectra of thermostimulated and photostimulated luminescence
give values of Eg that spread from 6.0 to 7.0 eV. It exceeds the
position of the first peak in reflectivity with maximum at 5.9–
6.0 eV (see Table 2). Recently it was proved that the peak is of non
excitonic origin as it was initially proposed in [9]. The data
obtained from the reflectivity indicate that the first peak is due
to the band-to-band electronic transitions [13] and the value of
the peak maximum gives the upper limit on the Eg. The problem
of overestimation of the bandgap value obtained on the basis of
experimental data on the edge of separated charge carriers
creation in CaWO4 has been the subject of discussion. Current
opinion is that the separated charge carriers are created due to
the transitions from the 2p O states forming the VB to 3d states of
Ca that allows spatial separation of electrons and holes [38,45].
Actually the results of the performed calculations indicate that
cation states are located in the depth of the CB while the bandgap
is actually determined by the transitions from the 2p O forming
the top of the VB to 5d W states that forms the bottom of the CB.

The method of two-photon spectroscopy has been also applied for
the determination of the bandgap in [8]. The onset of the intrinsic
luminescence excitation spectrum has been observed at 2.45 eV
under laser excitation with high power density. Implying the two-
photon absorption process is responsible for the excitation, the onset
of the excitation is obtained by multiplication by factor 2 as 4.9 eV
and finally the Eg is estimated by the authors as 5.270.3 eV.

In general, the estimation of the bandgap value made on the
basis of the present results is in coincidence with the data deduced
from the analysis of the absorption of rather thin (several mkm)
samples and from the two-photon spectroscopy. The methods that
register the effects connected with the creation of separated charge
carriers overestimate the bandgap value because separated charge
carriers are created when electrons are excited to the higher states
of the CB (presumably of calcium origin).

3.5. Luminescence spectra

The luminescence spectra of the investigated samples are
presented in Fig. 4. Single luminescence band in the blue spectral
region with maximum at 2.83 eV and full width at half maximum
(FWHM) 0.79 eV (T¼300 K) has been observed for CaWO4 (cz)
sample. The fitting parameters of luminescence spectra with
Gauss curves are presented in Table 3. The peak slightly shifts
to the low-energy region and becomes narrower with cooling of
the crystal from 300 K down to 10 K. No luminescence signal was
detected under excitation below the fundamental absorption
region (4.5 eV) at T¼10 K. Two luminescence bands were found
in the CaWO4 (ht) sample. The band in the blue spectral region
is similar to that observed for (cz) sample while the second one
is a luminescence band in the green spectral region with
maximum at 2.23 eV and FWHM 0.61 eV (T¼10 K). The band
is excited separately in the region below the fundamental
absorption edge. When excitation energy exceeds the funda-
mental absorption edge the high-energy band also contributes
into the overall spectrum.

The observed luminescence bands are well known and described
e.g. in [3–8,11]. The ‘‘blue’’ band represents the intrinsic emission of
CaWO4 and is usually attributed to radiative transitions within the
WO4

2� complex with possible creation of the self-trapped excitons
[4,11,14]. The ‘‘green’’ band is due to the radiative relaxation on the
structural defects of CaWO4, usually the emission center is attrib-
uted to the extrinsic oxyanion groups with oxygen vacancy —WO3

complexes [5,52].
From the luminescence data follows that the quality of (cz)

sample is better than that of (ht) sample that contains defects of
crystal structure responsible for the ‘‘green’’ emission band. There-
fore below we will analyze the processes of the energy transfer to
the emission centers for the CaWO4 crystals with considerably
different quality. It results in the considerable competition with
defect-related radiative (and possible non-radiative) relaxation
channel in (ht) sample whereas in (cz) sample the competition is
considered as negligible.

3.6. Luminescence excitation spectra of CaWO4

The luminescence excitation spectra measured in the fundamen-
tal absorption region provide information about the efficiency of the
energy transfer to the emission centers. The excitation spectra of
intrinsic and defect-related luminescence measured at T¼10 K in
(ht) sample are presented in Fig. 2(b). Different character of the
energy transfer to the emission centers related to self-trapped



Table 3
Parameters of luminescence spectra fitting with Gauss curves for CaWO4 (cz) and

(ht) samples. E1,2 is the position of the band’s maxima, FWHM1,2—its full width on

the half maximum. In brackets the weight of the defect-related emission band

relatively to the intrinsic band is presented.

E1,eV FWHM1,eV E2,eV FWHM2,eV

(cz)sample

Eex¼4.5 eV, T¼300 K 2.83 0.79 No emission

Eex¼11.0 eV, T¼300 K 2.83 0.79 No emission

Eex¼4.5 eV, T¼10 K No emission No emission

Eex¼11.0 eV, T¼10 K 2.82 0.75 No emission

(ht)sample

Eex¼4.5 eV, T¼300 K 2.78 0.81 2.17(90%) 0.66

Eex¼11.0 eV, T¼300 K 2.81 0.79 2.13(9%) 0.66

Eex¼4.5 eV, T¼10 K No emission 2.23 0.61

Eex¼11.0 eV, T¼10 K 2.8 0.75 2.23(32%) 0.61
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Fig. 4. Luminescence of CaWO4 (cz) sample at T¼300 K (plot a) and T¼10 K (plot b) and CaWO4 (ht) sample at T¼300 K (plot c) and T¼10 K (plot d). Excitation energy was

11.0 eV for the curves denoted as (1) and 4.5 eV for the curves denoted as (2). The fitting with a single Gauss curves is presented at plots (b) and (d) for the both observed

emission bands (hollow dots).
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excitons and to the defects of the crystal structure determines
the behavior of the spectra [48]. The first peak in the excitation
spectrum of intrinsic luminescence is observed at 5.2 eV that corre-
sponds to interband electron transitions according to the present
estimation of Eg. The peak is followed by the second peak at 6.9 eV
with the further gradual decrease of the intensity up to the energies
corresponding to the edge of the photon multiplication process
(�13 eV). The behavior is typical for the exciton mechanism of the
energy transfer to the emission centers, i.e. the center captures charge
carriers that were already bound into exciton. The pronounced
decrease of the intensity up to the energies of photon multiplication
testifies to the presence of the strong competitive relaxation center,
such as extrinsic luminescence center.

For the extrinsic luminescence the behavior of excitation
spectrum considerably differs. The pronounced peak at 4.6 eV
corresponds to the region behind the fundamental absorption
edge and is attributed to the direct excitation of the defect states
located in the forbidden band of CaWO4. In the region of the
fundamental absorption the intensity of excitation gradually
increases starting from the �7 eV that correspond to the edge
of the separated e–h pairs creation (see Table 2). Such behavior
characterizes the recombination type of energy transfer to the
luminescence centers, i.e. the charge carriers are sequentially
captured on the emission center.

The structure with the double peak in the low energy region of
the excitation spectrum of intrinsic emission is commonly
observed in CaWO4. It has been demonstrated in several papers
for the powders and crystals of CaWO4 [9,44–47]. However it was
also shown that the spectrum profile may vary that is depend on
the treatment conditions of the samples [56].

The excitation spectrum of intrinsic luminescence in (cz)
sample is presented in Fig. 2(a) and it is considerably differs from
that of (ht) sample.

The sharp and narrow peak is observed at 4.77 eV. Apparently it
is located below the bandgap and might be the manifestation of the
excitons creation in CaWO4. The observation of the creation of
excitons in tungstates with a scheelite crystal structure is a non-
trivial problem. Initially the first peak in the reflectivity at 6.0 eV
was attributed to the manifestation of the excitons in CaWO4 [9].
However, later it was shown that the peak is due to the band-to-
band transitions [13]. The peak is also reproduced in the optical
function calculated from DOS (Fig. 3) that should not happen if it is
of excitonic origin since the calculations do not account for the
excitonic effects. The absence of the excitonic peak in reflectivity
have been also demonstrated for the other crystals with scheelite
structure—SrWO4 and BaWO4 [44,53]. Only in the PbWO4 the
exciton is clearly observed in the reflectivity in the region of
fundamental absorption edge. However its origin is connected with
the participation of cation electronic states in the formation of the
top of the valence band and the bottom of the conduction band
[44,54] that is not the case in other tungstates with scheelite crystal
structure. Therefore the low oscillator strength has been proposed
as the explanation of the absence of the excitons in CaWO4 in [13].
It is rather unusual taking into account that CaWO4 is the
compound with the direct gap. The reason of the very low oscillator
strength for the excitonic transition in scheelites is not clear.



4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

2

1

Photon energy, eV

2

1

In
te

ns
ity

, a
.u

.

Fig. 5. Luminescence excitation spectra of CaWO4, (cz) sample (a) and (ht) sample

(b) without correction on reflectivity (1) and corrected on reflectivity (2).

D. Spassky et al. / Journal of Luminescence 132 (2012) 2753–2762 2759
The existence of the excitons in tungstates may be also deduced
from the luminescence excitation spectra. In (cz) sample we have
observed the sharp feature with maximum at the 4.77 eV. The
feature is not artificial since it was already observed in [56] for some
samples of CaWO4 obtained after certain treatment. The tempera-
ture dependence of this peak has not been investigated. We have
measured the excitation spectra for (cz) sample at 10 K and also
at 300 K (see the inset in Fig. 2). As it follows from the figure the
peak as well as the low energy edge is shifted to the low energy
region with the increase of the temperature that is due to the shift of
the Urbach tail of the fundamental absorption region. The peak is
very narrow, however its profile becomes broader with the tem-
perature increase �0.07 eV at T¼10 K and 0.1 eV at T¼300 K. Very
similar manifestation of the excitons in the excitation spectra
has been found in another complex oxide—LUAP:Ce [55]. In this
compound the existence of the excitons can be deduced directly
from data on the reflectivity. The width of the corresponding
excitonic peak observed in the luminescence excitation spectra is
about 0.08 eV. Hence we can expect the similar manifestation of
excitons in other complex oxides. The discussion presented above
allows to suppose that this peak represents the manifestation of
excitons in CaWO4. However additional dedicated study is required
to clarify the question of the excitons creation in the scheelites.

The sharp peak at 4.77 eV is absent in (ht) sample probably
because of the presence of local defect related states in the vicinity
of the CB and VB edges. These states are responsible for the peak at
4.6 eV and may prevent the creation of the exciton in (ht) sample.

Different behavior of the excitation spectra of (ht) and (cz)
samples may be connected with the distortions of the band
structure in (ht) sample that is perturbed due to the lower quality
of the crystal. The possible influence on the band structure of the
different defects connected with oxygen (vacancies, interstitial
oxygen) has been considered in the [16,57] for CaWO4 and also
for the CaMoO4 that commonly demonstrate similar optical proper-
ties. As it follows from the results of the calculations the main
changes in DOS occurs in the region of the vicinity of the bandgap
where additional peaks arise while the regular structure changes
very slightly. The possible perturbation of the band structure in the
(ht) sample may be deduced from the reflectivity spectra. However,
it was not observed in the region of the first reflectivity peak where
the most considerable changes are expected since the main
modification of DOS occurs in the region of fundamental absorption
edge. In the fundamental absorption region the position of the
reflectivity peaks for the (ht) sample is generally the same as for the
more perfect (cz) sample. The relative intensity of the peaks differs
in these samples due to the different orientation as discussed above.
Therefore the perturbations of DOS are not so considerable to be
observed in the reflectivity. The excitation spectra may be more
sensitive to the perturbations of the band structure. Actually the
additional structure in DOS that arises in the vicinity of the bandgap
may be manifested as the peak in the excitation spectrum of the
‘‘green’’ emission band that is observed below the fundamental
absorption edge.

The perturbation of the band structure in the fundamental
absorption edge is not so much considerable to be the reason of the
substantial difference between the excitation spectra of the intrin-
sic emission in (ht) and (cz). To our opinion the different quality of
the samples yields in the modification of the relaxation processes
and energy transfer to the emission centers. The decrease of
intensity in the excitation of (cz) sample in the region 6–12 eV is
much less pronounced in comparison to that in (ht) sample. In (ht)
sample energy transfer to intrinsic emission center is accompanied
by the competition with the energy transfer to the defect emission
center. With the increase of excitation energy the energy transfer
becomes more efficient to the defect-related center and hence it
becomes less efficient to the intrinsic emission center. As in (cz)
sample the competition with the defect related emission center is
absent the decrease in the excitation spectrum is not considerable.

The origin of the features observed in the excitation spectra
may be analyzed using the data of the DOS calculations as it was
shown in [23] for the case of ZnMoO4. In the next part we are going
to analyze the possible correlations in DOS and excitation spectra.

3.7. Correlations between DOS and luminescence excitation spectra

For the further analysis of intrinsic luminescence excitation
spectra we will exclude the possible modification of the excitation
spectra with energy losses on the reflectivity. The energy losses
are proportional to the value of reflectivity at given energy because
the part of excitation photons are reflected from the crystal and does
not participate in the process of luminescence. Therefore the behavior
of reflectivity may result in modulation of the excitation spectra. It is
especially important for the anisotropic crystals where the anisotropy
of the crystal structure influence on the reflectivity spectra profile. It
may introduce additional distortions into the profile of the excitation
spectra of the studied samples of CaWO4 since the orientation of the
samples was different. The possible distortions that arise due to this
factor are accounted, when we corrected the excitation spectra on the
factor of the energy losses on the reflectivity. Hence the performed
correction also excludes the possible distortion of the excitation
spectra connected with the anisotropy of the crystal structure that
is manifested in the reflectivity.

In Fig. 5 we present the excitation spectra corrected for
the reflectivity with the absolute values that were used previously
for the calculations of permittivity. When the correction on reflectiv-
ity losses is done some features in excitation spectra are smoothed
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out, e.g. the minimum at 5.8 eV in (cz) sample. In the excitation
spectra of (ht) the observed first minimum at 6.25 is much more
pronounced then that in (cz) sample. It was not smoothed out when
the correction on the reflectivity losses is performed. As a result two
obvious large bands at 5.2 eV (band A) and 6.8 eV (band B) and a
hump at 9.2 eV (band C) are observed for (ht) sample.

The structure with the two distinctive peaks in the low-energy
region is commonly observed in the excitation spectra of tung-
states and also of molybdates that demonstrate very similar
luminescence properties. Beside CaWO4 similar dependence
of the excitation spectra have been observed for SrWO4 [53],
Li2WO4 [38], CaMoO4 [58] and ZnMoO4 [23]. In the latter case the
structure in the excitation spectra has been analyzed using the
data of the calculated DOS. It was assumed that the relation
between the excitation spectra and the DOS of a crystal is a non-
trivial problem that requires careful analysis. Not only the band
structure itself, but also the processes of excitation energy
transfer to the emission centers should be taken into account.
Using calculated partial absorption spectra it was demonstrated
that the observed doublet in excitation spectra is due to electronic
transitions from the top of the VB to the lower part of the
CB formed mainly with d states of Mo. The latter is divided into
two subbands that is due to E–T splitting of Mo 4d states in
tetrahedral crystal field [23]. As far as the similar splitting may
be expected for the set of crystals with tetrahedral oxyanion WO4

(or MoO4) the doublet observed in their excitation spectra may be
also connected with the features of CB structure.

In Fig. 6 the excitation spectra of intrinsic emission are
combined together with the partial DOS of CaWO4. The Eg of the
calculated DOS was shifted on 0.8 eV in order to get the agree-
ment between the energy position of the first peak in permittivity
spectra obtained from DOS and from experimental reflectivity as
it was described in 3.2. Only main p-like states for oxygen and
d-like states for calcium and tungsten are presented in Fig. 6.
The VB of CaWO4 mostly consists from O 2p states. The CB
(right side in Fig. 6) is divided into two parts. The lower part of
CB (from 4 to 8 eV) is mainly composed of W 5d states and the
upper CB (8–10 eV) involves contribution mainly from Ca 3d
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Fig. 6. Luminescence excitation spectra (lem¼440 nm, T¼10 K), corrected on reflectivi

and O are presented below.
states. The comparison helps us to identify and explain the nature
of excitation bands and to verify whether the bandgap of CaWO4

was determined correctly.
The correlation between the CB DOS and excitation spectrum

is clearly observed for (ht) sample (Fig. 6, curve 2a). The low-
energy peaks are due to the transitions within WO4 complex
because the electronic states of oxygen and tungsten form the top
of the VB and bottom of the CB. The WO4

2� groups can absorb
excitation energy through O2�-W5þ host charge transfer transi-
tion. The band A is associated with transitions from 2p-like states
of O to W 5d states that form the lower subband of the CB. The
band B is a hybrid band and it is composed from [O-W] charge
transfer transitions and the high-energy part probably also from
transitions to calcium states. The band C is also related to the host
absorption, probably to the transitions which involves mostly the
transitions between 2p-like states of O and 3d-like states of Ca or
O2–Ca2þ charge transfer transition.

The assumption on the nature of the band C is further
confirmed by calculation of the position of the band C that can
be also performed with the help of an empirical formula given by
Jorgensen [59]:

ECT¼[(X)�(M)]�30,000cm�1

Here ECT gives the position of the host charge transfer (HCT)
band in cm�1, (X) is the optical electronegativity of the anion, and
(M) is the same for the central metal ion. Using Pauling scale for
electronegativity [60], namely (O)¼3.44 and (Ca)¼1.00, the HCT
of Ca–O, can be estimated near the 73,000 cm�1, or around
9.05 eV. The obtained value is close to the position of the band
C—9.2 eV.

Electronic transitions from the VB to the states of tungsten and
calcium completely explain the nature of all three bands in
excitation spectra of (ht) sample. The possible error of the energy
position of the DOS located in the depth of the bands was deduced
in the part 3.3. However the possible shift of the electronic states
on 0.3–0.4 eV does not lead to a considerable mismatch of the
broad bands in excitation spectra and the CB DOS.
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ty for the (cz) sample (1) and (ht) sample (2). The partial density of states of W, Ca
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If the observed correlation between the DOS of the CB and
excitation spectra is not accidental it should mean that the
radiative relaxation on intrinsic emission center is mostly prob-
able for excitations with initial states located near the top of the
VB. Electronic transitions with the initial states located in the
deep of the VB have less probability to be captured by the intrinsic
emission center, otherwise all three band should be smoothed out
or shifted to the high-energy region. It leads to the conclusion
that the high-energy holes are intercepted by other (radiative and
non-radiative) channels during thermalization and this process is
more probable for high-energy holes then for high-energy elec-
trons. The competitive defect-related radiative relaxation channel
really exists in (ht) sample.

We also tried to find correlations between the excitation
spectra and the states of the VB. No obvious correlation between
the excitation spectra and the states of the VB was found. The VB

consist of two subbands with a distinct minimum between them
at �2.35 eV. The first excitation peak for (ht) sample is consider-
ably narrower then the width of the upper subband of the VB. It
indicates on the minor role of the transitions from the depth of
the VB to the lower states the CB in the energy transfer to intrinsic
emission centers.

The correlation between the DOS and the excitation spectrum
of intrinsic luminescence in (cz) sample was not observed.
Actually the intensity in the excitation spectrum fluctuates
around the constant level from the start of the interband transi-
tions up to the 10 eV and all the features are smoothed out. We
suppose that the absence of the correlation between DOS and
features in excitation spectrum of (cz) sample is due to the high
probability of radiative relaxation for electrons not only from the
very top of the valence band but also from the deeper states of the
VB and from the top of the VB to 3p Ca states. It is determined by
the better quality of the sample that results in the minor role of
the competitive defect-related relaxation channels.
4. Conclusions

The calculations of the band structure of CaWO4 were per-
formed in the framework of DFT using the full potential LAPW
method. The position of the CB DOS was corrected using experi-
mental data on reflectivity. The bandgap Eg of CaWO4 was
determined as 4.970.15 eV. The correlation between the CB
DOS and the excitation spectrum of intrinsic luminescence is
clearly observed for the sample of CaWO4 with a considerable
concentration of the crystal structure defects that give rise to the
extrinsic emission band. The existence of the competitive to
intrinsic relaxation channel that intercepts predominantly the
high energy holes is responsible for the observed correlation. For
the high-quality sample of CaWO4 the correlation between the
DOS and the excitation spectrum is absent due to the high
probability of radiative relaxation for charge carriers from the
deep of the VB and CB determined by the minor role of the
competitive defect-related channels.
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