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c Fraunhofer-Einrichtung für Wertstoffkreisläufe und Ressourcenstrategie IWKS, Aschaffenburgerstrasse 121, 63457, Hanau, Germany 
d LumiNova AG, Switzerland, Speicherstrasse 60a, Teufen, CH-9053, Switzerland   
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A B S T R A C T   

We have measured room temperature and low temperature luminescence spectra of Eu3+ in SrAl2O4:Eu3+/2+. 
The powder samples were synthesized in reducing atmosphere above 1200 ◦C, cooled down to room temperature 
in the same atmosphere, and heated again to 750 ◦C in air. The analysis of the emission spectra of Eu3+ showed 
the presence of multiple sites for this ion, revealing that many different charge compensating defects are located 
in close vicinity to the europium ions. These defects can be positioned in each of the two void sites identified in 
the crystal structure of SrAl2O4. Lifetime measurements reveal the presence of very short-lived excited Eu3+

species with lifetimes around 0.7 μs, in addition to species with lifetimes around 1.6 ms. These very short life-
times are postulated to be related to intervalence charge transfer with few remaining divalent Eu2+ ions which 
had not been oxidized by the thermal treatment in air. This type of intervalence charge transfer between divalent 
to the trivalent rare earth ion could be crucially associated to processes involved in the afterglow of the persistent 
phosphor SrAl2O4:Eu2+,Dy3+.   

1. Introduction 

Persistent luminescence [1–7] and optically stimulated lumines-
cence phosphors [8] require the trapping of excitations which are sub-
sequently released either thermally or under optical irraditation. 
SrAl2O4 co-doped with Eu2+ and Dy3+ is an excellent persistent phos-
phor, and numerous papers have been devoted to elucidate the origin of 
the persistent luminescence in this material [1–4]. It has been shown 
previously [1–6] that the co-doping with Dy3+ improves dramatically 
the afterglow performance. Very recently, Joos et al. [6] demonstrated 
that Dy3+ acts as an electron trap in these persistent phosphors and gets 
reduced to Dy2+. Considering the ionic radii, it is generally assumed that 
Dy3+ replaces Sr2+ in SrAl2O4. There are 2 different sites for Sr in 
SrAl2O4 [9], but there can also be charge compensating defects in the 
close vicinity of the trivalent rare earth ion, which thus lead to a variety 
of different surroundings. In a previous study, we have addressed the 
luminescence of SrAl2O4 doped only with Dy3+ in the absence or pres-
ence of boron [10]. This study revealed the presence of defects and 
confirmed indeed that there are more than 2 different surroundings 
observed for Dy3+ in SrAl2O4. Further, local distortions in the presence 

of boron could be observed. 
In this work, we address the luminescent behavior of Eu3+ in SrAl2O4 

in detail. The europium-doped strontium aluminate persistent phos-
phors are typically prepared using the trivalent Eu3+ as dopant which is 
then reduced at high temperatures (above 1100 ◦C) in a forming gas 
atmosphere. This process can leave some unreduced Eu3+ which can also 
act as electron trap for the excited Eu2+ ions in a similar way as Dy3+

does. In order to elucidate the local structures of Eu3+ in SrAl2O4, we 
have oxidized SrAl2O4:Eu2+ samples (prepared previously above 
1200 ◦C in reducing atmosphere) by heating them in air up to 750 ◦C. 
This temperature is just above the temperature of the phase transition 
from the monoclinic to the hexagonal structure [11]. In addition, high 
temperature conductivity measurements have been reported for SrAl2O4 
[12]. At 1000 ◦C, the conductivity is approximately equal to 106 S/cm 
with an activation energy of ca 150 kJ/mol (700–1000 ◦C). Hence, at 
750 ◦C the mobility of oxygen ions in strontium aluminates is negligible 
and the Eu3+ ions may be in a “frozen” environment which corresponds 
to the environment of Eu2+ after charge transfer to Dy3+ in the afterglow 
process. 

The emission properties of Eu3+ have been extensively studied [13], 
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as the intense red intra-configurational 5D0 →7FJ transitions allow to 
probe the local symmetry experienced by the Eu3+ ion in the host 
material. 

2. Background 

The doping of SA with Eu3+ has been studied experimentally and 
theoretically by dos Santos et al. [14]. These authors considered theo-
retically the following substitution reactions: 

Substitution at the Al site: 

1
2

Eu2O3 +AlAl→EuAl +
1
2

Al2O3 

Substitution at the Sr site (compensation by Sr vacancy): 

Eu2O3 + 3SrSr →
(
2Eu⋅

Sr − V˝
Sr

)
+ 3SrO 

Substitution at the Sr site (compensation by Sr2+/Al3+ substitution). 
Substitution at the Sr site (compensation by O2− interstitial): 

Eu2O3 + 2SrSr →
(
2Eu⋅

Sr − O′

i

)
+ 2SrO 

Substitution at the Sr site (compensation by Al3+ vacancy). 
The lowest-energy charge compensation mechanism involves sub-

stitution at the Sr site with oxygen interstitial compensation. The au-
thors calculated for this process 6 situations with two Eu ions located in 
2 of the 4 Sr sites of the unit cell. The extensive literature for rare-earth 
doped CaF2 supports this result, as tetragonal and trigonal charge 
compensations with interstitial fluoride ions are commonly observed 
[15,16]. We have explored this situation further as follows: 

The analysis of the crystal structure of SrAl2O4 reported in Ref. [9] 
shows that there are two different voids labelled V1 and V2. There are 
three voids (V1) located at 294.6, 297.2 and 308.1 pm from the stron-
tium atom on site 2, and three voids (V2) located at 278.0,279.8 and 
333.8 pm from the strontium atom on site 1. The fractional coordinates 
are (− 0.019, 0.163, 0.682) and (0.506, 0.315, 0.313) for V1 and V2 
respectively. 

If strontium is replaced by a trivalent ion such as Eu3+ and Dy3+, the 
excess positive charge can be compensated by a negative charge located 
in these voids. This excess charge can be for instance a single electron (F- 
center), or an interstitial OH− , O− , or O2− (which would compensated 
the charge of two trivalent ions). The presence of an interstitial 
compensation negative ion/charge on these void sites is expected to 
have a strong impact on the crystal field of the dopant trivalent rare 
earth ion, as it adds formally a ligand into the coordination sphere. 

3. Experimental 

Eu(II) doped SrAl2O4 was prepared by high temperature solid state 
reaction starting from Al2O3, SrCO3 and a rare earth oxide [17], 
including high temperature annealing in a reducing atmosphere for 4 h. 
The phase purity was checked using X-ray powder diffraction (a PAN-
alytical X’Pert PRO θ-2θ scan system with a Johansson monochromator 
and an X’Celerator linear detector) and revealed no secondary phase for 
the Eu(II)-doped sample. Heating these samples (prepared without 
boron oxide) to 750 ◦C in air leads to the oxidation of Eu(II) and their 
color turns from yellow to white. 

Emission spectra of Europium (III/II) doped SrAl2O4 were measured 
at room temperature and 11 K with a FT-Spectrometer (Bruker, IFS66v/ 
S), excited with a quadrupled Nd:YAG Laser (266 nm) with 10 mW 
output power. Further emission spectra were acquired at 3 K with a 
home-made setup. The light source was a Quantel Q-switched Nd:YAG 
Laser with a repetitions rate of 10 Hz connected to an OPO which allows 
to finely tune the excitation wavelength. The luminescence was detected 
with a SPEX 270MX monochromator equipped with a CCD camera. The 
sample was cooled using a Janis closed cycle cryostat. Lifetimes at 3 K 
were measured using a gated CCD camera (Andor, i-star). Excitation 

spectra were acquired at 8 K using a Jobin Yvon 3–22 Fluorolog in-
strument equipped with a second Janis closed cycle cryostat for low 
temperature experiments. 

4. Results and discussion 

As noted previously [17] SrAl2O4:Eu2+ samples co-doped with boron 
did not show significant oxidation of the Europium ions upon heating in 
air to 750 ◦C, i.e. above the monoclinic to hexagonal phase transition in 
SrAl2O4 [11]. This behavior may be associated to the improved crys-
tallization of the boron-doped samples. In Ref. [17], the crystallite size 
of boron-doped SrAl2O4 (as estimated from the Scherrer equation) was 
about twice the size compared to samples without boron prepared with 
the same reaction protocol. Fig. 2 compares the room temperature 
emission spectra (excited at 463 nm) of SrAl2O4:Eu2+ (in blue) and 
SrAl2O4:Eu2+,B3+ (in red) samples which were heated in air to 750 ◦C. 
The boron containing sample still presents a strong Eu2+ emission at 
520 nm under this excitation which is at the very edge of the Eu2+ ab-
sorption band [18,19], while it is completely suppressed for the sample 
without boron under these conditions (blue trace in Fig. 2). Several lines 
corresponding to the Eu3+ emission are seen for both samples. 

It is important to note that the sample without boron still contains 
some Eu2+ after the heat treatment in air. An emission spectrum excited 
at 362 nm (where Eu2+ absorbs strongly [18,19]) shows the Eu2+

emission at 520 nm (Figure S1), however its intensity is similar to the 
intensity of the Eu3+ emission bands. Considering that the absorption for 
Eu2+ is a f-d transition, in contrast to Eu3+ which is excited by a 
forbidden f-f absorption, it appears that the relative concentration 
Eu2+/Eu3+ is very small (less than 1% considering the emission lifetimes 
of about 1 μs for Eu2+ [17] and 1 ms for Eu3+ (see below). SrAl2O4 ce-
ramics with nominal composition Sr(1-x-y)Al1.94B0.06O4:Eux,Dyy (x =
0.001, 0.01, y = 0.001, 0.005, 0.01) were prepared in with the laser 
sintering technique using a CO2 laser [20]. These samples showed under 
365 nm the typical Eu2+ emission at 512 nm, and under 280 nm exci-
tation additionally weak bands around 610 nm from the 5D0-7F2 emis-
sion of Eu3+ [20]. The ratio between Eu2+ and Eu3+ can be quantified 
using XANES measurements around the Eu LIII edge. XANES measure-
ments by Dutczak et al. [21] show the typical Eu2+ peaks at 6973.9 eV 
for SrAl2O4 and 6973.9 eV for Sr4Al14O25 prepared with 5%H2:95%N2, 
but only a very weak signal at about 7–8 eV higher energy which would 
be typical for Eu3+. The XANES data reported in Ref. [20] for the laser 
annealed sample showed in contrast a shoulder at around 6974 eV for 
Eu2+ and a strong peak at 6983 eV for Eu3+. In our case the situation is 
similar to these laser annealed samples since upon heating in air, the 
powders changed from yellow to white, i.e. the intensity of the f-d ab-
sorptions of Eu2+ was strongly reduced. Further, as shown in the paper, 
the emission lifetimes are typically in the range of ms, so no significant 
quenching due to non-radiative intervalence charge transfer (IVCT) 
transitions as reported in Ref. [22] takes place. 

Fig. 3 together with Figures S2 and S3 present the low temperature 
excitation and emission spectrum of Eu3+ in SrAl2O4 which show the 
typical sharp bands expected for Eu3+ (5D2 21,500, 5L6 25,400, 5G6 
26′700, 5H6 31′500 cm− 1). 

In the far UV region, a broad band is observed around 250 nm in the 
excitation spectrum. This has been assigned previously to an oxygen to 
europium charge transfer band [23]. The position of this band is also a 
measure of the separation between the valence band and the funda-
mental level of Eu2+ in SrAl2O4 [24]. Around 578 nm, the transition 
5D0-7F0 is observed in both excitation and emission spectra, which is 
allowed by the selection rules for the non-centrosymmetric site sym-
metry of both Sr sites in the crystal [9]. It is interesting to note that this 
band has not been observed for boron and lithium co-doped SrAl2O4: 
Eu3+ samples prepared in air at 1200 ◦C [25]. In Ref. [25], it was noted 
that the relative intensity of the 5D0-7F1 band around 590 nm (induced 
magnetic dipole transition) and 5D0-7F2 band around 612 nm (induced 
electric dipole transition) was changed upon boron doping, indicating 
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the presence of boron in rather close vicinity to the Eu3+ ions. It is 
important to note here that in this study, the samples were not exposed 
to a reducing atmosphere, but rather to mildly oxidizing conditions. This 
observation is also in agreement with our previous study on Dy3+-doped 
SrAl2O4 in the presence of boron [10]. 

The spectroscopy of Eu3+ in SrAl2O4 has been studied experimentally 
and theoretically more recently [14]. In this paper, 2 bands for the 
transition 5D0-7F0 are observed at 575 and 576 nm respectively and 
assigned to Eu3+ on the 2 different Sr sites in the crystal. Comparing 
their computed and experimental spectra at low temperature, the 
different components of the 5D0-7F1 band and 5D0-7F2 band were 
assigned to each species. 

While measuring the room temperature emission spectra of our 
samples, it appeared that the shape of the 5D0-7F2 bands changed 
significantly upon small changes of the excitation wavelength (see 
Figure S4). In order to achieve a more selective excitation, we have 
recorded the emission spectra of the 5D0-7F0,1 bands at 3 K by exciting 
the 7F0 – 5D2 band around 460 nm in small steps (see Fig. 4). 

As the 5D0 – 7F0 transition is non-degenerate, a different band is 
expected for each different site. In contrast to the previous results [14], 
Fig. 4 reveals that there are more than just 2 different Eu3+ sites. While 2 
bands at 575 and 576 nm were reported [14], we observed that the 
different bands range from 574 to 579 nm, i.e. a much longer wave-
length range. The changes of the 5D0 – 7F0 emission upon slightly 
different excitation wavelengths are also to different structures of the 
5D0 – 7F1 transitions as shown in Fig. 4, as well as for the other transi-
tions which are presented in Figure S5, revealing indeed a variety of 
different environments for the Eu3+ ions in SrAl2O4. 

488 nm laser excitation at room temperature (see Figure S6) reveals 
quite sharp 5D1 – 7F0 emission bands, in contrast to the rather broad 
shape of the 7F0 – 5D0 emission band, highlighting again that this band is 
inhomogeneously broadened [26,27]. 

Another significant feature is the relatively large spread of the 5D0 – 
7F1 transitions. For instance, in the orange trace in Fig. 4, there is at 579 
nm the single band with a shoulder corresponding to the 5D0-7F0 tran-
sition and 3 quite distinct 5D0 - 7F1 transitions observed at 587, 592 and 
597 nm respectively. Considering that the site symmetry of both Sr ions 
is C3 in the high temperature phase of SrAl2O4 and that the room tem-
perature monoclinic P21 phase is a maximal subgroup of P63, one could 
suspect that in the monoclinic phase, the local surroundings of the Sr 
ions are not so far from a trigonal symmetry. In trigonal symmetry, the 
5D0 – 7F1 band is split into 2 components, and if the distortion from this 
symmetry is not too large, the splitting of the degenerate sublevel is 
expected to be rather small. This corresponds to the reported assign-
ments (580.7, 589.3, 590.5 nm for one site and 583.4, 590.1 and 591.1 
nm for the other site) [14]. In contrast, 3 quite distinct bands are 
observed as shown in Fig. 4, indicating that in this case, the symmetry is 
far from C3 and very likely associated with an oxygen defect located on 
one of the two vacancy sites in SrAl2O4 (see Fig. 1). 

Further informations were obtained from lifetime measurements. 
The measurement of the lifetime, as a function of the emission wave-
length showed two different lifetimes: a long lifetime of approximately 
1.6 ms, which corresponds to a typical value of Eu3+ emission lifetime in 
the literature [4]. The other lifetime is around three orders of magnitude 
faster (ca 0.7 μs). Fig. 5 shows the time-gated emission spectrum 
observed 5 μs after the excitation pulse at 463.4 nm (top), as well as the 
one observed 2 ms after this pulse (bottom). While the second spectrum 
resembles the one observed under cw-excitation at 266 nm, the first one 
is quite different and much broader in the 5D0 – 7F2 region between 16, 
000 and 16,500 cm− 1. 

It is shown (Figure S1) that there is a small residual population of 
Eu2+ in our oxidized sample. At 463.4 nm, this population can in prin-
ciple also be excited, however the corresponding emission intensity is 
too weak to be observed in the blue trace in Fig. 2. Another possibility is 
the inter-valence charge transfer between Eu2+ and Eu3+ which has 
recently been reported [22]. If one considers a pair of differently 

charged ions on adjacent Sr1 and Sr2 sites, one could have a fast charge 
transfer equilibrium of the type: Eu2+ + Eu3+ ↔ Eu3+ + Eu2+, i.e. the 
valence of the Eu ions switches rapidly (ns time scale or faster?). The 
lifetime of 0.8 μs corresponds to the lifetime of the blue emitting Eu2+

ion [19] at 3 K, and this is in fact the shortest radiative lifetime available 
for Eu at this temperature, as the lifetime of the green emitting Eu2+ was 
found to be 1.2 μs [19]. 

5. Conclusions 

The spectra reported in this work indicate that trivalent Eu3+ (and by 

Fig. 1. Crystal structure of SrAl2O4 and location of the two different voids 
labelled V1 and V2. 

Fig. 2. Room temperature emission spectra excited at 463 nm of SrAl2O4:Eu,B 
(in red) and SrAl2O4:Eu (in blue) after heating in air to 750 ◦C. 

Fig. 3. Excitation (monitored at 612 nm) and emission spectra (excited at 395 
nm) of Eu3+ in SrAl2O4:Eu at 5 K. 
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extension also other trivalent rare earth ions, in particular Dy3+) in 
SrAl2O4 are associated with a multitude of different charge compen-
sating (oxygen?) defects. Different sites were also observed for Dy3+ in 
SrAl2O4 [10]. EPR studies of SrxAl2O4 (x = 0.99, 1.0, 1.01) with or 
without Dy3+ revealed a variety of signals corresponding to different 
defects [28] present in these samples. The large spread of the 5D0 - 7F1 
emission bands indicates that these defects are most probably in the first 
coordination sphere induced by a charge compensating defect in one of 
the voids in the structure which lead thus to significant distortions from 
the idealized trigonal symmetry observed in the high temperature phase 
of SrAl2O4. Dysprosium ions in strontium aluminate can act as trap states 
in the persistent phosphor SrAl2O4 by charge transfer from Eu2+ (in the 
excited state) to Dy3+ [6]. The diversity of surroundings experienced by 
the trivalent rare earth ion which is demonstrated in this work for Eu3+

is thus also associated with the large energy distribution of trap states in 

the persistent phosphor. The observation of very short lifetimes (around 
0.7 μs) for Eu3+ is possibly a direct proof that there is indeed a charge 
transfer from Eu2+ to Eu3+, which results then in a much shorter emis-
sion lifetime. 
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lasting phosphors: SrAl2O4:Eu,Dy as the most studied material, Renew. Sustain. 
Energy Rev. 81 (2018) 2759. 

[3] K. Van den Eeckhout, P.F. Smet, D. Poelman, Persistent luminescence in Eu2+- 
doped compounds: a review, Materials 3 (2010) 2536. 

[4] V. Vitola, D. Millers, I. Bite, K. Smits, A. Spustaka, Recent progress in 
understanding the persistent luminescence in SrAl2O4:Eu,Dy,, Mater. Sci. Technol. 
35 (2019) 1661. 

[5] J. Bierwagen, T. Delgado, G. Jiranek, S. Yoon, N. Gartmann, B. Walfort, M. Pollnau, 
H. Hagemann, Probing traps in the persistent phosphor SrAl2O4:Eu2+,Dy3+,B3+-A 
wavelength, temperature and sample dependent thermoluminescence 
investigation, J. Lumin. 222 (2020) 117113. 

[6] J.J. Joos, K. Korthout, L. Amidani, P. Glatzel, D. Poelman, P.F. Smet, Identification 
of Dy3+/Dy2+ as electron trap in persistent phosphors, Phys. Rev. Lett. 125 (2020), 
033001. 

[7] Yahong Jin, Yihua Hu, Li Chen, Xiaojuan Wang, Guifang Ju, Zhongfei Mou, J. Am. 
Ceram. Soc. 96 (2013) 3821. 

[8] Lifang Yuan, Yahong Jin, Yue Su, Haoyi Wu, Yihua Hu, Shihe Yang, Optically 
stimulated luminescence phosphors: principles, applications, and prospects, Laser 
Photon. Rev. 14 (2020) 2000123. 

[9] Zur Struktur von monoklinem SrAI2O4, A.R. Schulze und H.K. Müller-Buschbaum, 
Z. Anorg. Allg. Chem. 476 (1981) 205. 

[10] T. Delgado, S. Ajoubipour, J. Afshani, S. Yoon, B. Walfort, H. Hagemann, 
Spectroscopic properties of Dy3+-and Dy3+,B3+-doped SrAl2O4, Opt. Mater. 89 
(2019) 268. 

[11] K. Fukuda, K. Fukushima, Crystal structure of hexagonal SrAl2O4 at 1073 K, 
J. Solid State Chem. 178 (2005) 2709. 

[12] K.V. Zakharchuk, A.A. Yaremchenko, D.P. Fagg, Electrical properties and thermal 
expansion of strontium aluminates, J. Alloys Compd. 613 (2014) 232. 

[13] K. Binnemans, Interpretation of europium (III) spectra, Coord. Chem. Rev. 295 
(2015) 1. 

[14] B.F. Dos Santos Jr., M.V. Dos Santos Rezende, P.J. Montes, R.M. Araujo, M.A. Dos 
Santos, M.E. Valerio, Spectroscopy study of SrAl2O4:Eu3+, J. Lumin. 132 (2012) 
1015. 

[15] N.M. Strickland, G.D. Jones, Site-selective spectroscopy of Tm3+ centers in CaF2: 
Tm3+, Phys. Rev. B 56 (1997) 10916. 

Fig. 4. Emission spectra at 3 K excited around 460 nm using the OPO pumped 
at 355 nm. 

Fig. 5. 3 K Time-gated emission spectra of SrAl2O4:Eu2+ excited at 463.4 nm. 
The black trace is a reference cw emission spectrum excited at 266 nm 
measured at 12 K: A. Light blue: emission spectrum, 5 μs after excitation at 
463.4 nm (exposure time: 1 μs); blue: lifetime (spectral dependent); B. light 
green: emission spectrum, 2 ms after excitation at 463.4 nm (exposure time: 50 
ms); green: lifetime (spectral dependent). 

J. Bierwagen et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.jlumin.2021.118348
https://doi.org/10.1016/j.jlumin.2021.118348
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref1
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref1
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref1
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref2
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref2
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref2
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref3
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref3
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref4
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref4
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref4
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref5
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref5
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref5
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref5
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref6
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref6
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref6
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref7
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref7
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref8
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref8
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref8
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref9
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref9
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref10
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref10
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref10
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref11
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref11
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref12
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref12
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref13
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref13
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref14
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref14
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref14
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref15
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref15


Journal of Luminescence 239 (2021) 118348

5

[16] J. Corish, C.R.A. Catlow, P.W.M. Jacobs, S.H. Ong, Defect aggregation in anion- 
excess fluorites. Dopant monomers and dimers, Phys. Rev. B 25 (1982) 6425. 

[17] S. Yoon, J. Bierwagen, M. Trottmann, B. Walfort, N. Gartmann, A. Weidenkaff, 
H. Hagemann, S. Pokrant, The influence of boric acid on improved persistent 
luminescence and thermal oxidation resistance of SrAl2O4:Eu2+, J. Lumin. 167 
(2015) 126. 

[18] T. Delgado, J. Afshani, H. Hagemann, Spectroscopic study of a single crystal of 
SrAl2O4:Eu2+:Dy3+, J. Phys. Chem. C 123 (2019) 8607. 

[19] J. Bierwagen, S. Yoon, N. Gartmann, B. Walfort, H. Hagemann, Thermal and 
concentration dependent energy transfer of Eu2+ in SrAl2O4, Opt. Mater. Express 6 
(2016) 793. 

[20] Y.G.S. Alves, D.V. Sampaio, J.C.A. Santos, M.V.S. Rezende, N.R.S. Souza, C. Kucera, 
J. Ballato, R.S. Silva, Laser sintering and optical characterization of SrAl2-xBxO4:Eu, 
Dy ceramics, Optik 221 (2020) 165338. 

[21] D. Dutczak, T. Jüstel, C. Ronda, A. Meijerink, Eu2+ luminescence in strontium 
aluminates, Phys. Chem. Chem. Phys. 17 (2015) 15236. 

[22] J.J. Joos, L. Seijo, Z. Barandiarán, Direct evidence of intervalence charge-transfer 
states of Eu-doped luminescent materials, J. Phys. Chem. Lett. 10 (2019) 1581. 

[23] C. Zollfrank, S. Gruber, M. Batentschuk, A. Osvet, F. Goetz-Neunhoeffer, S. Dittrich, 
J. Grabow, H.D. Kurland, F. Müller, Synthesis of Eu-doped SrAl2O4 nanophosphors 
by CO2 laser vaporization, Acta Mater. 61 (2013) 7133. 

[24] P. Dorenbos, Locating lanthanide impurity levels in the forbidden band of host 
crystals, J. Lumin. 108 (2004) 301. 

[25] R. Qiang, S. Xiao, J. Ding, W. Yuan, C. Zhu, Red emission in B3+-and Li+-doped 
SrAl2O4: Eu3+ phosphor under UV excitation, J. Lumin. 129 (2009) 826. 

[26] H. Hagemann, F. Kubel, H. Bill, F. Gingl, 5D0→7F0 transitions of Sm2+ in SrMgF4: 
Sm2+, J. Alloys Compd. 374 (2004) 194. 

[27] R. Jaaniso, H. Hagemann, H. Bill, Inhomogeneous broadening of optical spectra in 
mixed crystals: basic model and its application to Sm2+ in SrFClxBr1− x, J. Chem. 
Phys. 101 (1994) 10323. 

[28] T. Takeyama, T. Nakamura, N. Takahashi, M. Ohta, Electron paramagnetic 
resonance studies on the defects formed in the Dy (III)-doped SrAl2O4, Solid State 
Sci. 6 (2004) 345. 

J. Bierwagen et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0022-2313(21)00464-6/sref16
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref16
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref17
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref17
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref17
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref17
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref18
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref18
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref19
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref19
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref19
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref20
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref20
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref20
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref21
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref21
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref22
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref22
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref23
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref23
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref23
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref24
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref24
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref25
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref25
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref26
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref26
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref27
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref27
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref27
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref28
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref28
http://refhub.elsevier.com/S0022-2313(21)00464-6/sref28

	Observation of multiple sites for trivalent europium ions in SrAl2O4
	1 Introduction
	2 Background
	3 Experimental
	4 Results and discussion
	5 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


