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Luminescent Spectroscopy of the Yb3+ Ions
in the PbWO4 Crystal
O. Chukova∗ and S.G. Nedilko
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Luminescent properties of the PbWO4 crystals undoped and doped with the Yb3+ ions were studied. Emission
spectra of the crystals consist of broadband matrix emission in 350–750 nm spectral range and narrow spectral
lines caused by inner electron transitions in the impurity Yb3+ ions in 920–1040 nm spectral range. Analysis
of the linear spectra has shown that Yb3+ ions form two types of emission centres. Structures of these centers
are discussed taking into account possibility of the impurity ions incorporation in different positions (Pb and W
sites) in the crystal lattice. Effects of the Yb3+ impurities on matrix emission were studied. Transfer of excitation
energy from matrix to the Yb3+ decreases intensity of the red band of matrix emission. The Yb3+ impurities also
increase intensity of the blue band by formation of additional Yb3+-induced channel of excitation of this band.
The described effects of Yb3+ doping on properties of matrix emission are caused by the Yb3+ ions arranged in
Pb positions.
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1. Introduction

Family of tungstate crystals brings one of the largest
sets of luminescent materials in the technique of high
energy particles registration and in the technique of to-
mography devices (PbWO4, CdWO4, CaWO4) [1–3].
Single crystal tungstates are now applied in the tech-
nique of laser radiation frequency shifting using the Ra-
man scattering stimulation (CaWO4, BaWO4, SrWO4,
PbWO4) [4–7]. Tungstate compounds are also success-
fully used in many others research and technology areas.
Therefore, development of their characteristics is impor-
tant task for mentioned applications [8–10]. The main
method used for achievement of the tungstates crystals
optimal operation performance is their doping with im-
purity ions, especially with rare earth (RE) ions, and an-
nealing of the grown crystals in various atmospheres, e.g.
oxygen, argon, air [11–14]. Therefore, knowledge about
luminescence mechanisms and excitation energy transfer
between the RE impurity centers and matrix is very im-
portant. Properties of the PbWO4 (PWO) crystals and
of the PWO nanoparticles doped with various RE3+ ions
were intensively studied previously. Especially, it con-
cerns Eu3+, Pr3+, Tb3+, Nd3+ impurities [15–18]. The
luminescence properties of Yb3+ ions doped PWO were
previously reported only episodically and poorly [5, 19–
21]. In this work, we carry out study of luminescence
properties of the Yb3+ ions impurity in the PWO ma-
trix and investigate mutual correlations in behaviour of
matrix and impurity emission.

The Yb3+ ions were chosen at this study for two rea-
sons: their spectra do not overlap with matrix emission
and these ions are actual for such tungstate applications

∗corresponding author; e-mail: chukova@univ.kiev.ua

as laser crystals and luminescent converters of solar light.
Luminescence properties of the Yb3+ ions in PWO crys-
tals were briefly reported previously in the papers de-
voted to study of various RE3+ ions influence on proper-
ties of the PWO emission [19, 20]. Effects of annealing on
absorption and X-rays luminescence spectra of the Yb3+-
doped PWO crystals were considered in [5, 21]. These pa-
pers reported also excited at 940 nm and at room temper-
ature the Yb3+ emission spectra which consist of a broad
band from 950 to 1100 nm with a maximum at 1003 nm
and a narrow peak at 978 nm. It was supposed that Yb3+
ions occupy the Pb2+ sites and induce an positive excess
charge +1 into the crystal, which is compensated by Pb
vacancies (two Yb3+ ions at two Pb2+ sites on one Pb va-
cancy). Other results showed the formation of two types
emission centers for other RE3+ ions in PWO crystals,
e.g, Nd3+, Eu3+, Gd3+, Tb3+ [18, 22–24]. Noted discrep-
ancy maybe related with some peculiarities of the Yb3+
incorporation into PWO lattice. Besides, a lack of exper-
imental data could be an origin of this discrepancy, too,
taking into account that only room temperature emis-
sion spectra were reported for the IR range [5, 20, 21].
Therefore, the first goal of this paper is to clarify a num-
ber of the Yb3+ emission centers in the PWO crystals
using low temperature study of IR luminescence. Identi-
fication of possible correlations between manifestation of
the PWO matrix luminescence and behavior of the Yb3+
impurity luminescence in this matrix is the second goal
of this paper.

2. Experiment

The lead tungstate crystals were grown by the
Czochralski method using the Crystal-617 equipment at
Physics Faculty of the Ivan Franko National University
of Lviv, Ukraine. The blend was synthesized from lead,
tungsten and corresponding RE oxides. The impurity
concentrations in the blend were 5 × 10−2 wt%. The
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rectangular 5 × 10 × 10 mm3 bricks used for the study
were cut from the central part of a crystal bulk. The
samples studied in this work were not annealed in any
specific atmosphere.

Luminescent measurements under UV excitation were
carried out using synchrotron radiation at SUPERLUMI
station at HASYLAB, Hamburg, Germany as it was de-
scribed in [25, 26]. Excitation spectra of the IR lumines-
cence were measured at R&D Laboratory “Spectroscopy
of condensed state of matter” (Physics Faculty of the
Taras Shevchenko National University of Kyiv) using ra-
diation of power xenon lamp [27]. Excitation spectra
were corrected on spectra of etalon sodium salicylate.
Luminescence spectra were corrected for spectral sensi-
tivity of the registering equipment.

3. Results
Emission spectra of the Yb3+-doped PWO crystal at

10 K contain wide bands in 350–750 nm spectral range
and narrow bands in the 970–1040 nm range (Fig. 1).
Maxima of the wide band spectra at the short wavelength
excitations (200–300 nm) are located at 445 nm (Fig. 1).
Weak component with maximum at about 570 nm forms
long wavelength tail of the spectra at those excitations.
The spectra obtained at the long wavelength excitations
(309–340 nm) have maxima at 510 nm (Fig. 1). The 970–
1030 nm band is only observed for the Yb3+-doped crys-
tals at all applied excitations, but its relative contribution
strongly depends on excitation wavelength (Fig. 1).

Fig. 1. Luminescence spectra of matrix and Yb3+

emission of the Yb3+-doped PWO crystals at 10 K and
various excitations, dslits = 2 mm.

Experiments carried out with fine spectral slits of spec-
trometers (dslits) revealed that the IR band consists of at
least 8 narrow spectral lines (Fig. 2a). These lines can be
divided on two types by dependence of their relative in-
tensity on excitation wave length. We assigned the group
of more intensive lines (978, 997, 999.5, and 1023 nm) to
the first type of emission. These lines are intensive in the
spectra obtained at the long wavelength excitations (300–
340 nm). Their intensities significantly fall down at exci-
tations with λex <300 nm, whereas intensity of the rest

lines does not depend on excitation wavelength. These
lines have been assigned to the second type of emission.
Noted that distinctive raise of intensity of the first type
of lines correlates with the shift of maximum position of
the wide band of visible emission from 445–455 nm, if
λex <300 nm, to 510 nm, if λex = 309 nm.

Fig. 2. Emission spectra of the Yb3+ ions in the PWO
crystals in the range of f–f radiation transitions, at 8 K
(a) and RT (b) λex = 175 (1), 270 (2), 300 (3), 309 (4),
321 (5), 334 (6) nm, dslits = 0.2 mm.

At room temperature, IR emission was observed in the
920–1040 nm spectral range (Fig. 2b). The spectra mea-
sured under various excitations are the same. They have
only weakly resolved structure. Compared to the low
temperature spectra, the IR emission at room tempera-
ture has additional band at about 940 nm (this band is
marked by arrow in Fig. 2b).

Excitation spectra of the wide band emission have the
sharp long wavelength edge and the sharp peak at near
296 nm; wide asymmetric bands in 150–220 and 220–
290 nm spectral ranges and weak band in the 300–330 nm
spectral range with maximum at about 320 nm. Excita-
tion spectra of the IR emission (λem = 990 nm) in the
used spectral range contain two bands with maxima at
≈ 235 and 305 nm. Shape of the latter band has com-
plex character that evidences presence of at least two
components at 305 and at about 320 nm (Fig. 3). Re-
flectance spectrum of the Yb3+-doped PWO crystal con-
sists of three bands in 150–270, 270–310, and 310–340 nm
spectral ranges with maxima near 235, 292, and 315 nm,
respectively (Fig. 3, curve 5). The most intensive 270–
310 nm band is characterized by sharp long wave length
edge and two shoulders at 282 and 296 nm.

4. Discussion

4.1. Impurity emission
The observed spectra of linear emission of the Yb3+-

doped PWO crystal in the 970–1040 nm range is caused
by f–f transitions in the Yb3+ ions. This range belongs
to the 2F5/2 →2 F7/2 transitions [28–30]. The 2F7/2 level
in crystal field splits into 4 Stark components maximally.
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Fig. 3. Excitation (1–4) and reflectance (5) spectra of
the un-doped (1) and Yb3+-doped (2–5) PWO crystals
at 10 K, λem = 400 (1, 2), 990 (3), 570 (4) nm and
difference (6) between spectra 2 and 1 I(6) = I(2)−I(1).

Observed for the crystals under study 8 spectral com-
ponents can be easily divided into two groups of lines
marked by different arrows in Fig. 2, and listed in Table I.
Transitions from higher sub-levels of the 2F5/2 manifold
are not expected at 10 K. Usually, they are located at
spectral ranges of higher energies: the nearest transition
from higher level is expected at ≈ 920–940 nm [29, 30].
We have observed a weak band corresponding to the
noted transition only in the spectra measured at room
temperature (marked by an arrow in Fig. 2b).

TABLE I

Peak positions of Stark splitting components in the PL
spectra of the PbWO4–Yb3+ crystals

Peak positions
Types of the centres

λ [nm] E [cm−1]
973.5 10270 II
978 10225 I
989 10110 II
994 10060 II
997 10030 I
999.5 10005 I
1006 9940 II
1023 9775 I

We assign the observed at 10 K two groups of lines to
different types of emission centers formed by the impurity

Yb3+ ions in the PWO crystal lattice (Fig. 4, Table I).
According to Fig. 2, these centers have quite different
intensity of emission. The II type of centers is character-
ized by intensity of luminescence by more than 10 times
lower compared to the I type of centers (Fig. 2a). The
observed significant differences between spectral proper-
ties of two types of centers formed by the Yb3+ ions are
explained by different ways of the impurity ions incorpo-
ration into PWO crystal lattice. There are Yb3+ sub-
stitutions for Pb and W sites for the I and II type of
centers, respectively. Possibility of such incorporation
was shown previously for the PWO crystals doped with
other RE3+ ions [13, 18, 31, 32]. Besides, it should be
noted that probability of the RE ions arrangement in the
tungsten sites is essentially lower than in the lead sites
of PWO matrix. Therefore, concentration of the II types
centers is smaller by tens times than concentration of the
II types centers. This results in a lower emission inten-
sity of the II type of centers compared to I type of centers
(Fig. 2a). Moreover, these two types of centers possess
different symmetry of the RE3+ ions (Cs andD2 for I and
II types, respectively) and impact of the crystal field. For
example, the action of crystal field on impurity RE ions
is higher for the II type of centers due to great difference
between ionic radii of tungsten and impurity ions) [22].
Different symmetry and crystal field strength result in
different energy distribution of the lines corresponded to
I and II types of the centers (Fig. 4).

Fig. 4. Scheme of electron transitions responsible for
the Yb3+ emission in the Yb3+-doped PWO crystals.
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4.2. Matrix emission

The observed wide bands in the 350–750 nm spec-
tral range belong to matrix emission of the PWO crys-
tals. This emission is complex and consists of strongly
overlapping wide bands (Fig. 1). In particular, there
are well known blue, green and orange-red lumines-
cence bands, those have excitonic nature (blue and green
bands) or caused by electron transition in defect local
centers (orange-red bands) [32–36]. Relative contribu-
tions of these bands in the total spectra depend on exci-
tation wavelength that leads to redistribution of shapes
and maxima positions of the spectra measured at differ-
ent excitations [36–39].

Matrix emission spectra of the RE3+-doped crystals
are shifted to the blue side compared with the spectra of
un-doped crystal [38]. Taking into account well-known
complex multi band character of the PWO matrix emis-
sion, we have considered that observed shift is caused by
different contributions of various bands in the spectra of
the doped and un-doped crystals. We have shown in our
previous works that all emission spectra of the un-doped
and RE-doped PWO crystals can be quite described with
sum of several wide bands those are the same for various
crystals [32, 38]. It was shown that relative contribu-
tions of the blue band in the total spectra are strongly
increased for the RE3+-doped crystals compared with the
un-doped PWO crystals whereas the red band is more in-
tensive in the spectra of the un-doped PWO crystals [38].
Effect of the RE ions on the blue emission can be a result
of formation by the RE impurities of additional channel
of energy transfer for creation of excitons or a result of
common effect of the RE impurities on energy structure
of the host lattice [32]. As for effects of the RE impuri-
ties on the PWO lattice structure, we should note that
RE doping decreases content of oxygen vacancies [39–41]
and increases in such a way contribution of the regular
WO2−

4 groups, where the blue emission arises. The ob-
served suppression of the red band in the Yb3+-doped
PWO crystals agrees with conclusion made previously
that red emission is connected with lead vacancies [35],
because the impurity RE ions significantly decrease con-
tent of the lead vacancies in the PWO crystal lattice.

4.3. Excitation

The excitation spectra of matrix emission can be di-
vided on three spectral ranges those belong to different
types of transitions. There are 150–270 nm range of ma-
trix transitions containing wide spectral bands with two
main maxima at about 180 and 270 nm; 270–308 nm
range of exciton transitions containing sharp peaks at
303, 296, and 282 nm; 300–340 nm range of transitions in
defects of the PWO matrix containing bands maximum
at 320 nm [31–35]. Doping with the Yb3+ ions causes
changes in the shapes of these bands. Difference between
excitation spectra of matrix emission for the Yb3+-doped
and un-doped crystals is shown in Fig. 3, curve 6.

We noted above that there are two types of the Yb3+
emission centers, when the Yb3+ ions are located in the

Pb and W positions, I and II types, respectively. Sig-
nificant difference in neighbor surrounding of the Yb3+
centers must affect luminescence excitation processes. It
is easy to see from Fig. 2a that emission of II type centers
is better excited from the 150–270 nm spectral range,
whereas emission of the I type centers is worse excited
from this spectral range. We suppose that excitation en-
ergy absorbed in this range is mainly realized in the ma-
trix emission (blue band) and the I type centers are char-
acterized by higher efficiency of excitation energy transfer
from 150–270 nm spectral range to the matrix.

On the other hand, the most intensive excitation band
of the red matrix emission is located at the same range
that most intensive excitation band of the Yb3+ IR emis-
sion (300–340 nm). This excitation band lies on absorp-
tion edge of the PWO matrix and corresponds to range of
defect transitions (Fig. 3, curve 5). It is easy to see from
Fig. 3 that behavior of curve 6 repeats main features of
curve 4 that presents excitation spectra of the red band of
matrix emission. As it was reported previously, relative
intensity of the 309–334 nm excitation band is strongly
decreased in the spectra of the RE3+-doped crystals [32].
Its decrease correlates with suppression of the emission
band at 635 nm in the Yb3+-doped crystals [38]. At the
same time, strong emission of the I type of Yb3+ centers
(Figs. 1, 2, curves 4, 5) is excited in this range. Thus,
we assume that excitation energy absorbed by matrix
from the 309–334 nm band is realized within IR f–f in-
trinsic emission of the Yb3+ centres (I type centres with
the Yb3+ ions in the Pb positions) that is followed by
decrease of relative intensity of the red band of matrix
emission (635 nm) in the Yb3+-doped PWO crystals.

The observed enhancement of the blue luminescence
band as well as decrease of the red band are desirable for
scintillation applications of the PWO crystals. We have
shown in this paper that both the desirable effects of the
Yb3+ doping on the PWO matrix emission are caused
by the Yb3+ ions in the Pb positions. The RE3+ ions in
the W positions in the PWO crystals are usually observed
with increase of the RE impurities concentrations [13, 22–
24]. Therefore, the RE ions (e.g., Yb3+ ions) positive ef-
fect on luminescence characteristics of the lead tungstate
scintillators is expected to fall down at higher concentra-
tions of RE impurity.

5. Conclusions
Luminescence properties of the Yb3+-doped PWO

crystals were studied.
Intrinsic f–f emission of two types of the Yb3+ centres

was observed in the spectra of the Yb3+-doped crystals.
These centres are formed by the impurity RE ions in-
corporated in different positions (Pb and W sites) in the
PWO crystal lattice.

The Yb3+ impurities influence relative intensities of
the bands contributed to matrix emission. Increase of the
blue band intensity is the main effect. It is supposed that
first effect is caused by formation of additional Yb3+-
induced channel of excitons creation. Transfer of exci-
tation energy from matrix to the Yb3+ emission centres



922 O. Chukova, S.G. Nedilko

occurs in the 309–334 nm excitation range. This effect
decreases intensity of the red band of matrix emission.
The described influence of Yb3+ doping on the PWO
matrix emission are caused by the Yb3+ ions arranged in
Pb positions.
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