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Abstract: The luminescence of terbium doped lead tungstate (PbWO4:Tb
3+) features not only

emission from the 5D4 and 5D3 excited states of Tb3+, but also host and defect related broad
emission bands are found. The blue host emission is attributed to the WO2-

4 centres whereas
the green emission can be ascribed to WO3 defects. Upon host excitation, Tb3+ emission is
observed pointing to energy transfer mechanisms between host and dopants. The electronic
structure of Tb3+ defects inside the PbWO4 host are empirically deduced from optical and
luminescence spectroscopy, both in steady-state as well as in time-resolved mode, as a function
of temperature and doping concentration to asses the in�uence of key parameters in the energy
transfer processes. The the luminescence originating from Tb3+ ions shows a strong dependency
on both the excitation wavelength and the temperature. For instance, an intensity increase in
the 75 K to 125 K range upon excitation via the WO2-

4 centres is found, which is absent for direct
excitation. The undoped sample is characterized by a temperature dependent energy transfer
from WO2-

4 to WO3 defect centres with an thermal energy barrier of 0.26 eV. The divergent
thermal quenching pro�les of the host emission for pure PbWO4 versus doped materials reveal
both a direct energy transfer and a temperature dependent energy transfer process from the host
towards the Tb3+ ions. The emission e�ciency of the 5DJ levels is investigated as well and a
thermal quenching energy of 0.51 eV (J = 3) and 0.86 eV (J = 4) was found.
keywords: Luminescence, Scheelite, Terbium, Thermal quenching, Energy transfer

1 Introduction

Trivalent lanthanide ions are known for their atomic-like line spectra and long lifetime, both
arising from the 4f-4f character of the luminescent transitions. As the relative energies of the
multiplets hardly shift upon doping in the host material due to the shielding electrons of the
�lled 5s2 and 5p6 shells, each ion is linked with speci�c energy transitions, e.g. Eu3+ shows red
emission whereas Tb3+ spectra are blue and or green [1, 2]. Apart from its emission energy, the
relative position and number of energy levels are crucial for the feasibility of the material. Too
many close lying energy levels, like in the case of Sm3+, results in dominating relaxation and
transfer processes with an increasing possibility of quenching and low emission e�ciency as a
consequence. On the other hand, speci�c energy gaps can be bene�cial for some applications.
For example, couples of Tb3+ - Yb3+ ions show near-infrared quantum cutting and are therefore
useful in downconversion layers for silicon solar cells [3]. In general, lanthanide ions in solids
have shown their applicability in many �elds including light emitting diodes, �uorescent lamps,
displays and temperature sensors [4, 5, 6, 7].

In the Tb3+ ion, characteristic radiative electronic transitions occur from the 5D4 and 5D3

multiplets towards the lower-lying 7FJ multiplets within the 4f8 con�guration. As dopant, the
Tb3+ ion can be photo-excited in di�erent ways:

• By an internal transition within the 4f8 con�guration.

• By an internal intercon�gurational 4f8-4f75d1 transition [8].

• By a charge transfer transition. An electron is then removed or added to the 4f shell of
the Tb3+ ion. For the case where an electron is added, typically coming from a nearest
neighbor anion, often no speci�c name for this charge transfer (CT) is used, however
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sometimes referred to as a Ligand - to - Metal Charge Transfer state (LMCT) [9]. On
the other hand, when an electron is removed from the 4f shell, being transferred to the
un�lled nd shell of a nearby transition metal ion, this phenomenon is often referred to as
an intervalence charge transfer, although this name was initially reserved for homonuclear
MMCT states by the IUPAC [10, 11, 12].

• The energy of an electron-hole pair can be transferred to a Tb3+ defect. Electron-hole
pairs can only be created when the photon energy of the excitation light exceeds the host's
band gap energy [13].

• If defects, other than Tb3+ dopants under study, are present in the material, energy ab-
sorbed by the additional defect can be transferred to the Tb3+ ion if the distance between
both is su�ciently small and a spectral overlap exists between both defects [14].

These di�erent kinds of electronic transitions take place between energy levels. When the rel-
evant energy levels are accurately known, not only the interpretation of electronic transitions
can be facilitated, but also their response to external parameters such as temperature can be
assessed. In reality, obtaining accurate energy levels schemes is not straightforward due to over-
lapping spectral features and the presence of radiative and non-radiative energy transfer paths,
which are often temperature dependent.

Additionally, when two Tb3+ ions are su�ciently close to each other, energy transfer between
both ions can occur via a quasi-resonant cross relaxation process as the large energy di�erence
of ±0.72 eV between the 5D4 and 5D3 multiplets excludes multiphonon relaxation at moderate
temperature. If cross relaxation takes place, 5D4 emission can be observed upon direct excitation
of the 5D3 multiplet [15, 16].

The host material under study, PbWO4, is a member of the scheelite family [17]. It crystallizes
in di�erent polymorphs of which two exist as mineral, i.e. tetragonal stolzite and monoclinic
raspite. In this work, the former polymorph is investigated. The stolzite structure (space group
I41/a) is characterized by a unit cell with one lead and one tungsten Wycko� site, both exhibit-
ing the S4 point symmetry of the distorted dodecahedron, typical for scheelites [18].

When interstitial incorporation is discarded, the Tb optical dopant can be incorporated in the
PbWO4 structure in two possible ways, i.e. substituting for a Pb2+ (r = 1.33 ) cation or sub-
stituting for a W6+ (r = 0.74 ) cation. From ionic conductivity measurements, Groeninck and
Binsma found that a Y3+ dopant occupies a tungsten site rather than a lead site, and increases
the concentration of oxygen vacancies as a consequence of charge compensation [19, 20]. As
Tb3+ (r = 1.06 ) has a very similar ionic radius as well as chemical behavior than Y3+ (r =
1.04 ), this argument assigns the Tb3+ defect to a W site in the PbWO4 crystal. However, Takai
et al. ascribe the oxide ion conduction to the interstitial oxide ions caused by substitution of
the aliovalent element Tb in the Pb site [21]. The general opinion favours the occupation of the
Tb3+ ion at the Pb site in the PbWO4 crystal [22, 23, 24, 25].

Optical spectroscopy of undoped PbWO4 crystals has been performed by multiple authors be-
cause of their potential application as scintillation material [26, 27, 28]. Groenink and Blasse
elaborated on the early work of Kröger and Van Loo [19]. They found two emission bands which
were assigned as blue (peaking around 3.10 eV) and green (peaking around 2.40 eV). The blue
emission was attributed to transitions within WO2−

4 centres, i.e. radiative annihilation of self-
trapped excitons. These charge transfer transitions are thus responsible for the optical band
gap of pure PbWO4 crystals. The green emission band is excited at energies below the optical
band gap and related to defect emission from an isolated oxygen vacancy, i.e. a WO3 centre [19].
Babin et al. distinguished two green emission bands, one arising from WO2-

4 centres in the close
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vicinity of lead - de�cient regions and one arising from WO3 centres [29]. Besides these blue
and green luminescent centres, emission is observed attributed to other luminescent centres e.g.
a centre originating from the presence of Pb3+ in PbWO4. This leads to a shift of the oxygen
ions and the creation of an vacancy which lowers the symmetry of this WO3 centre, leading to a
red shift of the energy levels. Another type of defects is related to the presence of molybdenum
impurities in the material [30].

Intercon�gurational 4f8-4f75d1 transitions of Tb3+ are not expected to play a role in the lumi-
nescence and excited state dynamics of PbWO4:Tb

3+. In the case of Ce3+ doping in the same
host, the 5d level of the Ce3+ ion is estimated 3.4− 3.5 eV above its 4f ground state. If a con-
stant redshift of the 5d level in the PbWO4 host as a function of trivalent lanthanide dopant
is assumed, the energy of the local 4f8-4f75d1 transition in PbWO4:Tb

3+ is expected at about
5.1 eV, which is larger than the optical band gap of the host [8, 26, 31].

Novosad et al. investigated luminescence of PbWO4: Tb
3+ with synchrotron and laser radiation

and attributed the origin of the host emission to an exciton in the WO2-
4 groups at regular sites

(blue host emission) and at defect sites (green defect emission). In addition they observed 5D4

emission from Tb3+ [32]. Nikl et al. investigated the scintillation properties of PbWO4 with
di�erent dopants including Tb3+, Sm3+ and Pr3+ [31].

Hereafter, the temperature dependence of the luminescence output and the decay pro�les of
Tb3+ doped scheelites are investigated for di�erent excitation wavelengths and Tb concentrations.
Measurements are performed on four di�erent samples: PbWO4 without intentionally introduced
impurities and PbWO4:Tb

3+ with doping concentrations of 1%, 2% and 5%. The non-doped
sample will allow to investigate the host-related characteristics, as a good knowledge of the
excited states of the host crystal is necessary for a further correct assignment of the various
luminescent characteristics of the Tb doped compounds.
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Figure 1: Con�gurational coordinate diagrams of the WO2−
4 , WO3 and Tb3+ centres in

PbWO4. This �gure serves as a conceptual guide while reading the text. STE
stands for self trapped exciton and the symbols are de�ned throughout the text.

2 Experimental

PbWO4:Tb
3+ powders were prepared by a solid state synthesis of 8 hours at 800◦C in air with

PbNO3 (Pro Analyse) and WO3 (Alfa Aesar, 99.8%) as precursors. Tb was added in the form
of TbF3 (Alfa Aesar, 99.9%). The same molar concentration of NaF (Alfa Aesar) was added for
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(partial) charge compensation. Phase purity of the obtained powders was veri�ed through X-ray
di�raction (XRD) on a Siemens D5000 di�ractometer (40 kV, 40 mA) using CuKα1 radiation
and comparison of the obtained XRD pattern with ICSD No. 16189 [33].

Steady state photoluminescence emission and excitation spectra were measured with an Edin-
burgh FS920 �uorescence spectrometer while time-resolved measurements were performed with
an intensi�ed CCD (Andor iStar DH720), combined with Jarrel-Ash monochromator upon pulsed
nitrogen laser excitation (λexc = 337 nm, pulse <1 ns) and if desired combined with a dye laser
module (λexc = 380 nm).
Di�use re�ectance spectoscopy was performed with a Varian Cary 500 spectrophotometer, equipped
with an internal 110 mm BaSO4 - coated integrating sphere.

Temperature dependent measurements were performed by putting the powders inside a crysotat
(Oxford Instruments Optistat CF), with temperature range from 4.2 K to 475 K.

3 Results

3.1 Di�use re�ectance spectroscopy

From the di�use re�ectance spectra, the Kubelka-Munk spectra were calculated (see Fig. 2) and
a value of 3.87 ± 0.10 eV was found for the optical band gap [34]. The electronic band gap is then
estimated to be 4.18 ± 0.25 eV upon using the empirical proportionality factor of 1.08 [35, 36].
Though this factor was obtained with a rather low accuracy from self-trapped exciton energies in
binary halides, it is frequently used for hosts of di�erent composition [37]. Absorption bands of
intrinsic defects are known to be present at energies around the fundamental absorption o�set,
but the concentration of defects is assumed to be su�ciently low to rely on the above optical
band gap value.

Doping with Tb does not signi�cantly change the shape of the di�use re�ectance spectra, however
for 5% Tb3+ the abosprtion edge appears to shift. Nikl et al. explained this in the case of PbWO4:
Pr3+by a charge transfer transition from oxygen to the dopant, or to a type of charge transfer
between oxygen ligands and WO2-

4 - RE centres, however they observed a larger shift than the
one observed here. Kobayashi et al. ascribed this to a perturbation induced by the introduction
of dopants [26, 38]. The spectra of PbWO4: 1% Tb3+ and 5% Tb3+ show no strong Tb 4f-4f
absorption due to the low absorption cross-section of these transitions. In addition, two extra
bands around 425 nm and 350 nm can be observed for these materials, possible related to new
defects.
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Figure 2: Kubelka-Munk spectra for the undoped, 1% Tb3+ and 5% Tb3+ sample.
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3.2 Luminescence excitation and emission spectra

Luminescence excitation and emission spectra were measured at low temperature to reduce the
thermal e�ects. At 10 K, excitation at 270 nm in undoped PbWO4 results in a blue emission band
peaking at 420 nm whereas excitation at 340 nm gives rise to an emission band with maximum
intensity at 530 nm (Fig 3, right). The excitation spectrum of both (monitored at λem = 400 nm
and 575 nm) is illustrated in Fig 3 on the left. The emission wavelengths are chosen in order to
minimize the contribution of the respectively green and blue emission band. The blue emission is
generally ascribed to emission of the WO2−

4 complex [39] and its excitation spectrum peaking at
270 nm indeed coincides roughly with the di�use re�ectance spectrum of the undoped PbWO4.
The centre has a nearly tetrahedral site symmetry, with the lowest lying excited states being the
two almost degenerate triplet levels 3T1 and 3T2. Excitation takes place from the 1A1 ground
state to the singlet states 1T1 and

1T2 whereas luminescence arises from the spin forbidden 3T1

→ 1A1 transition [30, 40]. Annenkov et al. located the transition to the singlet states at 275 nm
and to the triplet state at 325 nm [30]. The green emission on the other hand is associated with
a transition in a centre with an oxygen ion vacancy and its excitation spectrum exhibits an extra
band at 340 nm, which is absent in the di�use re�ectance spectrum. Probably, the contribution
of these defect centres in the total spectrum is there too low to be observed. At 310 nm an extra
peak can be observed, which also appears in the excitation spectrum of the blue host emission
at higher temperatures.
The emission spectrum at room temperature and the excitation spectra at 10 K of the Tb3+

doped samples (1% Tb3+ and 5% Tb3+) for the emission from the 5D3 (left, λem = 435 nm) and
5D4 (right, λem = 545 nm) level are shown in Fig 4. The band gap absorption is clearly present
in both spectra, but the absorption band attributed to the defect centres situated around 340 nm
can only be detected in the excitation spectrum of the 5D4 emission and is more prominent for
high Tb3+ concentrations. After excitation in the defect centres the energy transfer to the Tb3+

ions apparently skips the 5D3 level. No extra bands as compared to the excitation spectrum of
the host emission are found. At lower energies the characteristic 4f8-4f8 transitions of Tb3+ are
present.
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Figure 3: Left: Excitation spectra of the blue host (solid blue line, λem = 400 nm) and
green defect (dotted black line, λem = 575 nm) emission bands of undoped
PbWO4, measured at 10 K. Right: Spectra of the blue host (solid blue line)
and green defect (dotted black line) emission bands of undoped PbWO4 upon
excitation at respectively λex = 270 nm and 340 nm at 10 K.
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Figure 4: Left: Emission spectrum (λexc = 270 nm) of the Tb-doped PbWO4 samples (1%
and 5% Tb3+) at room temperature. Middle: Excitation spectra of the Tb3+ 5D3

emission in PbWO4 for di�erent Tb
3+ concentrations (λem = 435 nm). Measured

at 10 K. Right: Excitation spectra of the Tb3+ 5D4 emission in PbWO4 for
di�erent Tb3+ concentrations (λem = 545 nm) at 10 K.

In Figure 5 the emission spectrum upon excitation at di�erent wavelengths is shown at 10 K.
Excitation in both WO2-

4 (λexc = 270 nm) and WO3 (λexc = 340 nm) centres results in their
respective intrinsic emission, which is now only visible as a weak background, together with 5D3

and 5D4 emission from the Tb3+ ion. Apparently the energy transfer from the host to the Tb3+

ions is not complete especially for the low Tb3+ concentrations. Direct excitation of the defect
centres indeed lacks 5D3 emission.
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Figure 5: Emission spectra (λexc = 270 nm (left) and λexc = 340 nm (right)) of the Tb-
doped samples at 10 K.

Zooming in on the 5D4-
7F5 transition (λem = 545 nm) of Tb3+, some signi�cant spectral dif-

ferences are found upon excitation at di�erent wavelengths (Fig. 6). Excitation of the defect
centres (λexc = 340 nm) results in an asymmetric broadening of the two most prominent peaks
as compared to excitation across the band gap (λexc = 270 nm). The �rst peak broadens to-
wards shorter wavelengths, the second one to longer wavelengths and this spread of the energy
levels must be the consequence of a larger crystal �eld felt by the Tb3+ ions. For excitation
at 270 nm and 340 nm apparently two di�erent sites for the Tb3+ ions are addressed, which is
often referred to as site selective excitation. Direct excitation to the 5D3 level of Tb3+ (λexc =
378 nm) results in a superposition/combination of the two spectra and both types of Tb3+ ions
are apparently excited. The above description is valid for the 5% Tb3+ sample, for the other
Tb3+ concentrations the superposition is far less explicit (Fig 6, right). Apparently the Tb3+

ions show a preferential occupation for the normal sites and only when the concentration is large
enough, the Tb3+ ions occupy sites near defect centres.
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Figure 6: Left: 5D4-
7F5 transition of Tb3+ upon excitation at 270 nm, 330 nm and 378 nm

at 10 K for PbWO4: 5% Tb3+. Right:5D4-
7F5 transition of Tb

3+ upon excitation
at 378 nm at 10 K for PbWO4: 1%, 2% and 5% Tb3+.

3.3 Thermal quenching of host and Tb3+ emission

First, the thermal quenching of the host emission of undoped PbWO4 is investigated, discrim-
inating between excitation across the band gap (λexc = 270 nm) and excitation of the defect
centres (λexc= 340 nm). Second, the intensity of both the host and Tb3+ emission is investigated
for PbWO4: Tb

3+ in a temperature range from 75 K to 475 K for three cases: excitation across
the band gap, of defect centres and, only for the Tb3+ emission, to the Tb3+ levels. This direct
excitation can be analysed both by thermal quenching and by the temperature dependent decay
characteristics of the emission.

The investigated characteristics of the Tb3+ emission are only dependent on the emitting 5DJ

energy level and not on the �nal 7FJ level, therefore one transition for each energy level is taken
as representative for all the emission coming from the respective energy levels. The obtained
data points in the thermal quenching pro�les correspond to the integrated intensities of the 5D3

- 7F4 (432 to 442 nm) and 5D4 -
7F5 (535 to 555 nm) transition.

The solid lines are the the �ts of the solutions of the rate equations of section 4 and their meaning
will become clear in that section.

3.3.1 Undoped PbWO4

For the undoped samples, excitation over the band gap (λexc = 270 nm) results in a constant
emission intensity (λpeak = 420 nm) up to 175 K after which the intensity drops dramatically
(Fig 7, left). Between 175 K and room temperature, the emission spectrum shifts to longer
wavelengths (not shown) pointing to an increased contribution of defect emission in the total
spectrum.

Direct excitation of the defect centres (λexc = 340 nm) shows thermal quenching of the green
emission from 75 K on. No temperature dependent shift in the emission spectrum is observed
for this excitation wavelength (Fig 7, right).

For both blue host and green defect emission, the absorption band associated with the band gap
shows a broadening towards longer wavelengths upon increasing temperature (not shown).
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Figure 7: Left: Thermal quenching of the host emission upon band gap excitation (λexc
= 270 nm). The diamonds are the integrated intensities (λem = 350− 420 nm).
The solid lines are the solutions of Eq. 2a (solid black line) and Eq. 2b (dashed
green line). Right: Thermal quenching of the green defect emission (λexc =
340 nm). The diamonds are the integrated intensities, the solid line is the �t of
the solution of Eq. 2b.

3.3.2 PbWO4: Tb
3+

Comparing these pro�les with the Tb3+ doped samples is indicative for the in�uence of the Tb3+

doping on the excited state dependencies. No subsequent energy transfer processes are expected
to occur.

• Excitation at 270nm

The quenching pro�le of the host emission after excitation across the band gap (Fig. 8, black
circles) shows two main di�erences compared to the undoped samples. Firstly, the decrease in
intensity starts at a lower temperature, 125 K instead of 175 K and secondly, the decline of the
decrease is less extreme. Both are probably related to the extra energy transfer path towards
the Tb3+ ion.

The thermal quenching pro�le of the 5D4 emission (Fig. 8, green squares) can be subdivided in
three parts irrespective of the Tb3+ concentration. Between 75 K and 125 K the emission remains
more or less constant, after which the intensity starts to increase to reach its maximum at 175 K.
Going to higher temperatures results in a decrease of the emission intensity. The concentration
dependence manifests itself in the di�erence in intensity at 75 K with respect to the intensity at
175 K. The higher the Tb3+ concentration, the higher this initial relative intensity. At 125 K,
when the host emission starts to decrease (black circles), the Tb3+ emission starts to increase.
The decrease of the Tb3+ emission, starting from 175 K coincides with the decrease of the host
emission of pure PbWO4 (Fig. 7, left).

The thermal quenching behaviour of the 5D3 and 5D4 emission (Fig 8, blue diamonds) is com-
parable, only the relative emission intensity of the 5D3 emission at 75 K is higher with respect
to the emission from 5D4.
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3+ (1%, 2% and 5%) upon excitation at
270 nm. The symbols are the integrated emission intensities, the solid lines are
the solution of Eq. 4.

• Excitation at 340nm

The green defect emission, excited at 340 nm shows immediate quenching from 75 K (Fig. 9).

The quenching pro�le of the emission coming from the 5D4 level is the same for all Tb3+ concen-
trations and comparable with the pro�le of the defect emission itself. No temperature dependent
energy transfer process occurs between the defect centres and the Tb ions. Note that the 5D3 level
cannot be populated by excitation at this wavelength in the investigated temperature range.
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Figure 9: Thermal quenching of the green defect emission (black) and Tb3+ 5D4 emission
(green) of PbWO4:Tb

3+ (5%) upon excitation at 340 nm. The symbols are the
integrated emission intensities, the solid lines are the solution of Eq. 4

• Excitation to a 5DJ level of Tb
3+

Upon direct excitation of the 5D3 level of Tb3+, both 5D3 and 5D4 emission is observed. The
decay pro�les of the 5D3 emission are shown in Fig. 11 (left), recorded at 75 K upon excitation at
380 nm. This decay is not mono-exponential and the deviation from a single exponential becomes
more signi�cant for increasing Tb3+ concentration. Furthermore, a build - up in the intensity of
the 5D4 emission is observed during the �rst few microseconds (Fig. 11, right). In Fig. 10 the
emission spectra at 75 K upon excitation to the 5D3 level are shown and a decreasing fraction of
5D3 emission relative to 5D4 emission is observed for increasing Tb3+ concentration. The decay
pro�les as well as the emission spectra proves the existence of a cross-relaxation process between
the two emitting energy levels.
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transition at 75 K.
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Figure 11: Right: decay pro�les of the 5D3 emission of PbWO4: 1%, 2% and 5% Tb3+ at
75 K (λexc = 377 nm). Left: a zoom on the �rst microseconds of the 5D4 and
5D3 emission.

The temperature dependence of the emission e�ciency of the 5D3 level manifests itself by the
decay pro�les and steady state spectra. From Fig. 12 (left) it can be seen that the intensity of
the 5D3 emission remains more or less constant up to room temperature after which the decrease
sets in. The emission from the 5D4 level follows the same trend pointing to a temperature
independent cross-relaxation process. This quenching behavior is encountered for the decay
pro�les as well. Indeed in Fig. 12 (middle and right), the decay of the 5D3 emission (1% Tb3+)
is depicted at 75 K and 350 K. Independent of the Tb concentration, the decay starts to fasten
from room temperature onwards. The large spread on the data points should be no surprise for
excitation to a 4f-level of a lanthanide as �uctuations in the absorption strength occur due to
thermally induced excitation towards higher lying crystal �eld levels of the 7F6 multiplet and
the broadening of the absorption lines. In addition, the low absorption e�ciency of this energy
level, as can be seen form the excitation spectra (Fig. 4), induces relatively large experimental
errors.
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PbWO4: Tb
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: Decay pro�les of the 5D3 (blue) and 5D4 (green) emission at 75 K (middle)
and 350 K (right). The diamonds (5D3) and squares (5D4) are the integrated
emission intensities, the solid lines are the solutions of Eq. 5.

Determining the e�ciency of the emission from the 5D4 level is even less straightforward. The
low absorption strength of the 5D4 level excludes direct excitation to this level, making thermal
quenching pro�les obtained from steady spectra not convenient to investigate the e�ciency.
Therefore, only the temperature dependence of the decay pro�les is used for evaluation. These
pro�les are shown in Fig 13 (left) for di�erent Tb3+ concentrations at 75 K (λexc = 337 nm). At
75 K, the decay pro�les are characterized by two exponential contributions, with decay constants
of 0.63 ms and 65 ms. The fraction of this component is only 2% of the total decay and thus
negligble for the discussion. For 1% Tb3+ the slow component is already disappeared at 250 K
whereas for 5% Tb3+ it is observed until 350 K. The decay pro�les at 475 K are shown in
Fig 13 (right). The main decay component of the 5D4 emission remains stable for all Tb3+

concentrations with varying temperature, only from 400 K on, a slight decrease sets in. These
lifetimes correspond well with the typical values found in literature for Tb3+ doped scheelites
[41, 42].
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Figure 13: Decay pro�les of the 5D4 emission at 75 K (left) and 475 K (right) upon exci-
tation at 337 nm.

4 Discussion

The above results indicate that multiple factors in�uence the quenching of a luminescent centre.
Depending on the excitation wavelength and the type of sample, di�erent temperature depen-
dences are found for the same luminescent transitions. In the following, an attempt is made to
point out the involved mechanisms between the host-related centres, between the host-related
centres and the Tb ions and between the Tb ions themselves. All these processes are introduced
in rate equations for the involved energy levels. The �t of these equations to the experimental
data will give both a quantitative and qualitative indication of the di�erent processes.
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4.1 Host related excitation

Tb3+ emission upon excitation in host related features points unarguably to an energy transfer
process between host and impurity ions. The thermal quenching pro�les can at least partly reveal
the transfer channels between both. As already mentioned, in lead tungstate without intentional
doping, luminescence occurs mainly due to transitions in WO2-

4 centres. The transitions take
place from one of the 2p oxygen shells to the empty 5d shell of W6+. The break up of the
closed shell condition by this valence excitation involves a considerable lattice relaxation. This
strong electron - lattice coupling makes trapping of the electronic excitation possible, resulting
in a self-trapped exciton (STE) which will largely in�uence the luminescence and energy transfer
properties of the material [32, 39, 43, 44].

Taking this self-trapped exciton into account, the observed thermal quenching in the undoped
sample can be explained as follows. Excitation at 270 nm results in a number of self-trapped
excitons which can decay radiatively with a certain decay rate τh observed as the blue host
emission peaking at 440 nm. If temperature is su�ciently high, the available thermal energy can
equal the activation energy of the exciton, allowing energy migration through the crystal. The
di�usion of these excitons is a multistep energy transfer process and the energy can reach activator
ions or defects in the material. These activators and/or defects can at their turn emit light, or
for some speci�c types of defects decay non - radiatively and thus quench the luminescence. In
this way, Tb ions can be considered as activators and will be discussed later. One of the possible
defects are the WO3 centres causing the green defect emission peaking at 550 nm [45]. The
temperature dependence of the migration process is incorporated in the di�usion constant D:

D = D0 exp

(
−∆E

kT

)
(1)

Next to this excitation across the optical band gap, direct excitation of the defect centres is
considered as well. The observed quenching and absence of a shift in the emission spectrum
points to quenching due to photoionization through the conduction band without transfer to
the WO2-

4 centres. In order to formulate the rate equations, it is su�cient to consider two host-
related states. The �rst one represents the triplet state of the WO2-

4 centre responsible for the
blue host emission with population Nh, corresponding to the number of excited ions and the
second one refers to the 2E level of WO3, being responsible for the observed green emission with
a population Nd. It is assumed that there are su�cient centres and mobility so no saturation
e�ects will take place. The rate equations for the population of both can be written as follows:

dNh

dt
= pumph −Nh [Γ0 exp (−∆Eh/kT ) + Γh] (2a)

dNd

dt
= pumpd +NhΓ0 exp (−∆Eh/kT ) +Nd [Γd − Γ0d exp (−∆Ed/kT )] (2b)

with the rates Γh = 106 s−1 and Γd = 105 s−1 derived from the decay pro�les at low temperature
[18]. Excitation into a certain energy level x, is written as pumpx 6= 0. Fitting the solution of
equation 2 for excitation in the band gap (pumph 6= 0; pumpd = 0) to the thermal quenching
data, results in an escape frequency Γ0 = 1014 s−1 and ∆Eh = 0.26 eV (Fig. 7). This 0.26 eV is
the thermal energy needed to release the self-trapped exciton and allow energy migration. From
Fig. 7 it can be seen that upon increasing temperature, the defect WO3 centres (dashed green
line) get populated. The measured emission at this excitation wavelength and temperature is
a combination of both the intrinsic WO2-

4 emission (solid black line) and the defect emission
(dashed green line). Indeed, this corresponds with the observed shift to longer wavelengths of
the emission band at increasing temperature.

Direct excitation of the defect centres (Fig. 7, pumph = 0; pumpd 6= 0) results in a ∆Ed =
0.05 eV however with a much slower frequency factor Γ0d = 109 s−1. The value of ∆Ed positions
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the emitting energy level of the defect centre with respect to the conduction band with the
assumption that photoionization is responsible for thermal quenching.

Doping this material with Tb3+ results in additional energy transfer channels (Fig. 8). At �rst,
direct energy transfer from the self-trapped excitons to the Tb3+ activator ions is possible. This
single step energy transfer process can be the result of multipole-multipole interaction or exchange
interaction. The electromagnetic multipole interaction was �rst described by Förster and Dexter
for dipole-dipole interaction and later extended to higher order terms [46, 47]. For both types of
interaction, the transfer rate between a sensitizer, here the exciton, and the activator, here the
Tb3+ ions, is given by following expression:

ωS∗A =
2π

h̄
|〈S,A∗|Ĥint|S∗, A 〉|2

∫
gS(E)gA(E)dE (3)

with Ĥint the hamiltonian specifying the interaction between the initial and �nal state and the
integral the spectral overlap between both. The temperature dependence of the transfer process
is limited to the temperature dependence of this spectral overlap and thus quasi negligible. On
the other hand, a large concentration dependence will arise due to the distance dependence
of Ĥint. For multipole interactions an ( 1

R)n dependence can be found for the transfer rate,
with n depending on the dominant multipole moment, whereas exchange interaction shows an
exp(1−R) dependence [48]. In both cases, the transfer rate should increase with increasing Tb3+

concentration. The transfer rate from the host to the 5D4 and
5D3 level is hereafter referred to

Γ(Ch4) and Γ(Ch3) respectively.

Apart from this direct energy transfer contribution, a temperature dependent energy transfer
process will take place if the exciton has received enough thermal energy to undergo energy
migration to the Tb3+ ions. This process will occur with a certain transfer rate Γh−Tb and
activation energy ∆Eh−Tb. Of course the transfer mechanisms as described for the undoped
samples remain valid and should still be considered.

In addition to this host-sensitized energy transfer, energy transfer from the defect centres to the
Tb3+ ions should be taken into account (Fig. 9). From Fig 4 it is clear that the e�ciency of the
energy transfer from defects to Tb3+ is concentration dependent. The higher the Tb3+ concen-
tration, the larger the contribution is of the excitation via the defect centres in the excitation
spectrum. Based on the thermal quenching data (Fig. 9) no temperature dependence in the
transfer rate is expected as the emission from the Tb3+ ions follows the quenching pro�le of the
green defect emission in the whole investigated temperature range. Therefore, energy transfer
occurs probably via a direct energy transfer process as described above. The speci�c character of
this process is again di�cult to determine. The lack of 5D3 emission is owing to the too limited
spectral overlap between both levels.

The rate equations of Eq. 2 should now be extended with the 5D3 level, with population N3 and
the 5D4 level, with population N4 and the above described transfer mechanisms between host
and Tb3+ ions. Based on these rate equations it becomes clear that a decreasing intensity of the
host emission should not solely be linked to quenching and thus a loss in energy but also to the
feeding of other energy levels, including defect emisison and Tb3+ ions:

dNh

dt
= pumph

−Nh [Γ0 exp (−∆Eh/kT ) + Γh−Tb exp (−∆Eh−Tb/kT ) + Γh + Γ(Ch4) + Γ(Ch3)] (4a)

dNd

dt
= pumpd + Nh × Γ0 exp (−∆Eh/kT ) − Nd [Γ0d exp (−∆Ed/kT ) + Γ(Cd4) + Γd] (4b)

dN4

dt
= pump4 +Nh [Γh−Tb exp (−∆Eh−Tb/kT ) + Γ(Ch4)] +Nd × Γ(Cd4)

−N4 [Γ0−Tb exp (−∆EX4/kT ) + Γ4] (4c)
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dN3

dt
= pump3 +Nh [Γh−Tb exp (−∆Eh−Tb/kT ) + Γ(Ch3)]

−N3 [Γ0−Tb exp (−∆EX3/kT ) + Γ3] (4d)

The solutions of equation 4 are �tted to the experimental data described in section 3 simultane-
ously for the di�erent excitation mechanisms and Tb3+ concentrations. In this way, a complete
picture of the system can be obtained. As can be seen in Fig. 8 for the situation upon excita-
tion of the WO2-

4 centres (λexc = 270 nm; pumph 6= 0), there is a nice correlation between the
experimental data and the �t, especially for the 1% Tb3+ case. There is no doubt that the �ts
for the 2% Tb3+ and 5% Tb3+ samples can be improved by separately adjusting the values of
the di�erent parameters, however this would lead to over-parametrization of the �ts which is
unfavourable.

The obtained values for the di�erent rates and energies are listed in Table 1 and the decay rates
Γ4 and Γ3 are derived from the �ts of the decay pro�les obtained in section 4.2. The emission
intensity at 75 K can thus be linked to a direct energy transfer to the Tb3+ ions. Upon increasing
temperature, the remaining trapped excitons are released and can reach the non-excited Tb
ions. If temperature is high enough, these excitons are able to reach the quenching defects and
competition between transfer to Tb ions and transfer to quenching centres starts. Due to the
faster transfer rate of the latter, the population of the Tb ions via host excitation becomes
increasingly rare and their emission quenches. The escape frequency is somewhat higher than
for the undoped material(5.1014 instead of 1014 Hz), but the thermal quenching energy ∆Eh

= 0.26 eV remains the same. It may be surprising that at these high Tb concentration the
transfer to quenching centres still dominates over the transfer to Tb3+ ions. Therefore, as an
alternative, thermal quenching in the WO4 centre itself could be proposed instead of transfer
to other centres in the material. As both are described by the same di�erential equation, this
di�erent interpretation would not lead to other values of energy barriers or transfer rates.
The lower temperature for the start of the quenching of the host emission - 125 K for the doped
samples as compared to 175 K for the undoped samples - is thus indeed the result of the extra
transfer channel towards the Tb3+ ions.

The thermal quenching of the 5D3 and
5D4 emission itself is also incorporated in Eq. 4 via the

contribution of NJ × Γ0−Tb exp(−∆EXJ/kT ). Comparing the temperature dependence of the
emission coming from the 5DJ level after excitation in host-related energy levels (Fig 8) and
after direct excitation (Fig. 12, left), it can readily be deduced that the quenching upon host
excitation sets in at a lower temperature than quenching upon direct excitation. From the above
analysis it is clear that the quenching of the 5DJ emission in the case of host excitation is the
consequence of a decreasing excitation e�ciency of the Tb3+ energy levels and not of a decreasing
emission e�ciency. As such, only a lower limit for ∆EXJ can be deduced from the quenching
pro�les upon host excitation and the actual value will be determined in section 4.2.

The transfer rates for direct energy transfer, Γ(ChJ), indeed increase gradually with increasing
Tb concentration. The discrepancy between Γ(Ch3) and Γ(Ch4) can stem from the di�erence in
spectral overlap, which is higher for the 5D3 level compared to the 5D4 level.

4.2 Direct excitation of the energy levels of Tb3+

To consider the thermal quenching of the 5D4 and
5D3 emission after excitation to the 5D3 level

both thermal quenching and decay pro�les are taken into account (Fig. 12). As stated above,
coupling between the two terbium levels occurs via a cross-relaxation process. The higher the
Tb3+ concentration, the higher the number of ions involved in this cross-relaxation process (Fig.
10). These coupled ions can after excitation to the 5D3 level give rise to emission from the 5D4

level. By contrast, the uncoupled ions show emission only from the 5D3 level. Therefore, a
distinction is now made between coupled ions with population NJc, exhibiting cross-relaxation
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and uncoupled ions, NJ. The total
5D4 and

5D3 emission is the weighted sum of the uncoupled
and coupled situation, with a weight factor of respectively Niso and (1-Niso).

The rate equations are now given by:

dN4c

dt
= pump4 +N3c × Γc −N4 × Γ0−Tb [exp (−∆EX4/kT )]−N4 × Γ4 (5a)

dN4

dt
= pump4 −N4 × Γ0−Tb [exp (−∆EX4/kT )]−N4 × Γ4 (5b)

dN3c

dt
= pump3 −N3c × Γ0−Tb [exp (−∆EX3/kT )]−N3c × Γc (5c)

dN3

dt
= pump3 −N3 × Γ0−Tb [exp (−∆EX3/kT )]−N3 × Γ3 (5d)

In Fig. 12, the situation upon excitation to the 5D3 level (λexc = 378 nm, pump3 6= 0) is shown
for PbWO4: 1% Tb3+. The solid lines again correspond to the �t of the solutions of Eq. 5 and
match very closely with the experimental data. The obtained values for Γ0, Γ3, Γ4, ∆E4X and
∆E3X can be found in Table 1.
The quenching energy of the 5D3 level, ∆EX3 = 0.51 eV, is con�rmed both by the thermal
quenching pro�les of the emission and by the temperature dependence of the decay pro�les.
The exact nature of the quenching of 4f-4f emission is not known and possible explanations
are multiphonon relaxation processes, back transfer to for instance the WO2-

4 centres or via the
IVCT. In Fig 12, the decay pro�les of both energy levels are shown at di�erent temperatures for
the situation with 5% Tb doping. In this situation the fraction of coupled ions is apparently 65
% and the cross-relaxation occurs with an transfer rate of 5.106 s−1. The decay pro�les of the
5D4 emission (Fig. 13) are reproduced by a thermal quenching energy of 0.66 eV for all three
concentrations.

The found energy di�erences are displayed in a conceptual total energy level diagram, displayed
in Fig. 1. Herein, three distinct con�gurational coordinate diagrams are shown for respectively
WO2−

4 , WO3 and Tb3+ centres. In these diagrams, the ordinate represents the total energy
of the complete system, containing the electrons that are allocated to the defect as well as all
other electrons of the compound. For this reason, it has no meaning to add concepts such as
valence or conduction bands to the energy level diagram because they correspond with the energy
levels of single particle orbitals [37]. Thermal quenching and temperature dependent energy
transfer channels are represented through additional energy surfaces which are at some point
resonant with the initial and �nal many-body state. From this diagram, it is clear that vibronic
interactions cannot be neglected in a correct description of luminescence centres. The curvature
of the energy surfaces in con�gurational coordinate space ensures that the �xed energy di�erence
between the 5D4 and

5D3 multiplets of 0.72 eV is not re�ected in their thermal quenching energy
di�erence of 0.15 eV. Notwithstanding the values of Γ0 are related to the curvature, which is in
reality a highly dimensional tensor, the exact relation between both is unknown and the absolute
numbers of the curvature are inaccessible from modelling through rate equations.
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5 Conclusion

By measuring steady state and decay pro�les as a function of temperature and concentration, a
complete overview of the involved processes in the luminescence of PbWO4:Tb

3+ was obtained
and depicted in Figure 14. Luminescence measurements of undoped PbWO4 revealed a contri-
bution of blue host - related emission from WO2-

4 centres and green defect emission from WO3

centres. Quenching of WO2-
4 centres occurs via a temperature dependent energy transfer to the

WO3 defect centres and non-radiative quenching centres with a thermal energy barrier of 0.26 eV.
Quenching of the green defect emission needs only a thermal energ y of 0.05 eV, however with
a less steep decline. Upon doping with Tb3+, new transfer paths are introduced, based on the
prominent 5DJ emission upon host excitation. At low temperature (75 K), direct energy transfer
from WO2-

4 to neighbouring Tb3+ ions takes place, while transfer to less proximate Tb3+ ions is
characterized by a thermal barrier of 0.1 eV. By contrast, the WO3 centres show only a direct,
temperature independent energy transfer to the 5D4 level of Tb

3+.

From steady state as well as time-resolved measurements, it is clear that temperature independent
cross-relaxation between the di�erent Tb3+ ions induces 5D4 emission upon excitation in the 5D3

level. The fraction of ions taking part in this process could be calculated from the decay pro�les
as a function of Tb3+ concentration, showing a strong increase for higher dopant concentrations.
Quenching of the 5D3 level sets in around 350 K, corresponding with a thermal energy of 0.51 eV,
compared to 400 K and 0.66 eV for the 5D4 level.

The detailed analysis of the temperature dependent luminescence behavior of this particular
material has shown that a multitude of phenomena are at work. A correct description and
reliable extraction of energy di�erences from experimental data requires the identi�cation of all
relevant phenomena and is in general not straightforward, especially if multiple concentrations
are considered. The use of rate equations in describing these phenomena has proven to be
very useful. However, it should be noted that di�erent processes could give rise to the same
di�erential equations and thus no distinction between these di�erent processes can be made
with this method. In order to minimize this ambiguity, it is essential that the complete set of
experimental data, i.e. thermal quenching as well as decay dynamics, and not only one aspect,
is reproduced by the theoretical model, as was demonstrated here.
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Parameters
PbWO4 Tb concentration

pure 1% Tb3+ 2% Tb3+ 5% Tb3+

Γ0 1014 s−1

Γ0d 109 s−1

∆Eh 0.26 eV

∆EdX 0.05 eV

Γh−Tb � 5.1010 s−1

Γ0−Tb � 1010 s−1

Γ4 � 15.103 s−1

Γ3 � 3.103 s−1

Γc � 5.104 s−1

Γ(Cd4) � 2.107 s−1

∆EhTb � 0.1 eV

∆E4X � 0.66 eV

∆E3X � 0.51 eV

Γ(Ch4) � 15.106 s−1 30.106 s−1 45.106 s−1

Γ(Ch3) � 20.106 s−1 40.106 s−1 60.106 s−1

Niso � 0.95 0.85 0.35

Table 1: Obtained parameters from the �t.
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