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Abstract. The excitation spectra of photo- and thermo-luminescence were compared in the
VUV–UV spectral region in CaWO4 and PbWO4 scheelite tungstates. Temperature dependences
of emission intensities and decay times were measured for PbWO4 in the 80–300 K range and
approximated by a simple phenomenological model. The energy level structure of the emission
centre excited state and related kinetic processes are discussed for both tungstates.

1. Introduction

Photoluminescence (PL) of Ca and Pb scheelite tungstates has been already studied by
several authors [1–4]. Two emission components were identified in the emission spectra
in both crystals, namely, a blue one peaking at 420–440 nm and ascribed to the (WO)4

complex anion centre and another one peaking in the green–yellow spectral region. The
latter component exhibits different positions in PbWO4 (PWO) and CaWO4 (CWO) crystals
and usually is ascribed to the WO3 defect centre. The strong difference, e.g., in excitation
spectra of the two components in PWO and CWO at low temperatures [1, 2, 5] supports
the important role of Pb2+ ions, particularly in non-relaxed excited states of the emission
centres.

The thermostimulated luminescence (TSL) spectra of CWO [6] and PWO [7, 8] under
x-ray excitation show several peaks below and also above room temperature (RT), which
gives evidence of the variety of trap states present in these materials.

The PL decay kinetics of CWO [2] and PWO [3, 5] shows a strong decrease of the
decay times with increasing temperature. Slower non-exponential components were noticed
in PWO PL decay above 180 K and ascribed to the radiative recombination of free carriers
created even under selective sub-gap excitation atλexc > 310 nm [5]. While in CWO the
emission intensity is weakly temperature dependent below 300 K, in PWO a strong decrease
in both spectral components was reported in steady-state x-ray excited luminescence above
200 K [5]. There has been no reported attempt to evaluate simultaneously the temperature
dependences of decay times and intensities in PWO to compare the emission properties
of PWO and CWO. Such an attempt is highly desirable because of the rather complicated
character of PWO emission.

It is the aim of this paper to compare the relaxation processes and excited state dynamics
in PWO and CWO and to model the above-mentioned temperature dependences of PWO
emission characteristics within a simple phenomenological approach.
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2. Experimental details

The luminescence spectra in the VUV–UV–visible region have been measured using
hydrogen/deuterium discharge lamp excitation and corrected for instrumental characteristics
(for details see [9] and [10]). Thermoluminescence (TL) spectra were measured in the
regime of linear storage to exclude the influence of the trap saturation effects. In the
decay kinetics measurements, pulsed x-ray and hydrogen filled flashlamps were used as the
excitation sources and the single-photon counting method was applied for the detection. By
means of a deconvolution procedure the true decay times were extracted from the decay
curves measured.

Polished samples have been prepared from single-crystal boules grown by the
Czochralski method having size about 7× 7 × 1 mm3. PWO sample No 1 (PWO1) was
grown from 5N raw material [11]. PWO sample No 2 was grown from 4N raw material
doped with about 30 ppm of Nb5+ in the crystal [12]. These PWO samples were selected to
exhibit considerably different absolute intensity of the green component. In the steady-state
x-ray excited emission spectra [11], this component is almost absent from PWO1, while it
prevails in PWO2 (PWO894 in [11]). The CWO crystal was grown in the State Optical
Institute, St Petersburg, Russia.

3. Experimental results and discussion

At 80 K, excitation spectra of the blue emission components show sharp edges at 4.8
and 4.0 eV in CWO and PWO, respectively (figure 1). These edges tend to move to the
long-wavelength side with increasing temperature. In contrast, the excitation peaks of the
low-energy emission components (figure 1) are rather weakly temperature dependent and
consist mainly of the peak at the long-wavelength side of the blue component excitation edge
mentioned. The absolute height of these peaks in PWO depends strongly on a particular
crystal and is correlated with the intensity of the very slow processes in the luminescence
decay [5] and the integrated intensity of the TSL signal over the 220–300 K range [13].
The behaviour of the blue-component excitation spectra is characteristic for the excitation
within the intrinsic Urbach absorption edge, where with elevating temperature the intrinsic
absorption overlaps the closely lying absorption bands of defect centres and suppresses
their excitation, as clearly observed for CWO. In PWO analogous suppression is probably
efficient above 250 K, but it is obscured because of simultaneous thermal quenching of both
the blue and green emission components. Strong short-wavelength decrease of excitation
efficiency (connected evidently with the surface losses, as shown for PbMoO4 in [14]) starts
in the vicinity (about 1 eV) of the PWO intrinsic transition edge, whereas it occurs at a
distance of more than 2 eV from the CWO respective edge (figure 1 and [15]).

TSL glow curves of PWO and CWO measured in the temperature interval 80–240 K
are represented in figure 2. In the case of PWO, the TSL peaks are observed at about 110
and 190 K in agreement with [8] and [13]; for CWO, the peak at 160 K has been reported
as well [6].

The temperature dependences of selectively UV excited decay times of the blue- and
green-PWO-emission components are given in figure 3. Non-selective excitation by a pulsed
x-ray source gives essentially the same decay times. In the case of a few nanosecond
broad x-ray pulses the amplitude of the emission pulse remains the same in the whole
temperature interval of quenching, implying a temperature-independent initial population
of the emitting states. In the consequence, the main part of PWO fast emission at room
temperature represents the rest of the strongly quenched ‘blue’ emission. Additional slower
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Figure 1. Excitation spectra are given separately for CWO and PWO,T = 80 K: (a) the
excitation spectrum of the blue emission component,λem = 400 nm; (b) the excitation spectrum
of the green–yellow emission component,λem = 520 nm; (c) the excitation spectrum of TL
(peaks at 110 and 160 K for PWO and CWO, respectively).

components are sample dependent [5], which is also observed here comparing two PWO
samples measured, and this reflects the defect-induced processes. With respect to UV
excitation, the presence of slower components, mainly in the green emission component, is
enhanced, which is observed also for 511 keV photon excitation by the Na22 radioisotope
[5].

Below the onset of thermal quenching, when the total yield of the blue-emission
component does not change, the manifestations of at least a two-level structure of emitting
centre responsible for the changes of decay time are observable in both kinds of tungstate.
This is characteristic mainly in the case of CWO, where the emission intensity is only about
halved at 300 K with respect to 4 K, while the related decay time is shortened by more than
an order of magnitude [2]. Consequently, it can be deduced that the main difference between
two tungstates discussed seems to be connected with the different quenching temperature—
the emission intensity decreases to 50% of its 80 K value at about 300 and 160 K in the
Ca and Pb tungstates, respectively.

To measure the temperature dependences (TDs) of PWO emission, a bandlike excitation
within 280–350 nm was used to avoid additional changes of the initial excitation population
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Figure 2. TL glow curves of PWO2 and CWO crystals after x-ray irradiation atT = 80 K.

Figure 3. Temperature dependences of the blue- and green-component decay times,λem = 400
and 520 nm, respectively. The excitation wavelength was chosen in the maximum of the
excitation spectrum at each temperature, i.e., in the interval 295–310 nm and close to 310 nm
for the blue and green components, respectively. The lines are determined from the model
calculations described in the text. The inset shows a sketch of the excited level arrangement for
the blue- and green-emission centres in PWO and related parameters for the model described in
the text.

because of the temperature dependent position and halfwidth of the related excitation peak
of the blue component. From the emission spectra obtained, the blue and green components
were separated using a four-Gaussian decomposition of the spectra (for details see [5]). The
results are given in figure 4.



Electron excitations in CaWO4 and PbWO4 253

Figure 4. The TDs of the blue- and green-component-emission intensities of PWO under
bandlike excitation, 280–350 nm (for details of the evaluation see [5]). The lines follow from
the model calculations described in the text.

To determine better the relation between the TD of the decay times and emission
intensities in PWO, a simple three-level model was adopted (inset in figure 3). It is similar
to that used, e.g., for Pb2+ centre emission in Cs4PbCl6 [16], because the characteristics
of the levels responsible for the radiative transition are probably similar in Cs4PbCl6 and
PbWO4 (3T1 and 1A1 are the terms describing the lowest excited and the ground states,
respectively). In the inset in figure 3,N1 and N2 are the occupations of the levels 1 and
2, k1 and k2 the radiative transition rates andk12 and k21 the nonradiative transition rates
between the levels 1 and 2 taken as a one-phonon process, i.e.,

k21 = K(nB + 1)

k12 = KnB

(1)

whereK is the transition rate atT = 0 K and

nB = 1/ exp[D/kBT − 1] (2)

is the Bose–Einstein distribution of phonons withD being the energy separation between
the levels 1 and 2. The time evolution of the level occupationsN1,2 can be described by
the rate equation in a matrix form

d

dt

(
N1

N2

)
=

( −(k1 + k12) k21

k12 −(k2 + k21)

) (
N1

N2

)
. (3)

The analytical solution of (3) is given in the form

Ni(t) =
∑

i

Ai exp[−t/τi ] i = 1, 2. (4)

Two inverse decay timesτi are given by eigenvalues of the matrix of the coefficients in (3)
and the total luminescence intensity released can be expressed as follows:

I =
∫ ∞

0

∑
i

(kiNi) dt i = 1, 2. (5)
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The single-exponential character of the decay observed at the lowest temperature in both
spectral components of PWO emission can be explained by the assumptionN2(t = 0) = 0.
In the low-temperature limitT → 0, the inverse non-radiative transition parameter can be
neglected and one can findk1 using the decay timeτ1 measured,

k1 = 1/τ1. (6)

The rest of the parameters, namelyk2, K and D can be determined from the best fit of
the experimental temperature dependence of the decay times in figure 3. Nonradiative
quenching to the ground state is considered from level 1 in the classical exponential form
of the quenching ratekx = Kx exp[−Ex/kT ].

The best-fit parameters for the approximations in figure 3 (decay times) are collected in
table 1 and were used to fit the TD of emission intensities in figure 4. Clear disagreement
above 170 K is demonstrated, which cannot be improved by any variation of parameters
while keeping agreement with the decay time data in figure 3. Essentially the same
results are obtained for the UV bandlike excitation 250–350 nm or x-ray excitation of
steady-state emission spectra (the experimental data of the latter are given in [5]). Such
a disagreement can be explained, e.g., by thermally induced disintegration of the photo-
excited states producing free electrons and holes. These free carriers can experience radiative
recombination at (the same) emission centres at a later stage. Such a process (considered
in the relaxed excited state) leads to the shortening of the decay times observed, while
keeping (steady-state) emission intensity unchanged. As a limit case one could consider the
activation energy of quenchingEx = 230 (270) meV given in table 1 for the blue- (green-)
emission component as the thermoionization energy of the related emission centre excited
state and non-radiative quenching to the ground state might even be absent as in CWO at
these temperatures.

Table 1.

Parameter Blue component Green component

k1 (s−1) 1.8 × 105 5.4 × 104

k2 (s−1) 5 × 106 5 × 106

K (s−1) 1010 1010

d (meV) 45 60

Parameter Quenching from level 1 Quenching from level 1

Kx (s−1) 3 × 1012 1013

Ex (meV) 230 270

To examine this hypothesis in detail, the TL excitation spectra of PWO were measured
at elevated temperatures using the TSL peak at about 190 K. In figure 5, the distinct
changes in TSL excitation spectrum can be seen, as compared with figure 1(c). Actually,
at T > 150 K TSL is efficiently excited at the same spectral region as both components in
PL (their excitation spectra are given in figure 5 at 150 K as well). As a consequence, this
result evidences increasing probability of thermally induced disintegration of the respective
excited state at these temperatures. As shown by the comparison of PL and TL excitation
spectra, such thermal disintegration at its initial stage is the most pronounced in the narrow
energy region of the probable Pb exciton peak. Speaking in more detail, one can consider for
the final state of disintegration the holes in the oxyanion states, which are mobile according
to EPR studies [7], and the electron in the Pb+ states. If the high-energy edge of TL
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Figure 5. The excitation spectrum of PWO TL (190 K TSL peak) at 152 K (a) and excitation
spectra of the blue- (b) and green- (c) PWO-emission components,λem = 400 and 520 nm,
respectively,T = 150 K.

excitation in CWO is the edge of Ca-related states [15] (i.e., the hole in the oxyanion state
and the electron in the Ca+ one), then (taking into account the second ionization potentials
of Ca (−11.87 eV) and Pb (−15.04 eV) and also the fact that the Madelung potential must
be approximately the same in both tungstates) we could estimate the energy of the state
consisting of the tungstate group related hole and the electron in the Pb+ state. It should
be about 3.2 eV lower than the TL excitation edge in CWO, i.e., about 4 eV, which is
reasonably close to the experimental value of the PL excitation edge in PWO at 80 K—see
figure 1. Although the direct observation of these, in fact, charge-transfer transitions seems
to be less probable on the background of the strongly allowed s–p transition in the Pb2+

ion, this electron–hole continuum may affect essentially the stability of excitons.
It is worth stressing that, according to this interpretation, free electron and holes are

generated under any excitation wavelength in both PWO luminescence components above
150 K and there is always thermal equilibrium between exciton and free electron–hole
states. Taking into account possibly slow diffusion of free carriers (further slowed down by
presence of shallow traps [13]) followed by their radiative recombination at the blue- and
green-emission centres, one can understand the presence of very slow-decay components
observed in PWO luminescence and scintillation at room temperature [5, 13].

Another important feature is related to the long-wavelength edges of the TL excitation
spectra—see figure 1. In contrast to the above-discussed thermoionization processes,
they represent the true edges of band-to-band transitions, which are responsible for the
temperature-independent charge separation. In the case of CaWO4 such an edge could be
connected [15, 17] with the scattering between oxyanion excited states and the continuum
of states involving an oxycomplex-related hole and the electron in the Ca+ state. A similar
edge of the low-temperature TL excitation spectrum is observable in PWO crystals at 4.8 eV,
coinciding with the edge of CaWO4 intrinsic transitions observed in the blue-component
excitation spectrum, the latter belonging obviously to the transitions between oxyanion
states. A remarkably different situation seems to be realized at the interaction of a molecular
type exciton and the electron–hole continuum states in the Pb and Ca tungstates—in the
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former case the lowest unrelaxed states are Pb-related ones, whereas in the latter case those
belonging to the oxyanion group.

Thus, although a strong difference of both reflectivity [18] and the excitation edge of
Pb tungstate from those of other tungstates shows the lowest intrinsic optical transitions are
associated with the 6s–6p ones in the Pb2+ ion, the oxycomplex states play an important
role in subsequent relaxation processes and radiative de-excitation in PWO as well.

4. Conclusion

It follows from the comparison of PL and TL excitation spectra of PWO and CWO that
Pb2+ ions determine the non-relaxed excited state characteristics in PWO. Furthermore, the
description of temperature dependences of emission intensities and decay times in PWO
by three-level model shows that it is impossible to explain the observed dependences only
in terms of thermally induced transitions within two excited state levels and additional
thermal quenching to the ground state. The evidence of thermally induced decomposition
of the excited state in both the blue and green components in PWO above 150 K was
obtained comparing PL and TL excitation spectra at elevated temperatures. Such a process
can explain the observed discrepancy between the experimental temperature dependences
of the decay times and emission intensities and the phenomenological model discussed. At
sufficiently high temperatures the unavoidable participation of free carriers in the overall
decay kinetics can explain the presence of very slow and non-exponential components
observed in PL and scintillation decays above 180 K [5, 13], taking into account possibly
slow diffusion of free carriers before their radiative recombination.
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