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Nanoparticles (5 nm) and nanorods (2 nm × 15 nm and 4 nm × 20 nm) of monoclinic monazite LaPO4:Eu3+
were prepared by reverse micelle and co-precipitation techniques. Eﬀects of the particle size and surface defects
on the intensity of luminescence and the emission spectrum shapes were analyzed by high resolution spectroscopy under laser (266 nm) and X-rays excitation. All synthesized LaPO4:Eu3+ samples showed similar spectral
features with characteristic Eu3+ ions emission bands: 5D0→7F0 centered at 578.4 nm, magnetic-dipole transition 5D0→7F1 at 588–595 nm, electric-dipole transition 5D0→7F2 at 611.5–620.5 nm, 5D0→7F3 at (648–652 nm)
and 5D0→7F4 at (684–702.5 nm), with the most dominant electric-dipole 5D0→7F2 transition. Additionally, the
thermally stimulated luminescence was studied for the most dominant peak at 611.5 nm. It was shown that the
Eu3+ doping creates traps in all samples. Two prominent and well resolved glow peaks at 58.7 K and 172.3 K
were detected for 5 nm nanoparticles, while low-intensity glow-peaks at 212.1 K and 212.2 K were observed in
the X-rays irradiated nanorods. Displayed glows could be attributed to free and bound electrons and holes or to
the recombination of electrons of ionized oxygen vacancies with photogenerated holes. To obtain information
about the processes and speciﬁc defect type it is necessary to carry out additional analysis for all synthesized
samples. The glow curves were analyzed and trap parameters were estimated and discussed throughout the
paper.

1. Introduction
Nowadays, luminescent materials doped with lanthanide ions play
an important role in everyday life due to their unique chemical,
structural and physicochemical properties. They are characterized by
high energy conversion eﬃciency, purity in spectral colors, strong
emission, high thermal stability and conductivity, and could be applied
in optical devices such as scintillators, solid-state lighting, lasers,
cathode ray tubes (CRTs), electroluminescent, ﬁeld emission and ﬂat
panel display devices, chemical and temperature sensors [1–5].
It is well-known, that the defects from the nanoparticles' surface
aﬀect luminescence properties of nanomaterials. The defect luminescence exhibits a strong dependence on the temperature and excitation
wavelength, with some defect emissions observable only at low temperatures and for certain excitation wavelengths [6]. Many diﬀerent
species have been involved, including vacancies, holes, interstitial
oxygen defects and electron traps or self-trapped excitons [7]. High
surface to volume ratio of nanoparticles plays a major role in the
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concentration of ionized oxygen vacancies. Defects can be ionized, by
electron or hole injection under the inﬂuence of X-ray or γ-radiation
[8]. The absorption of X-rays generates a lot of new defects on the
surface, free and bound electrons and holes, which may recombine to
give near-band emission or transfer their energy to luminescence centres thereby inducing defect luminescence. The X-rays create stable
defects, change the luminescence intensity, also spectral distribution.
To inhibit electron-hole recombination the Eu3+ ion was used as an
eﬀective electron trap through importing new energetically favorable
levels [9]. For all listed reasons, a comprehensive study on the fundamental photophysics and synthesis strategies of Eu3+ activated nanoparticles are essential.
Trivalent europium ions (Eu3+) activated inorganic materials are
one of the most important red emitting phosphors [10]. These phosphors exhibit abundant photochemical properties, as low toxicity, high
photostability and sharp emission bands. The enthralling optical
properties of Eu3+ ions derive from f–f transitions between the 4f6
orbitals, which are theoretically parity forbidden and become partially
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allowed due to the small inﬂuence of the crystal ﬁeld [11,12]. The
emission lines of Eu3+ are very sharp which provide noticeable spectroscopic ﬁngerprints for probing the local surrounding symmetry [13].
Also, the optical characteristics of luminescent materials strongly
depend on the properties of the host, kind, concentration and electronic
structure of incorporated ions [14,15]. Lanthanum orthophosphates
(LaPO4) doped with various trivalent lanthanide ions (Ln3+) ions, serve
as both an activator and sensitizer center and represents a signiﬁcant
class of luminescent nanomaterials, suitable for emission of photons in
the UV, visible, and near-infrared (NIR) region. Up to now, LaPO4:Eu3+
nanoparticles have found applications as versatile luminescence labels
for biomedical testing, in vitro and in vivo bioimaging [16], materials
for lighting phosphors and optical ampliﬁcation materials in telecommunication [17], nanoscale electronic and plasma display panels
[18]. Detecting defect related luminescence has been used as a tool for
the characterization of defects in diﬀerent inorganic luminescent materials.
The aim of this work was to investigate the size eﬀect and surface
defects on the spectral distribution of emission of LaPO4:Eu3+ nanoparticles of diﬀerent sizes by analyzing shapes and number of Stark's
components in measured luminescent spectra. The high-resolution
spectroscopy (measured at 10 K) under excitations by ultraviolet
266 nm-laser and X-rays, as well as thermo-stimulated luminescence
technique, were used to study eﬀects of surface defects on the luminescent properties and shapes of spectra.

of 0.05 M aqueous solutions of La(NO3)3 × 6H2O and Eu
(NO3)3 × 6H2O (in concentration ratio of 10 mol% Eu3+ with respect
to La3+ ions) was added drop-wise in a (NH4)2HPO4 solution. A formed
precipitate of LaPO4:Eu3+ was additionally heated and stirred at 70 °C
for 1 h and it was separated from the suspension by centrifugation, and
washed several times with distilled water to adjust the pH value to 7. At
the end, the collected powder of LaPO4:Eu3+ was dried at 70 °C for 20 h
and additionally was annealed at 600 °C for 2 h and these two samples
will be denoted as S2-ap and S3-600, respectively.
2.2. Characterization methods and instrumentation
Powder X-ray diﬀraction (XRD) measurements were performed on a
Rigaku SmartLab diﬀractometer using Cu-Kα1, 2 radiation
(λ = 0.15405 nm). Diﬀraction data were recorded with a step size of
0.01° and a counting time of 1 deg/min over the 2θ range of 10°–90°.
Transmission electron microscopy (TEM) studies were made on a
Tecnai G20 (FEI) operated at an accelerating voltage of 200 kV. For
these measurements, ethanol was used to transfer powder samples to
the grids, and ultrasonic bath to separate agglomerates. An ultrathin
carbon ﬁlm on holey carbon grids (Agar S187-4) were used to promote
measurements of extremely small-size nanoparticles.
Photoluminescent spectra were recorded using Andor Shamrock
B303-I spectrometer utilizing a YAG:Nd laser LCS-DTL-382QT (266 nm,
8 ns) for photoluminescence excitation. The samples were cooled down
using Janis closed cycle refrigerator CCS-100 operating within temperature range ∼ 9–325 K. The Lake Shore 331 Temperature controller
was used for temperature control as well as for sample heating (6 deg/
min) during thermally stimulated luminescence (TSL) measurements up
to 320 K. Luminescence spectra were recorded using Andor Shamrock
B303-I spectrometer. The integration time was set to 1 ms for each
spectrum recording. It is prominent that the ﬁlling of traps under UV
excitation depends on both, the wavelength and temperature, indicating the energy necessary for the migration of charge carriers.
Hence, for successful trap ﬁlling at low temperature, the samples were
irradiated by X-rays (for 1 h). The excitation source was X-ray tube with
W target. The voltage of tube can be varied within 14 kV–35 kV and the
current within 1–15 mA range, thus producing variable X-ray energy
and intensity.

2. Experimental
2.1. Material and methods
The LaPO4:10mol%Eu3+ nanoparticles of diﬀerent sizes and
morphologies were synthesized by reverse micelle and co-precipitation
technique by analogy to the methods presented in our previous paper
[19].
The reverse micelles method: A typical synthesis performed at room
temperature was as it follows: cyclohexane (100 ml), Triton X-100
(60 ml), and n-pentanol (20 ml) and 0.1 M aqueous solution of
(NH4)2HPO4 in a corresponding volume ratio (18:1) were mixed. In the
next step, 0.15 M aqueous solutions of La(NO3)3 × 6H2O and Eu
(NO3)3 × 6H2O (in corresponding concentration ratio, 10 mol% of
Eu3+ ions with respect to La3+ ions) were added into the obtained
mixture under continuous magnetic stirring for 1 h at room temperature
and after 24 h aging, the white colloid dispersion containing reverse
micelles was obtained. The resulting precipitate was separated by
centrifugation, washed by methanol and water and it was dried at 70 °C
in the air for 24 h. Throughout the manuscript, the sample prepared
with the reverse micelle technique will be denoted as S1-M.
The co-precipitation method: An appropriate amount of (NH4)2HPO4
was dissolved in water to obtain 0.05 M solution (pH = 12). A mixture

3. Results and discussion
3.1. Microstructural and structural properties of LaPO4:Eu3+ particles
Morphologies of synthesized LaPO4:10mol%Eu3+ nanoparticles
were studied by TEM and results are given in Fig. 1. Short nanorods of
approximately 2 nm × 15 nm and 4 nm × 20 nm in size are obtained by
reverse micelle and co-precipitation methods, respectively (Fig. 1a and
b), while single spherical particles about 5 nm in size were obtained for

Fig. 1. TEM images of LaPO4:10mol%Eu3+ nanoparticles obtained by two diﬀerent methods: a) reverse micelles; b) co-precipitation (without annealing); c) coprecipitation (with annealing at T = 600 °C).
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Table 1
Sample names, method of synthesis, preparation temperature and obtained
morphology and size of LaPO4:10mol%Eu3+.

Table 2
Structural parameters of LaPO4:10mol% Eu3+ nanoparticles obtained after
Rietveld reﬁnement of XRD data.

Samples
name

Method of
synthesis

Preparation
temperature, T (°C)

Morphology and
size

Parameters

nanorods
(2 × 15 nm)

nanorods
(4 × 20 nm)

nanoparticles
(5 nm)

S1-M

Reverse micelle

70

S2-ap

Co-precipitation
without annealing
Co-precipitation
with annealing

70

Nanorods
2 nm × 15 nm
Nanorods
4 nm × 20 nm
Nanospheres
5 nm

Crystallite size (nm)
a (nm)
b (nm)
c (nm)

2.5
0.6878
0.7070
0.6515

2.7
0.6956
0.7040
0.6498

5.2
0.6845
0.7075
0.6501

S3-600

600

The absence of impurity phases indicates that the dopant Eu3+ ions
were successfully and uniformly incorporated into the LaPO4 matrix
due to the equal valence (+3) and similar ionic radii (a) between
Eu3+(a = 0.103 nm) and La3+ ion (a = 0.115 nm).
Structural parameters of all LaPO4:10mol%Eu3+ samples were derived by the Rietveld reﬁnement of XRD data, and results of the ﬁtting
are summarized in Table 2. Microstrain values range from 0.54 to
0.58% and suggest a good ion ordering in the nanocrystals. The average
crystallite size, obtained from the Rietveld analysis, is in the 2.5–5.2 nm
range, depending on the method of synthesis. The particle sizes assessed
by TEM are similar as crystallite size obtained from XRD measurements
for all nanoparticles, suggesting that each small particle comprises a
single crystallite.
3.2. Luminescent properties of LaPO4:Eu3+ nanoparticles under 266 nmlaser and X-rays excitations at T = 10 K
In this section, we will focus on the detail study of surface defects on
luminescent properties of diﬀerent sized LaPO4:Eu3+ nanoparticles. As
it is already known, the structure of luminescence bands depends on
local symmetry of incorporated ions. Additionally, the size of the
crystallites in the samples is also inﬂuential because it determines the
fraction of atoms, including dopants, at the surface which aﬀect the
luminescence properties of Ln3+ doped nanoparticles. Therefore, it is
important to study the behavior of luminescent dopant ions to better
understand the basic processes in nanomaterials, such as the defects
inﬂuence on the distortions of Eu3+ ions in nanostructures.
The high-resolution spectroscopy (at 10 K) under excitations by ultraviolet 266 nm laser and X-rays, as well as thermo-stimulated luminescence technique, were used to study eﬀects of surface defects on the
luminescent properties and shapes of spectra. Luminescent spectra for
all samples were measured by 3 steps: 1) under laser excitation
(266 nm), 2) under X-ray-induced luminescence, 3) the samples were
irradiated with X-rays in duration of 15 min and once again were
measured under laser excitation (266 nm). Ultraviolet radiation was
eﬃciently absorbed by a transition to the charge transfer state of the
Eu3+–O2–.
For all synthesized samples, after non-radiative relaxation to the
lower 4f levels, emission occurs from the 5DJ (mainly 5D0) to the 7FJ
(J = 0, 1, 2, 3, 4, 5,6) states of Eu3+ ions. Luminescence spectral distributions of Eu3+-doped LaPO4 measured at 10 K are presented at
Figs. 3–5 and the following emission transitions were detected: sensitive forbidden transition with very week intensity, 5D0→7F0 at
578.4 nm, magnetic-dipole transition 5D0→7F1 at (588–595 nm), electric-dipole transition 5D0→7F2 at (611.5–620.5 nm), 5D0→7F3 at
(648–652 nm) and 5D0→7F4 at (684–702.5 nm).
The presence of the sensitive forbidden 5D0→7F0 transition is not so
common, but in our case, it is detected at 578.4 nm. It is well-known
that this transition is strictly forbidden according to the standard
Judd–Ofelt theory and its existence is attributed to the phenomena of
the selection rules breakdown [10]. The induced magnetic-dipole
(5D0→7F0) transition with similar intensity and half width at half
maximum at about 20 cm−1, is observed for all synthesized samples.
The presence of this transition indicates that the Eu3+ion occupies a
site with Cnv, Cn or Cs symmetry [20]. In literature it was found that this

Fig. 2. X-ray diﬀraction patterns of LaPO4:10mol%Eu3+: a) nanorods
(2 nm × 15 nm), b) nanorods (4 nm × 20 nm), c) nanospheres (5 nm) and d)
vertical bars denote the standard data for monoclinic monazite structure of bulk
LaPO4 (ICDD card No. 90001647).

sample annealed at 600 °C (Fig. 1c). Throughout the manuscript, the
samples are denoted as in Table 1.
X-ray diﬀraction patterns of LaPO4:10mol%Eu3+ samples having
particles of diﬀerent sizes are shown in Fig. 2. LaPO4 crystallizes in a
pure monoclinic monazite phase of a space group P121/m1 (ICDD card
No. 90001647). X-ray patterns are characterized with broad diﬀraction
peaks indicating that samples are composed of small crystallite, and
most likely containing an amorphous phase. With preparation temperature increase diﬀraction peaks became narrower and after 600 °C
temperature heat treatment fully crystalline sample has been obtained.
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Fig. 3. Luminescence spectra of S1-M sample at 10 K under: a) laser excitation
(266 nm), b) X-ray excitation, 3) irradiated with X-rays and measured under
laser excitation (266 nm).

Fig. 4. Luminescence spectra of S2-ap sample at T = 10 K under: a) laser excitation (266 nm), b) X-ray excitation, 3) irradiated with X-rays and measured
under laser excitation (266 nm).

transition usually appears at lower temperatures than room temperature with line width from 0.12 cm−1 for EuCl3·6H2O at 4.2 K up to
149 cm−1 in silicate and germanate glasses [21,22].
On Figs. 3–5 are given luminescent spectra at T = 10 K for all three
synthesized samples 1) under laser excitation (266 nm), 2) under X-ray
excitation, 3) the samples were irradiated with X-rays in duration of
15 min and once again photoluminescence intensities were measured
under laser excitation (266 nm). Fig. 3 displays luminescent spectra for
S1-M sample under these three diﬀerent excitations. There are no differences between those three spectra. Fig. 4 shows luminescent spectra

for S2-ap sample under three diﬀerent excitations. The luminescence
spectra under 266 nm and X-ray excitation are distinct indicating the
diﬀerences between electron hole creation and Eu-O ligand excitation.
The spectrum with diﬀerent shapes of peaks for 5D0→7F1 and 5D0→7F4
transitions was observed under X-ray excitation. The absorption of Xrays leads to the generation of many new defect free and bound electrons and holes on the surface, which may recombine to give near-band
emission or transfer their energy to luminescence centres thereby inducing defect luminescence. The X-rays created stable defects, changes
the luminescence intensity and spectral distribution. Fig. 5 presents
42
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of magnetic-dipole 5D0→7F1 transition. The very high intensity of the
D0→7F4 transition was observed in Ca3Sc2Si3O12:Eu3+ sample due to a
distortion of the cubic geometry of the Eu3+ site in this matrix [23].
The intensity of the 5D0→7F4 transition could not be determined only
by symmetry factors, but also by decreased energy loss in excited states
and the chemical composition of the host matrix [10,24,25].
Due to the small diﬀerence between ionic sizes of Eu3+ ion
(0.103 nm) and La3+ ion (0.115 nm), we consider that Eu3+ ions can
occupy La3+ ion sites (C1 symmetry) which gives rise to a characteristic
crystal splitting of the energy levels. It could be noted that the numbers
of Stark's components of a 7F0 term is “1” for all symmetry classes and
point groups and from this term could not be concluded anything about
the change of lattice symmetry [24]. For synthesized nanorods of
2 nm × 15 nm (d × l) (S1-M sample, Fig. 3) the smallest number of
Stark's components of luminescence bands was observed. Numbers of
Stark's components of a 7FJ term are 1, 3, 3, 2, 4, respectively, for J = 0,
1, 2, 3, 4. The 5D0→F1 luminescence band, which is convenient to
follow up the change of lattice symmetry, is split into three Stark's
components (the most evident for the X-ray-induced luminescent
spectrum) which is typical for monoclinic symmetry class [10]. In
comparation to S1-M sample, the splitting structure of luminescence
bands in nanorods (4 × 20 nm (d × l), S2-ap sample, Fig. 4) is the same
for 5D0→7F1 luminescence band, but diﬀerent for other terms. Numbers
of Stark's components of a 7FJ terms are 1, 3, 4, 3, 5, respectively, for
J = 0, 1, 2, 3, 4 for S2-ap sample. The quantity and intensity of Stark's
components for 5 nm nanospheres (S3-600 sample, Fig. 5) is greater
than in the S2-ap sample and numbers of Stark's components of 7FJ
terms are 1, 3, 4, 4, 7, respectively, for J = 0, 1, 2, 3, 4. In all three
synthesized samples, it is easily observed that the splitting of luminescence band corresponding to 5D0→7F1 electronic transition is onto
three Stark's components due to monoclinic symmetry of lattice.
From comparative overview of the luminescence spectra (Figs. 3–5)
of all three synthesized LaPO4: 10mol%Eu samples of diﬀerent sizes
under 266 nm excitation at 10 K it can be concluded that: 1) the most
dominant transition with strongest emission intensity is electric-dipole
5
D0→7F2 transition, 2) diﬀerence in shape, intensity and intensity ratio
was obtained, 3) the most resolved splitting was observed in the sample
S3-600. Further, the luminescent intensity for S3-600 sample is the
highest (in comparation with another samples before normalizing the
spectra), probably because of the quenching caused by presence of
quenching centers, impurities from precursors such as NO3− and OH−
ions, which are eﬀectively reduced at high temperature (T = 600 °C
was used for preparing this sample).
As the optical properties are strongly dependent on particle size, a
particle size distribution is expected to cause inhomogeneous broadening of emission peaks. The emission spectra often exhibit well deﬁned
peaks associated with band-edge luminescence and defects recombination. However, samples with appropriate mixture of bound and
free defects (electrons, holes and vacancies) lead to broadening of
emission spectra due to merging of peaks. Also, these peaks are broadened homogeneously due to particle size distribution; however, detail
quantitative spectral analysis will be our next aim [26].
5

Fig. 5. Luminescence spectra of S3-600 sample at 10 K under: a) laser excitation
(266 nm), b) X-ray excitation, 3) irradiated with X-rays and measured under
laser excitation (266 nm).

3.3. Kinetics and Judd-Ofelt analysis
Judd-Ofelt (JO) parameters provide information about local environment of the Eu3+ ions and can be further used to derive other
useful parameters such as spontaneous emission probability and the
emission quantum eﬃciency of the lanthanide ion.
JO parameters were calculated by the following formula [27]:

luminescent spectra for S3-600 sample under three diﬀerent excitation
conditions. The most dominant transition in the X-ray-induced luminescent spectrum is 5D0→7F1. Also, in this spectrum the diﬀerence in
shapes and intensity of peak from 5D0→7F1, 5D0→7F2 and 5D0→7F4
were observed in comparison with spectra measured for the same
sample under laser excitation at 266 nm. This magnetic-dipole allowed
5
D0–7F1 transition is the most prominent probably due to eﬀects of
phosphate groups in LaPO4 and formed defect as it was mentioned
before. Also, the intensity of luminescent band for induced electric-dipole 5D0→7F4 transition is very high and it is comparable with intensity

Ωλ =

Dmd ν13
9n3
3
2
2
2
e νλ n (n + 2) ΨJ U (λ) Ψ′J ′

2

∫ Iλ (ν ) dν
∫ I1 (ν ) dν

Where Dmd is the magnetic dipole strength 9.6× 10−42 esu2 cm2, e
is elementary charge 4.803 × 10−10 esu, ΨJU (λ) Ψ′J ′ 2 is the squared
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Table 3
Kinetic parameters of LaPO4 samples of diﬀerent sizes irradiated with X-rays,
obtained by using the glow curve shape method (given by Nagabhushana et al.)
[35].
Sample

1-M
S2-ap
S3-600

TSL glow curve

1
1
1
2

Tm (K)

212.17
212.11
58.72
172.28

μg

0.428
0.488
0.663
0.576

Activation energy, Eα (eV)
Eτ

Eδ

Eω

Eave

0.444
0.396
0.071
0.165

0.454
0.419
0.028
0.182

0.451
409 0
0.024
0.175

0.451
0.408
0.041
0.174

reduced matrix element for Eu3+ independent of host and n = 1.85 is
the refractive index of LaPO4 [28].
To determine the electric dipole strength, the following equation
was used:

Ded = e 2

∑

Ωλ ΨJ U (λ) J ′

2

λ = 2,4,6

Fig. 6. X-ray induced TLS spectra of LaPO4:Eu3+ samples with diﬀerent sizes.

The spontaneous emission probability can then be calculated as:

A (ΨJ , Ψ′J ′) =

64π 4ν 3 ⎡ n (n2 + 2)2
Ded + n3Dmd ⎤
⎥
3h (2J + 1) ⎢
9
⎦
⎣

synthesized samples was observed.
Thermo-stimulated luminescence (TSL) process is occurring when
the thermally excited emission of lights follows the previous absorption
of energy from radiation. Generally, experiments of TLS can give useful
information on the diﬀerent type of defects present within crystal
structure, such as: electronic levels, trap depth of electrons and holes,
recombination centres and kinetics their formation. In most materials,
the appearance of defects or impurities is considered essential for
thermoluminescence to occur [32]. In a thermo-stimulated process, the
energy reserved in the crystal is liberated with the emission of light
throughout heating of the irradiated material and the intensity of the
emitted light represented as a function of temperature forms a glow
curve.
The TLS signal was recorded for most dominant peak at 611.5 nm
for all synthetized samples. From Fig. 6 it is clearly observed that the
Eu3+ doping creates shallow traps for S1-M and S2-ap samples and two
deep traps for S3-600 sample which are located at lower temperatures.
The strongest thermo-stimulated luminescence signal was obtained for
S3-600 sample, shown on Fig. 6. Two prominent and well resolved TSL
glows with peaks at 58.7 K and 172.3 K were observed in X-rays irradiated S3-600 sample, while small TSL glows with peak at 212.1 K and
212.2 K were observed in X-rays irradiated S1-M and S2-ap samples,
respectively. These glows could be attributed to free, as well as bound
electrons and holes or to the recombination of electrons of ionized
oxygen vacancies with photogenerated holes [33]. It could be the same
case for all samples, because there is broadening of emission spectra in
all samples which could be assigned to defects, but to obtain speciﬁc
information about type of defects additional investigations are necessary. High surface to volume ratio of this small nanoparticles play a
major role in the concentration of ionized oxygen vacancies [33,34].
For the description of TSL characteristics, for our samples with
diﬀerent nanoparticle size, we calculated the values of kinetic parameters known as trapping parameters. Activation energy of the traps
involved in TSL emission, temperature corresponding to glow peak
maximum (Tm) and symmetry factor (μg) are summarized in Table 3.
To obtain these parameters, the glow curve shape method was used
[35].
TSL intensity T1 and T2 at the low and high temperature side of the
glow peak maximum (Tm) were estimated. Obtained values are used to
determine the widths using following equations: ω = T1 - T2, δ = T2 Tm and τ = Tm - T1 as well as the symmetry factor of the glow-peak μg =
δ/ω. Then, the activation energy Ea was calculated by peak shape
equations using obtained shape parameters τ, δ, and ω [35]. The peak
shape equations can be summarized as:

Where ν is the average transition energy, h is the Planck constant
(6.63 × 10−27 erg s) and 2 J + 1 is the degeneracy of the initial state
5
D0. The total radiative rate AR can be further used to determine nonradiative rate and the emission quantum eﬃciency (see Table 4).
The radiative lifetimes were calculated by ﬁtting a double exponential to the measured decay curves of the samples and then averaged using the following equation:

τavg =

A1 τ12 + A2 τ22
A1 τ1 + A2 τ2

Nonradiative rate ANR and the resulting quantum eﬃciency was
calculated as:

ANR =
η=

1
− AR
τ

AR
(AR + ANR )

It has been indicated that Ω2 parameter is related to symmetry and
the hypersensitive transitions while Ω4 is thought to capture long-range
eﬀects and electronic density surrounding the rare-earth site [29,30].
Ω2 < Ω4 indicates that Eu3+ ions are in a symmetric environment,
which is thought to be plausible due to the ions occupying La3+ sites
and therefore not causing any charge imbalances [30]. The increase in
Ω2 also indicates an increase in covalency which is the highest for
sample S3-600.
With the increase of Ω2 Eu3+ surroundings are assumed to become
more asymmetric and therefore resulting in an increase in intensity of
the electric-dipole transition 5D0→7F2 [29,31].
3.4. Thermally stimulated emission
Additionally, the thermo-stimulated luminescence on all three
Table 4
Ω2, Ω4 JO parameters, experimental decay lifetimes (τ) for 5D0→7F2, radiative
transition rates (AR), nonradiative rates (ANR), emission quantum eﬃciency (η).

S1-M
S2-ap
S3-600

Ω2 (×10−20
cm2)

Ω4 (×10−20
cm2)

τ, ms

AR (s−1)

ANR (s−1)

η, %

2.65
2.25
2.72

2.52
3.18
2.85

2.1
2.0
3.7

129
128
132

363
341
138

26.2
27.3
48.8
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Where k is the Boltzmann constant (8.6 × 10−5 eV K−1), "α" could be τ,
δ or ω and cα will be given as:
cτ = 1.51 + 3.0 (μg − 0.42), bτ = 1.58 + 4.2 (μg − 0.42)
cδ = 0.976 + 7.3 (μg − 0.42), bδ = 0
cω = 2.52 + 10.2 (μg − 0.42), bω = 1
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The values of Eα for LaPO4:Eu3+ samples, obtained by three different synthetic routes, are given in Table 3. From the calculated values,
it is obvious that a considerable amount of re-trapping takes place in all
samples. It is believed that there are some deep and shallow traps and
for this reason there could be re-trapping of the electrons at deep traps
(for S3-600 sample) going to upper shallow traps by stimulation due to
thermal energy. The traps could be electron traps or hole traps or of
both kinds [36]. However, it should be mentioned that at this point it is
required to perform more detailed investigations using other methods
to understand TLS mechanism and obtain some useful insights to assist
in the interpretation of experimentally observed thermo-stimulated
light emission of LaPO4:Eu3+.
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attributed to free and bound electrons and holes or to the recombination of electrons of ionized oxygen vacancies with photogenerated
holes. However, it should be mentioned that at this point it is required
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