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A B S T R A C T

Within this work the single crystals of terbium- and europium-activated AxB1-xAlO3 (A=Y, Lu, Gd; B = Lu;
x=0, 0.5, 1) mixed perovskites were grown from the melt by micro-pulling-down method. The Eu3+ and Tb3+

doping ions were chosen intentionally, as they can create in the perovskite host the trapping centers for electrons
and holes, respectively. Luminescent properties of the obtained crystals have been analyzed by cathodo- (CL)
and thermo- (TL) luminescence measurements. The temperature and wavelength resolved TL spectra have been
measured after the samples irradiation with beta particles of 90Sr/90Y source. We have found that the shape of CL
and TL spectra of the studied perovskite crystals is strongly affected by the local surrounding of dopant, de-
pending on the size of cations and cations-ligands distances in the perovskite hosts. It was confirmed that Eu-
activated mixed perovskite crystals practically do not show a measureable TL in the UV-VIS range. In turn, the
measured CL spectra showed a quite strong luminescence of Eu3+ ions in the red range. The measurements
performed for Tb-doped samples showed a significant TL in the UV-VIS spectral range with the most prominent
emission peak below 200 °C. The measured TL spectra showed a typical luminescence of Tb3+ ions in the green
range. For Y–Lu substituted crystals the maximum of TL emission was shifted towards higher temperatures what
is probably correlated with the band gap energy which is greater for LuAlO3 than for YAlO3.

1. Introduction

Perovskite-structured compounds are well-known host materials for
different rare earths (RE) dopants. These materials synthesized by
various techniques were extensively studied recently (Zorenko et al.,
2007; 2008a, b; 2017; Riva et al., 2016; Gorbenko et al., 2018). Ad-
ditionally, perovskite compounds exhibit good luminescence effi-
ciencies when doped by appropriate rare earth ions (Park et al., 2010;
Shilpa et al., 2014; Riva et al., 2016).

The well-known YAlO3 (YAP) single crystals (SC) present favorable
optical properties, good thermal, chemical and mechanical stability.
Apart YAP, also other RE-doped RAlO3 (R=Y, Lu, Gd) perovskites are
now of particular interest, because of a wide range of their potential
applications including laser materials and scintillators. These com-
pounds are good candidates for highly-efficient scintillators thanks to
extremely high densities and effective atomic numbers. Namely, rare
earth doped solid solution of GdAlO3 and LuAlO3 perovskites are

considered now as scintillating screens for microtomography using re-
latively high X-ray energies, due to the possibility of the extension of
their absorption K-edges in the 50–60 keV range (Riva et al., 2016;
Zorenko et al., 2017).

Ce3+-doped YAP and Y1-xLuxAlO3 (x= 0÷1) bulk SCs are well-
known scintillation materials for application in positron emission to-
mography (PET) and are reported to be very efficient and fast scintil-
lators (Globus et al., 2005; Nikl, M., 2006; Sidletskiy et al., 2014).
Moreover, RE-doped single crystalline films (SCF) and thick crystal
plates of YAlO3 and LuAlO3 can be also applied as scintillating screens
for visualization of X-ray images with submicron spatial resolution
(Riva et al., 2016; Gorbenko et al., 2018). Nowadays, producing and
examination of RE-doped mixed oxide (garnets and perovskites) crys-
tals and films constitutes an important new direction in the develop-
ment of scintillators (Sidletskiy et al., 2014). In principle, due to the
variation of the cation content, these materials can exhibit a high light
yield what can significantly improve the energy resolution of
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scintillation detectors. This last point constitutes a hot topic of a current
research project which has been acknowledged at the end of this paper.

Micro-pulling-down (μPD) is a relatively new method of crystal
growth which was proposed for the first time in Fukuda Laboratory in
Sendai, Japan in the mid-nineties of the twentieth century (Fukuda
et al., 2004). In general, the main stage of the method is based on a
pulling of the melted material in downward direction through the
micro-capillary channel performed in the bottom of a specially designed
conductive metal crucible. Gravity is a main driving force delivering the
melted material to the solid/liquid interface which is formed below the
crucible bottom due to the properly established temperature gradient
(Yoshikawa and Chani, 2009). Among the methods of crystal growth
from the melt, the μPD technique shows very substantial advantages.
First of all, it does not require a significant amount of starting material,
namely, less than 1 g of starting material is enough to grow a macro-
scopic crystal. This is a very important feature, especially in the case of
more exotic materials, for which the price per g often exceeds the value
of several hundreds of Euros. Moreover, relatively high pulling rates
allow for obtaining good optical quality crystals in a considerably
shorter time, as compared to the other techniques of crystal growth
from the melt (e.g. Czochralski method). The possibility of shaped
crystal growth also constitutes an important feature, because a com-
plicated mechanical machining, in which a large amount of the as-
grown crystal is lost, is not required. All these properties indicate that
the μPD technique can be considered as a fast and cheap method of high
quality crystals growth, especially suitable for material research and
crystals engineering (Dhanaraj et al., 2010).

The aim of this work is comparative research on luminescent
properties of terbium and europium activated mixed perovskite crystals
obtained by micro-pulling-down method. The host materials are
YAlO3:Eu and YAlO3:Tb perovskites. Partial substitution of Y with Lu
and further Lu with Gd (LuxY1-xAlO3 and GdxLu1-xAlO3, respectively) as
well as a complete substitution of Y with Lu and Gd (LuAlO3 and
GdAlO3) allows for increasing the Z number of the host material and
gives the possibility for improving of the energy transfer from RE based
host cations, especially Gd3+, to the Eu3+ and Tb3+ ions. The ionic
radii of these trivalent ions (for 6-fold coordination) are ranging from
0.85 Å for Lu3+ up to 0.97 Å for Gd3+. That can be reason for creation
of the point defects with different activating energy of charge carrier
escape, responsible for TL signal of the studied materials. Besides that,
it is known that the energy band gap of LuAlO3 is greater than for YAlO3

what can also affect the luminescent properties of the materials
(Zorenko et al., 2008a, b; Zhydachevskyy et al., 2018).

As far as we know, there are no published papers on luminescent
properties of Tb- and Eu-activated mixed perovskite crystals prepared
by μPD method. Therefore, the aim of the work is to check the effect of
partial or overall substitution of Y with Lu and Lu with Gd on lumi-
nescent properties of the obtained crystals. Also the effects of doping
the samples with Eu3+ and Tb3+ are most interesting to compare, be-
cause of the different trapping nature of these ions. Namely, the Eu3+

and Tb3+ ions are considered as typical electrons and holes trapping
centers, respectively.

2. Materials and methods

2.1. Samples preparation

Within this work the terbium- and europium-activated AxB1-xAlO3

(A=Y, Lu, Gd; B = Lu; x= 0, 0.5, 1) mixed perovskite crystals were
grown from the melt by the μPD method at the Institute of Nuclear
Physics Polish Academy of Sciences (IFJ PAN) in Krakow. Starting
materials were prepared from appropriate oxides (Y2O3, Al2O2, Lu2O3

and Gd2O3, 4N purity) taken in the stoichiometric ratios. The oxides
were sufficiently mixed in an agate mortar. The dopant molar con-
centration was 1% with respect to the total molar amount of host ma-
terial. The mixed powders (in the amount of around 2 g) were next

loaded into the Mo crucible, designed with a circular die (ø3.6 mm) at
the bottom. Four layers of the alumina ceramic thermal insulations
were applied to assure an appropriate temperature gradient within the
growth area. The crucible was inductively heated (by the RF coil) up to
the melting point of a given batch material, which is around
1850–2000 °C for most of the studied perovskites. Finally, the melt was
pulled down by pulling-down the Ir seed at the constant rate of
0.25mm/min in the inert gas atmosphere (Ar). The volumetric flow
rate of Ar was around 0.2 l/min. The obtained rod-shape crystals had
around 3.5mm diameter and up to several cm length. For the lumi-
nescence measurements the as-grown rod-shape crystals were cut into
slices of around 1.5mm thickness. All samples have been weighted and
the results were normalized to the samples’ weights.

2.2. CL spectra measurements

The cathodoluminescence spectra were measured over the wave-
length range from 200 to 1200 nm at room temperature (RT) using a
Stellar Net grating spectrometer with spectral resolution of 1 nm. The
samples excitation was performed by 10 keV electron beam from the
electron gun of a SEM JEOL microscope. It should be mentioned here
that such electrons are unable to produce new F, F+ centers or oxygen
vacancies due to a high displacement energy for knock-out mechanism
in binary and complex oxides (Popov et al., 2010).

2.3. TL glow-curves measurements

For thermoluminescence glow-curve measurements an automated
Risø-TL/OSL-DA-20 reader was utilized. The detection system was
equipped with bialkali photomultiplier tube and a set of band pass
filters chosen appropriately to cover the emission range of the studied
samples. The DA-20 reader is also equipped with two radiation sources,
namely 241Am and 90Sr/90Y alpha particles and beta radiation sources,
respectively. Detailed specification of the reader and its performance
was recently described by Bilski et al. (2014). The measurements were
performed from RT to 500 °C at the constant heating rate of 2 °C/s.
During all measurements the volumetric flow rate of argon was around
0.2 l/min. The glow-curves measured for the studied samples were next
analyzed using a dedicated GlowVIEW software (Gieszczyk and Bilski,
2017).

2.4. TL emission spectra measurements

For TL emission spectra measurements a home-made reader
REGULUS has been utilized. This is a newly designed reader in which a
standard photomultiplier tube has been replaced by CCD camera. This
is especially useful for measuring 2D images presenting the samples’
surface and the differences in emission in different parts of the sample.
The measurements were conducted from RT to 500 °C at the constant
heating rate of 2 °C/s. Additionally, the REGULUS reader is coupled
with the Ocean Optics QE pro 00689 spectrometer which allows to
register the TL emission spectra over the wavelength range from 200 to
1000 nm with 4 nm resolution.

3. Results and discussion

3.1. Cathodo- and thermo-luminescence spectra

The luminescence spectra of Tb3+ and Eu3+ doped samples were
investigated by cathodo- (CL) and thermo- (TL) luminescence methods.
The spectra measured for Tb3+ and Eu3+ ions embedded in different
hosts show spectral lines of well characterized electronic transitions for
these ions. These are related to the electronic transitions between the
separated levels of 4f-shell which are shielded from the crystal field by
the 5s- and 5p-electron shells (Carnell et al., 1968; Peacock, R.D., 1975;
Blasse and Grabmaier, 1994). The emission spectrum of Tb3+ and Eu3+
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ions in every examined matrix covers the spectral range from 380 to
690 nm (Tb) and from 580 to 720 nm (Eu). The emission bands of Eu3+

ions in the orange-red range are caused by the electronic transitions
from the lowest excited 5D0 level to 7FJ levels (J= 0–6), which are
related with spin-orbital interaction for Eu3+ ions (Makhov et al., 2009;
Yadav et al., 2013). The emission bands for Tb3+ ions are assigned to
the 5D4 level to 7FJ levels transitions (J= 6–0) in the blue range and
5D3 level to 7FJ=6,5,4 levels transitions in the green range (Blasse and
Grabmaier, 1994). The orthorhombic lattice of RAlO3 (R=Y, Lu, Gd)
perovskites doped with Eu3+ ions does not exhibit an inverse sym-
metry, therefore, the magnetic and electric dipole transitions are al-
lowed in this case (Carnell et al., 1968; Makhov et al., 2009). The TL
and CL spectra measured for all analyzed crystal samples were nor-
malized and shown for Tb3+ and Eu3+ activated samples in Figs. 1 and
3, respectively. Additionally, an enlargement of a low-intensive part of
YAP:Tb emission spectra, showing additional transitions which are not
visible in normal scale, is shown in Fig. 2.

3.1.1. Tb3+ doping
All Tb3+ activated AxB1-xAlO3 (A=Y, Lu, Gd; B = Lu; x= 0, 0.5, 1)

mixed perovskite crystals show very similar TL and CL emission spectra
(Fig. 1). The characteristic emission bands in the visible range corre-
sponds to the 5D4–7FJ=6-0 4f-4f transitions of Tb3+ ions. However, in-
considerable differences between TL and CL spectra can be observed.
Namely, the low intensive 5D3–7FJ=6,5,4 and 5D3–7FJ=2,1,0 transitions
can also be easy distinguished in their CL spectra of all examined ma-
trixes at the multiplication of the spectral parts in the 380–430 nm and
650–690 nm ranges (Fig. 2).

The most intensive peaks at around 543 nm are connected with
magnetic-dipole transition of Tb3+ ions (5D4 – 7F5). The emission line at
489 nm (5D4 – 7F6) is ascribed to the electric-dipole transition of Tb3+

ions, which depends on the symmetry of the local crystal field (Gupta
et al., 2016; Zhang et al., 2007). The weak peaks at about 585, 656,
670, 684 nm are due to the 5D4 – 7F3,2,1,0 transitions of Tb3+ ions, re-
spectively. Because of the fact that electric-dipole transition of Tb3+ is
not so sensitive to the local surrounding of Tb, it can be possible to
obtain conclusive information on the shape of the Tb3+ emission pro-
file. Namely, taking into account that the intensity of emission at
545 nm is stronger than the intensity of emission at 490 nm, the pro-
portion R between and 5D4 – 7F6 and 5D4 – 7F5 lines is systematically
changed from R=0.34 for LuAP through 0.29 for LuYAP to 0.117 for
YAP as well as through 0.118 for LuGdAP to 0.103 for GdAP. This may
suggest that the emission spectrum of LuAP:Tb is most bluish and for
GdAP:Tb is most greenish. The possible reason for such phenomena will
be considered in the separate work.

In Fig. 2 the weak bands in the blue range at around 385, 419,
438 nm are visible in all matrixes under study. As mentioned above,
these bands are related to 5D3 - 7F6,5,4 transitions of Tb3+ ions. The
intensities of these peaks are significantly weaker comparing to the
peak at around 490 nm due to the cross-relaxation transitions between
the 5D3 and 5D4 4f-emitting of Tb3+ ions. Visibility of these peaks
strongly depends on the activator concentration – for low dopant con-
centration the emission below 480 nm becomes visible, but its intensity
decreases gradually with the increase of the Tb3+ concentration (Gupta
et al., 2016).

Fig. 1. Cathodo- (right) and thermo- (left) luminescence spectra measured for Tb activated mixed perovskite crystals investigated within this work.

Fig. 2. An enlargement of a low-intensive part of YAP:Tb emission spectra. The
additional transitions located at the wavelength range from 375 to 450 nm and
from 650 to 700 nm are clearly visible in this scale.
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3.1.2. Eu3+ doping
All crystals of Eu3+ activated AxB1-xAlO3 (A=Y, Lu, Gd; B = Lu;

x= 0, 0.5, 1) mixed perovskites show the TL and CL emission spectra
with characteristic bands in the spectral range from 590 to 710 nm
(Fig. 3). These bands are caused by the 5D0 –7F1,2,3,4 transitions. The
5D0–7F2 and 5D0–7F3 transitions are connected with weak-forced elec-
tric-dipole transitions when the 5D0 – 7F1 and 5D0 – 7F4 transitions
correspond to the magnetic-dipole transitions (Blasse and Grabmaier,
1994). The emission spectra of all materials under study also show the
very surround-sensitive 5D0 –7F1 and 5D0 –7F4 magnetic–dipole emis-
sions.

The CL and TL emission spectra of LuAlO3:Eu and Lu0.5Y0.5AlO3:Eu
crystals shows somewhat different structure with respect to the other
Eu3+ doped perovskite hosts under study. In both TL and CL spectra of
these crystals the main emission bands are peaked at 592 nm and
710 nm, corresponding to the 5D0 – 7F1 and 5D0 – 7F4 magnetic-dipole
transitions. Meanwhile, the other main Eu3+ emission bands, peaked at
615 and 697 nm, corresponding to the 5D0 –7F2 and 5D0–7F3 elec-
trical–dipole transitions, are also observed in both CL and TL emission
spectra of LuAlO3:Eu and Lu0.5Y0.5AlO3:Eu crystals.

In the case of Eu3+ activated YAlO3, Lu0.5Gd0.5AlO3 and GdAlO3

hosts, the 5D0 – 7F1 (615 nm) and 5D0 – 7F4 (697 nm) electrical-dipole
transitions are dominating, but the other less intensive bands, peaked at
around 594 and 711 nm, corresponding to the 5D0 –7F1 and 5D0 – 7F4
magnetic–dipole transitions, respectively, can be also distinguished in
emission spectra of these crystals.

Therefore, the proportion R between intensities of most intensive
592 and 615 nm peaks, connected to the 5D0 – 7F1 and 5D0 – 7F2
magnetic and electric dipole transitions, respectively, is different in
perovskite crystals under study and decrease in the order of LuAlO3

(2.652), Lu0.5Y0.5AlO3 (1.897), YAlO3 (0.880), Lu0.5Gd0.5AlO3 (0.518)
and GdAlO3 (0.461) perovskite hosts. Such a result is in some contra-
diction with the examination data of the single crystalline films based
on Eu3+ doped RAlO3 (R=Y, Lu, Gd, Tb) perovskites (Gorbenko et al.,
2018), where the most intensive 5D0 – 7F1 magnetic-dipole transitions
and R values are observed in YAP:Eu SCF.

3.2. Thermoluminescence glow-curves

The normalized thermoluminescent glow-curves for all mixed per-
ovskite crystals under study are shown in Fig. 4. The influence of
Tb3+and Eu3+doping on the TL properties can be easy evaluated from
this Figure. The influence of different perovskite lattices on the shape of
can be also assessed. From Fig. 4 it is visible that different trapping
nature of Tb3+and Eu3+ions embedded in the studied host lattices
significantly change their glow-curves shape.

From Fig. 4, several TL emission peaks can be distinguished for
Tb3+ activated samples. These TL peaks are located approximately at
120 °C (p1), 185 °C (p2), 250 °C (p3) and 335 °C (p4) in YAlO3,
Lu0.5Y0.5AlO3, LuAlO3, Lu0.5Gd0.5AlO3 and GdAlO3 crystals. The am-
plitude of these emission peaks changes dependently on the host matrix

Fig. 3. Cathodo- (right) and thermo- (left) luminescence spectra measured for Eu activated mixed perovskite crystals investigated within this work.

Fig. 4. Thermoluminescent glow-curves measured for the studied Tb3+ and
Eu3+ activated mixed perovskite crystals.
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(Lu or Gd content in the host matrix). In case of YAP:Tb crystals, the
measured glow-curves are dominated by low-temperature emission
covering the range of p1 and p2. These peaks are correlated with TL
emission at the liberation of electrons from the electronic trapping
centers, as Tb3+ ions are considered as typical hole trapping sites. With
increasing Lu content in Y1-xLuxAlO3:Tb perovskites, to x= 0.5 and 1.0,
the high-temperature TL peaks at p3 and p4 start to be visible. This
effect can be assigned to increasing energy of band gap of perovskite
host. Namely, it is know that the LuAP energy band gap is on 0.2 eV
larger, as compared to YAP host (Zorenko et al., 2008a, b). Meanwhile,
such an effect is not observed for partial or overall substitution of Lu
with Gd ions. The obtained results showed that even a small substitu-
tion of Lu with Gd causes a strong suppression of high-temperature
emission. Namely, for the increasing Gd content in Lu1-xGdxAlO3:Tb
perovskites, to x= 0.5 and 1.0, the high-temperature emission peaks in
the 220–400 °C range are diminished and the glow-curves measured for
Lu0.5Gd0.5AP:Tb and GdAP:Tb crystals are dominated by the peak at
around 160 °C.

For Eu3+ activated AxB1-xAlO3 (A=Y, Lu, Gd; B = Lu; x= 0, 0.5,
1) crystals an opposite behavior is observed. The measured TL glow-
curves are dominated by high-temperature emission peaks. These cor-
respond to the hole trapping centers, as the Eu3+ ions are considered as
typical electron trapping sites. With increasing Lu content in theY1-

xLuxAlO3 perovskite crystals, the position of TL peaks gradually shifts
towards lower temperatures from around 365 °C to around 295 °C (see
Fig. 4 A–C). Following partial and full substitution of Lu3+ by Gd3+

cations leads to the additional shift of the main TL emission to around
235 and around 160 °C in Lu0.5Gd0.5AP and GdAP crystals, respectively,
and diminish of low temperature peaks in the TL glow-curves. It seems
that position of hole trapping centers in the perovskite crystals under
study is strongly influenced also by the decrease of the energy band gap
from the highest value observed for LuAP to the lowest one observed for
GdAP.

The dependence of the emission peaks normalized intensities on the
Lu and Gd content, for Tb3+ activated AxB1-xAlO3 (A=Y, Lu, Gd; B =
Lu; x= 0, 0.5, 1) crystals, is shown in Fig. 5A and B. As it was stated
before, the shift of the main TL emission peaks maxima towards higher
temperature is probably related to increasing band gap energy for Y–Lu
and Gd–Lu substituted samples. The gradual introduction of lutetium
cations into Y1-xLuxAP:Tb and Gd1-xLuxAP:Tb perovskite hosts causes
the gradual expanding of the band gap what is manifested in the shift of
TL peaks towards higher temperatures. In opposite, the main TL peak in
Eu3+ doped Y1-xLuxAP and Gd1-xLuxAP perovskite, related to the hole
trapping centers, shifted towards low temperatures at the increase of
lutetium ions content in Y1-xLuxAP:Eu and Gd1-xLuxAP:Eu, i.e. at the
increase of the band gap of perovskite host. This clearly indicates the
different origin of the TL peaks in Tb3+ and Eu3+ doped perovskite
crystal samples and corresponding with them holes and electrons
trapping centers. These centers can be related to the various types of
defects in the perovskite crystals grown from the melt at high
(> 2000 °C) temperatures, namely the antisite defects and oxygen and
cation vacancies as well as the aggregated centers.

4. Conclusions

We have showed the influence of Tb3+ and Eu3+ trivalent rare-
earth ions on luminescent properties of AxB1-xAlO3 (A=Y, Lu, Gd; B =
Lu; x= 0, 0.5, 1) mixed perovskite crystals grown from the melt by
micro-pulling-down method. The Tb3+ and Eu3+ ions were chosen
intentionally, as they are expected to manifest an opposite trapping
nature (holes and electrons trapping centers, respectively).

CL and TL emission spectra show well-defined electronic transitions
for both Tb3+ and Eu3+ ions. The ratio between intensities of bands,
connected to the characteristic magnetic and electric dipole transitions
of Tb3+ (5D4–7F5 and 5D4–7F6, respectively) and Eu3+ ions (5D0–7F1
and 5D0 –7F2, respectively), is different in perovskite crystals under

Fig. 5. Luminescence signal intensity evaluated for a given emission peak (see Fig. 4) as a function of Lu (A) and Gd (B) content in the host lattice for Tb3+ activated
samples. Shift of the TL maximum emission as a function of Lu (C) Gd (D) content in the host lattice for Eu3+ activated samples.
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study and decrease in the order of LuAlO3→Lu0.5Y0.5AlO3→YAlO3→
Lu0.5Gd0.5AlO3→GdAlO3.

The different trapping nature of the studied ions was strongly
manifested in a shape of the measured glow-curves. For YAP:Tb crystal,
the TL glow-curves were dominated by a low-temperature peak at
around 120 °C, related to the electron trapping center. The introduction
of Lu3+ into Y1-xLuxAP:Tb and Gd1-xLuxAP:Tb perovskites leads to the
increase of the band gap of hosts and results in the shift of the main TL
peaks towards higher temperatures up to 330 °C.

For YAP:Eu crystal, the main TL emission, related to the hole
trapping site, was located at high temperature around 385 °C. In con-
tradiction to Tb3+ doped perovskites, the main TL peaks in Eu3+ doped
crystals shifted towards low temperatures at the increase of Lu content,
due to the increase of the band gap of perovskite host. This indicates the
different nature of the TL peaks in the Tb3+ and Eu3+ doped per-
ovskites and corresponding with them hole and electron trapping cen-
ters, respectively. These centers are probably formed by the different
kinds of defects. Among them, the antisite defects and aggregated with
them oxygen vacancies can be considered firstly as the suitable candi-
dates for the formation of the electron centers. In the case of hole
trapping centers, we can consider the formation of the different kinds of
O− centers around cation vacancies and antisite defects (Schirmer,
2011). The confirmation of the nature of respective electron and hole
centers in rare-earth doped mixed perovskite crystals strongly demands
the additional special investigations using advanced optical methods as
well as the EPR radio-spectroscopy method (Laguta et al., 2013; 2018).
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