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Time-resolved spectroscopy of exciton-related states in single crystals and single crystalline films of Lu3Al5O12 and Lu3Al5O12:Ce
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Time-resolved excitation spectra were measured at the same conditions at 10 K in the 4-20 eV energy range for the luminescence of self-trapped and various localized excitons as well as of Ce3+-, Pb2+-, and Bi3+-related centers in single crystals and single crystalline films of Lu3Al5O12 garnet. The decay kinetics of the intrinsic 4.9 eV and 3.65 eV luminescence of Lu3Al5O12 crystals were studied at 4.2-300 K in the 10-9-10-3 s 

time range. The origin and structure of the exciton states as well as the luminescence, energy transfer and recombination processes, taking place under excitation in the exciton absorption region, were discussed. The influence of various defects on the scintillation characteristics of Ce3+- and Pr3+-doped Lu3Al5O12 crystals was considered.
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1 Introduction Single crystals (SC) of lutetium-aluminum garnet Lu3Al5O12 (LuAG), doped with Ce3+ or Pr3+ ions, due to their high density, excellent mechanical and chemical stability, and an intense and fast luminescence, have been considered for fast scintillator applications. Though the first papers pointed to low light yield and troubled energy transfer to Ce3+ centers [1-4], recently the LuAG:Ce crystals grown by the Bridgman method have shown high light yield well above 20 000 photons/MeV [5, 6], and also the crystals prepared by improved Czochralski technology started to be compared with other advanced scintillators [7, 8]. A breakthrough, however, came with the Pr3+ doping of LuAG host. The first paper dealing with LuAG:Pr single crystals grown by the micropulling down method [9] has shown an unexpected thermal stability of Pr3+ center in LuAG host well above room temperature. The later detailed study of luminescence and scintillation characteristics [10] has shown that neither thermal quenching nor thermal ionization of Pr3+ 5d1 excited state occur up to 500 K. The first Czochralski-grown LuAG:Pr crystals appeared in 2006 [11], and the growth of 2-inch crystals has been reported recently [12]. Higher light yield of Czochralski-grown LuAG:Pr crystals (up to 19 000 photons/MeV), fast scintillation response dominated by 20 ns decay time, and especially excellent energy resolution below 5% (at 662 kV) put this material at the fore front of scintillator research today [13-15]. Its figure of merit for the time-of-flight PET medical imaging technique has been evaluated [16], and a prototype machine for positron emission mammography (PEM) has been constructed [17]. Despite high practical potential of the LuAG-based scintillators mentioned above, the problems with defects and traps, which trouble the transport stage of scintillator mechanism, remain [18], and the participation of various excitonic states in it remains unclear. Therefore, further fundamental studies in this field are needed to optimize these materials towards intrinsic limits.

Under excitation of LuAG SC in the exciton absorption region, an intense intrinsic 4.9 eV and 3.65 eV emission was found in [3] and studied in [19]. As the self-trapped exciton (STE) emission of SC should be strongly suppressed due to a large content of antisite defects [20-24], both these emission bands were ascribed in [19] to the radiative decay of an exciton localized near an antisite Lu3+Al ion. Later, the intrinsic luminescence of LuAG SC was studied in [21-24]. The 4.95 eV and 4.36 emission bands observed in these papers were ascribed to the STE and the exciton localized near an antisite Lu3+Al ion, respectively, while the 3.7 eV emission, to the recombination luminescence of the antisite Lu3+Al defect itself.

The concentration of antisite defects is strongly suppressed in the single crystalline films (SCF) grown by the Liquid Phase Epitaxy (LPE) method [20, 21]. Indeed, in LuAG SCF, the above-mentioned 4.9 eV and 3.65 eV emissions are absent, and only the STE emission is observed at 4.95-4.98 eV [21-24]. However, at the preparation of LuAG SCF in a Pt crucible with the use of the PbO-based flux, the Pb and Pt ions can be introduced into the SCF [24, 25]. The luminescence characteristics of single and dimer Pb2+-based centers were identified in [26, 27], but the origin of a broad 4.3 eV emission band found in [26] was not examined in detail.

[image: image4.wmf]6.0

5.5

5.0

4.5

4.0

3.5

3.0

0

1

2

3

4

Photon energy (eV)

x25

Intensity (a. u.)

 50ns

 70ns

 60µs (x0.1)

 800-1200µs

The presence of defect-related traps reduces the efficiency of energy transfer from the host lattice to the luminescence centers. The antisite defects and/or anion vacancies are the most frequently considered defects in aluminum garnets structure which may give rise to the energy levels in the forbidden gap of material [20, 28-30]. An overlap of the defect-related emission bands with the absorption bands of Ce3+ and Pr3+ allows an effective energy transfer from the defects to the luminescence centers which negatively influences the scintillation characteristics of Ce3+- and Pr3+-doped LuAG (see, e.g., [3, 4, 21-23, 26, 27, 31, 32]). However, the origin of the defect-related states as well as the processes responsible for the luminescence of LuAG are still not clear. Different data have been reported on the positions of exciton bands in the excitation spectrum of the same emission (see, e.g., Table 1), hence, their detailed comparison is not possible. Important information on the origin and structure of excited states can be obtained from the luminescence decay kinetics. As in previous studies the decay curves were measured only up to 0.2 µs [19, 21, 23] or 2.4 µs [22, 24], the characteristics of the slow (µs-ms) decay components were not revealed.

In the present work, the characteristics of various intrinsic and Ce3+-related emissions in SC and SCF of LuAG were studied at 4.2-300 K by the time-resolved spectroscopy methods in the ns-ms time range at exactly the same experimental conditions. The aim of the work was to clarify the origin of the defects responsible for the unrelaxed (perturbed) and relaxed (localized) exciton states, to determine the structure of these states in more detail and to study the processes of energy transfer from the excitons and defect-related centers to the luminescence centers.

2 Experimental procedure Undoped and Ce3+-doped LuAG SC were grown in CRYTUR Ltd., Turnov, Czech Republic, by the Czochralski method in a molybdenum crucible in reductive atmosphere and studied in [3, 19]. Undoped, Ce3+-doped, and Bi3+-doped LuAG SCF were grown in LOM, Lviv University, Ukraine, by the LPE method in a platinum crucible from PbO- or Bi2O3-based fluxes onto the undoped LuAG and YAG substrates and investigated in [26, 27, 31-35]. The LuAG:1000 ppm Pb ceramics prepared in air at 1130-1150 oC in a high-purity Al2O3 crucible were studied in [27].
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The luminescence characteristics were measured with the use of the synchrotron radiation at SUPERLUMI station (HASYLAB at DESY, Hamburg, Germany) with the time windows 2-10 ns and 97-150 ns after the excitation pulse to detect the spectra of fast and slow decay components. The emission was detected with the monochromator ARC 0.3 m Spectra Pro 300i and photomultiplier HAMAMATSU R6358P. The time-resolved emission spectra and the luminescence decay kinetics were also measured under two-photon (12.84 eV) excitation with a pulsed ArF laser PSX-100 (Eexc=6.42 eV, a pulse duration of 5 ns and a repetition frequency of 20 Hz) and detected with the monochromator MDR-23 and photomultiplier HAMAMATSU H6240 Select. Deconvolution procedure (SpectraSolve software package) was applied to extract true decay time values using the multiexponential approximation. The samples were located into a close-circle refrigerator or an immersion helium cryostat.
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3 Results and discussion The excitation spectra of LuAG SC and SCF reported in [21-23] and measured in the present paper in the 4-20 eV energy range indicate that all the intrinsic, defect-related and impurity-related emissions are most effectively excited in the exciton absorption region (6.5-7.5 eV). Under 9-14 eV excitation, the emission intensity is smaller, but it increases again at Eexc>14 eV due to the multiplication of electronic excitations. In the present paper, the structure of the excitation spectra is considered mainly in the exciton absorption region (7.3(0.7 eV). The maxima of emission bands and the lowest-energy exciton bands in their excitation spectra are presented in Table 1. As the UV emission spectra were not corrected, different maxima positions, varying from 4.9 eV to 5.0 eV, were obtained at different setups for the highest-energy emission band of LuAG SC (hereinafter denoted as the 4.9 eV emission).
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3.1 The intrinsic 4.90 eV and 3.65 eV luminescence of undoped LuAG single crystals In the emission spectrum of LuAG SCF, the most intense emission band is located at 4.95-4.98 eV [21, 22]. As in SCF the antisite defects are absent, this emission can arise only from the STE. Therefore, the position and structure of a broad complex (7.3 eV band in the excitation spectrum of this emission (Fig. 1a) are mainly characteristics of the regular (unperturbed) exciton state. In LuAG SC, the emission of the localized excitons should considerably prevail over the STE emission as the latter one is strongly suppressed due to the presence of antisite defects. According to [21, 22], the STE emission even in LuAG SCF is at least by an order of magnitude weaker as compared with the localized exciton emission in LuAG SC. Therefore, we conclude that the (5.0 eV band, considerably dominating at 10 K in the emission spectrum of LuAG SC (Fig. 2), arises not from the STE but from the localized exciton (see also [19]). Indeed, in SC and SCF of LuAG, not only the maxima positions of the dominating emission band differ (on 0.12 eV when measured at the same conditions at 10 K) but also the excitation spectra of this emission are strongly different (compare Figs. 1a and 1b; see Table 1).
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Under the synchrotron excitation, fast (~1 ns) and slow (~1-100 µs) components are observed in the luminescence decay kinetics of LuAG SC at 10 K (Fig. 3a) (see also [19, 22, 24]). Under the ArF laser excitation at 4.2 K, the decay kinetics of the (5.0 eV and 3.65 eV emissions consists of two components with the decay times 282 µs, 2 ms and 207 µs, 1.6 ms, respectively (Fig. 3b).

The emission spectrum is changing in the course of decay (Fig. 4). An additional slow emission is observed around 4.3 eV. The ms-component of the 4.9 eV and the 3.65 eV emission disappears at T>100 K and T>25 K, respectively, however, their decay times do not change much. The decay times of the 207-282 µs-components gradually decrease about twice as the temperature increases from 4.2 K to RT. The decay times of the fast (ns) and slower (some µs) components of the 3.65 eV emission remain constant up to about 100 K. As the temperature increases further, the decay time of the ns-component decreases down to (1 ns at 200 K, and the decay time of the slower component slightly increases. For the 4.9 eV emission, the decay time of the slower (some µs) component decreases in the same temperature range, but the decay time of the ns-component increases. The light sums ratio of the µs- and ns-components decreases in the case of the 4.9 eV emission and increases in the case of the 3.65 eV emission. Similar temperature dependences were observed in [19] for the steady-state 4.9 eV and 3.65 eV emissions. However, the abovementioned dependences can be perturbed by the presence of thermally stimulated luminescence (TSL) (see, e.g., [33, 34]).

Similar decay kinetics of the 4.9 eV and 3.65 eV emissions confirm our conclusion [19] that they both are of the exciton origin. Most probably, the ns-components arise mainly from the singlet state of the localized excitons, and the µs-components, from the radiative decay of the emitting and metastable levels of the triplet exciton state. It is not excluded that the ms-components arise from recombination processes. Strongly different positions of the 4.9 eV and 3.65 eV emission bands as well as of the lowest-energy exciton bands in their excitation spectra (compare Figs. 1b and 1c) indicate to a different origin of the perturbing defects.

[image: image11.wmf]8.5

8.0

7.5

7.0

6.5

0

1

2

3

4

5

6

7

8

Intensity (a. u.)

Photon energy (eV)

 integral

 fast

 slow

5.2

4.8

4.4

4.0

0

2

4

6

 Intensity (a. u.)

 Photon energy (eV)

Both the 4.9 eV and the 3.65 eV emission were ascribed in [19] to the radiative decay of two different configurations of an exciton localized near a Lu3+Al defect: ex0Lu3+Al. Unlike [19], the appearance of the 3.7 eV emission was explained in [22] by the thermal ionization of the above-mentioned exciton and immediate capture of the released electron and hole by the same Lu3+Al defect. The subsequent recombination of the charge carriers at Lu3+Al was assumed to result in the appearance of the 3.7 eV emission of the Lu3+Al antisite defect itself (see also [21-24]).
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In principle, the electron-hole recombination near a defect can result (i) in the excitation of the intracentre luminescence of the defect; (ii) in the creation of an exciton localized near the defect, followed by its radiative decay. However, no intracentre luminescence of a Lu3+ ion can appear around 3.65 eV as the energy of the first allowed f-d transition should be much larger than the band gap energy of LuAG (see, e.g., [36]). The electron-hole recombination at Lu3+Al should result in the formation of ex0Lu3+Al. But, according to [19, 21, 22], this exciton is responsible for the higher-energy emission band. Therefore, unlike [21-24], we suggest that the 3.65 eV emission is not the luminescence of the Lu3+Al antisite defect but arises from an exciton localized near a Lu3+Al ion associated with an oxygen vacancy VO: ex0{Lu3+Al-VO}. The same Lu3+Al-VO defect can be responsible for the lowest-energy (7.11 eV) perturbed exciton band in the excitation spectrum of the 3.65 eV emission.The existence of the defects of this type was proposed for Y3Al5O12 in [37, 38] and confirmed in the ESR study of the F+-type centers in YAlO3 [39]. Clustering of Ce3+ ions with LuAl3+ antisite defect was observed by the ESR method in LuAG:Ce [40], and clustering of Ce3+ and oxygen vacancy was considered in Lu2SiO5:Ce single crystal [41]. Thus, such defect clusters are repeatedly considered or evidenced in complex oxides to explain the observed characteristics. On the contrary, the atomistic simulations carried out in [42] found a negative binding energy for the {YAl3+-VO} defect in Y3Al5O12 which allowed the authors to conclude that these defects would not exist. However, despite the fact that there is no electrostatic attraction between LuAl3+ and VO, one should take into account that a large Lu3+ ion substitutes much smaller Al3+ ion, due to that the location of Lu3+Al defect close toVO can be preferable. Indeed, the density functional theory calculations of formation energies of various antisite-related defects in YAlO3 showed that the formation of the associate of antisite defect with oxygen vacancy is more preferable as compared with a single antisite defect [43]. The following data indicate to the presence of Lu3+Al-VO defects in LuAG SC:

(i) In LuAG SC prepared in the reduced atmosphere or additively coloured in the Al vapours, the fast 3.15 eV emission was observed in [44] and ascribed to the F+-type centers, consisting of an oxygen vacancy VO with one trapped electron located close to a Lu3+Al defect.
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(ii) The comparison of the TSL glow curves reported in [23, 33, 34] for the X-irradiated SC and SCF of LuAG allows us to conclude that not only the TSL peaks in the 120-200 K range but also the 280 K peak arises from antisite defects. These peaks can be ascribed to the recombination of thermally released electrons trapped at Lu3+Al and Lu3+Al-VO, respectively, with the holes trapped at Ce3+ ions. Indeed, the F+-type centers in LuAG are destroying just in this temperature range [44]. In the undoped X-irradiated LuAG SC [23], the appearance of the ex0{Lu3+Al-VO} emission in the TSL spectrum can be due to the recombination of thermally released holes with the F+-type centers. The thermal decay of the localized excitons responsible for the 4.9 eV and 3.65 eV emissions takes place around 140-150 K and 280-300 K, respectively [19], i.e. in the same temperature ranges where the electrons trapped at Lu3+Al and Lu3+Al-VO are thermally released.

One can assume that in LuAG SCF, where the concentration of antisite defects is negligible, an immediate recombination of free electrons and holes at sufficiently low temperatures results in the creation of the STE state which explains the large intensity of the STE emission in SCF as compared with SC. However, in LuAG SC, the electron-hole recombination near Lu3+Al and Lu3+Al-VO is more preferable, resulting in the creation of the localized excitons ex0Lu3+Al and ex0{Lu3+Al-VO} responsible for the 4.9 eV and 3.65 eV emissions, respectively. The photo-thermally stimulated decomposition of ex0Lu3+Al and the recombination of the released electrons and holes near more stable Lu3+Al-VO defect results in the reduction of the 4.9 eV emission and enhancement of the 3.65 eV emission around 150 K [19]. This suggestion is in agreement with the data reported in [45] on the exciton and recombination processes in YAG.

3.2 The excitons perturbed by the Ce3+-related centers in SC and SCF of LuAG:Ce  Excitation spectra of the Ce3+-related emission (2.46 eV; 2.22 eV [3]) in the exciton absorption region are strongly different in LuAG:Ce SC (Fig. 5a) and LuAG:Ce SCF (Fig. 5b) (see also [21].
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In LuAG:Ce SC, this emission is more effectively excited in a band located at 7.03 eV with a shoulder at (6.85 eV (see also [3, 21, 26]) than in the unperturbed exciton band around 7.3 eV. However, in LuAG:Ce SCF, the (6.85 eV band is absent, and the 7.03 eV band is weak as compared with the (7.3 eV band of the regular exciton [21, 26]). One can suggest that both in SC and SCF, the 7.03 eV band arises most probably from an exciton perturbed by a regular Ce3+ ion: ex0Ce3+. As the main difference between SCF and SC is in the presence of antisite defects in SC, we assume that the (6.85 eV band of LuAG SC arises from an exciton perturbed by a Ce3+ ion associated with an antisite Lu3+Al defect: ex0{Ce3+-Lu3+Al}. The presence of Ce3+-Lu3+Al centers in LuAG SC was confirmed by the ESR method in [40]. Their emission spectrum is close to that of the regular Ce3+ centers [46] (see Table 1).

Excitation spectra of the fast (FC) and slow (SC) decay components of the Ce3+ emission in the exciton region are different (Fig. 5, see also [21, 23]) and indicate to a competition between the processes responsible for these components. A similar competition was observed between the processes of defects creation and excitation of the Ce3+ emission in the exciton absorption region [3]. The FC is excited in the 7.03 eV band of ex0Ce3+. The SC can arise from the energy transfer to Ce3+ ions from the defect centers whose emission can be absorbed by the Ce3+ ions. If this is the case, the excitation bands of the defect-related emissions and of the SC of the Ce3+ emission should coincide in the exciton absorption region. The 3.65 eV emission of ex0{Lu3+Al-VO} in LuAG SC and the 3.61 eV emission of single Pb2+-based centers in LuAG SCF are both overlapped with the 3.6 eV absorption band of Ce3+ centers. Their excitation bands are located at 7.11 eV (Figs. 1c and 6a). 
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It means that the (7.1 eV excitation band of the SC of the Ce3+ emission (Fig. 5) can really appear due to the above-mentioned energy transfer. These processes were considered also in [4, 21, 23, 26, 32]. The comparison of Figs. 6b and 5b indicates that the energy transfer from the dimer lead centers to Ce3+ ions does not take place (see also [27, 32]).

3.3 The self-trapped and localized exciton luminescence in LuAG single crystalline films In LuAG SCF, several types of excitons have been detected up to now: the STE responsible for the 4.95-4.98 eV emission [21-24], the localized around Pb or Pt ions exciton responsible for the 4.3 eV emission [26], and the excitons localized around the single and the dimer Bi3+-based center and responsible for visible emissions of LuAG:Bi SCF [35] (Table 1). At 10 K, the STE emission is mainly excited in a complex (7.3 eV band of the regular exciton (Fig. 1a), consisting of the components peaking at about 7.45 eV, 7.3 eV and 7.15 eV. No 7.71-7.75 eV band reported in [21-23] is observed.
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The 4.3 eV emission is also excited in the regular exciton absorption region, but more effectively, at 7.12 eV (Fig. 7). As this emission exists in the SCF grown in a platinum crucible with the use of the PbO-based flux, it can be connected with Pb- or Pt-related defects. In [22], this emission was ascribed to an exciton localized near a Pb2+ ion. To clarify the role of Pt ions in the appearance of the 4.3 eV emission, the emission spectra of LuAG SCF and the LuAG:1000 ppm Pb ceramics, prepared in a Pt-free Al2O3 crucible [27], were measured at the same conditions (see the inset in Fig. 7). 
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The absence of the 4.3 eV band in the latter spectrum (dashed line) indicates that this band arises most probably from an exciton localized near a Pt4+ ion (ex0Pt4+). The decay kinetics of this emission measured at 10 K under excitation with the synchrotron radiation (Fig. 8) is very similar to that of the 3.65 eV emission in LuAG SC (Fig. 3a) indicating to their similar origin. The relatively weak fast (2.3 ns) component is probably arising from the singlet state of ex0Pt4+. The intense slow components, whose decay times cannot be defined correctly from the I(t) dependence measured only at t<190 ns, can arise from the triplet state of this exciton.

In the excitation spectrum of the 3.61 eV emission of single Pb2+-related centers [26], the 7.11 eV band is observed (Fig. 6a). In the excitation spectrum of the 3.2 eV emission of dimer {Pb2+-VO-Pb2+} centers [27], the exciton band is located at 7.05 eV (Fig. 6b). These bands can arise from the excitons perturbed by the single and the dimer Pb2+-related centers, respectively.
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In LuAG:Bi SCF, in the excitation spectra of the 4.0 eV emission of Bi3+ centers (Fig. 9a) and visible emissions of excitons localized near single (Fig. 9b) or dimer Bi3+ centers (Fig. 9c), besides the regular exciton band around 7.3 eV, a broad structured band is observed in the 6.5-7.0 eV range. Probably, it arises from the excitons perturbed by the Bi3+-related centers.
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4 Conclusions In LuAG SC, the STE emission is practically absent. The 4.9 eV and 3.65 eV emission bands are ascribed to the localized excitons at antisite Lu3+Al and complex Lu3+Al-VO defects, respectively. The TSL peaks around 150 K and 280 K ascribed in the literature to electron traps related to the antisite Lu3+Al and unknown centers, respectively [33], are in good agreement with the onset of thermal decay of two kinds localized excitons mentioned above. The trapping of electrons at Lu3+Al-VO results in the formation of the perturbed F+-type centers responsible for the 3.15 eV emission.

The STE emission is dominating in LuAG SCF. The radiative decay of the excitons localized around Pt4+ ions results in the 4.3 eV emission. In the Bi3+-doped SCF, the emission of excitons localized near the single (2.6 eV) and the dimer (2.75 eV) Bi3+ centers exists.

In LuAG:Ce SC, the bands of the excitons perturbed by the regular Ce3+ ions and by  Ce3+-Lu3+Al defects are observed in the excitation spectrum of the Ce3+ emission. In LuAG:Ce SCF, the Ce3+ emission is excited mainly in the regular exciton region and in the band of the exciton perturbed by Ce3+. The bands of the excitons, perturbed by Lu3+Al and Lu3+Al-VO in LuAG SC and by Pt4+-, Pb2+- and Bi3+-related defects in LuAG SCF are also identified.

The energy transfer to Ce3+ ions from single Pb2+ centers in SCF and from ex0{Lu3+Al-VO} in SC, as well as the reabsorption of the 4.3 eV emission of ex0Pt4+ in the absorption bands of Pr3+ in LuAG:Pr SCF negatively influence the scintillation characteristics of these materials.
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Table 1 Luminescence characteristics of excitons in LuAG SC and LuAG SCF at 10 K. The data obtained in the present paper at the same conditions are shown in bold.


Sample�
Exciton�
Exciton emission, eV�
Defect emission, eV�
The lowest-energy exciton band, eV�
�
     SC�
ex0Lu3+Al�
4.90 [3, 19]; 5.0�
               -�
7.29 [21]; 7.22, 7.68 [24];�
�
�
�
�
�
7.34, 7.69 [22]; 7.25�
�
�
�
4.36 [22, 24]; 4.28 [23]�
�
7.06, 7.42 [22], 7.45 [24]�
�
�
ex0{Lu3+Al-VO}�
3.65* [19]; 3.76 [24]; 3.65�
               -�
7.19 [21]; 7.11�
�
�
�
3.70* [22]; 3.87 [23]�
�
7.01, 7.42 [22], 7.46 [24]�
�
�
ex0 Sc3+Al�
4.42 [47, 48]�
               -�
6.95 [47]�
�
�
ex0Ce3+�
            -�
2.46; 2.22 [3]�
7.04 [21]; 7.03�
�
�
ex0{Ce3+-Lu3+Al}�
            -�
2.0-2.5�
6.925* [23]; (6.85�
�
�
ex0{Ce3+-Sc3+Al}�
            -�
(2.3�
6.7 [47]�
�
�
ex0Y3+�
4.74 [47]�
               -�
7.2 [47]�
�
    SCF�
STE�
4.98 [21]; 4.95 [22]�
               -�
7.42 [21]; 7.4 [22]; (7.3�
�
�
ex0 (Pt4+)�
4.30 [26]�
               -�
7.12�
�
�
ex0 (Pb2+)�
4.26 [22]; 4.30 [24]�
3.61 [26]�
7.13, 7.54 [22], 7.35 [24]�
�
�
ex0 (Pb2+-VO-Pb2+}�
            -�
3.20 [27]�
7.05�
�
�
ex0 (Bi3+)�
2.60 [35]�
4.00 [35]�
6.5-7.0�
�
�
ex0(Bi3+-Bi3+)�
2.75 [35]�
not found�
6.5-7.0�
�
�
ex0 Ce3+�
            -�
2.46; 2.22�
7.26* [11]; 7.20* [9]; 7.03�
�
* the data obtained at RT.
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Figure � SEQ Figure \* ARABIC �1� Time-resolved excitation spectra measured at 10 K for the (a) (5.0 eV STE emission in LuAG SCF and (b) 4.90 eV and (c) 3.65 eV localized exciton emissions in LuAG SC.
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Figure � SEQ Figure \* ARABIC �2� Emission spectra of LuAG SC at 10 K and 300 K. Eexc=7.25 eV. The spectra are distorted at Eem<3.6 eV due to the presence of Ce3+ (Eabs=3.6 eV) and F+ (Eem=3.15 eV) centers.





Figure � SEQ Figure \* ARABIC �3� Decay kinetics measured for the emission around 5.0 eV (curves 1) and 3.65 eV (curves 2) upon the excitation of LuAG SC with (a) synchrotron radiation at T =10 K and (b) ArF laser radiation at T =4.2 K. Double-exponential dependence I(t) = I0 + A1*exp(-(t-t0)/τ1) + A2*exp(-(t-t0)/τ2) was considered for the decomposition of decay kinetics with the purpose to define the time constant τi and relative contribution as Ai*τi for each decay component (in %).
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Figure � SEQ Figure \* ARABIC �4� Time-resolved emission spectra of LuAG SC measured at 4.2 K at different time moments after the ArF laser excitation pulse.





Figure � SEQ Figure \* ARABIC �5� Time-resolved excitation spectra measured at 10 K for the Ce3+-related 2.46 eV emission of (a) LuAG:Ce SC and (b) LuAG:Ce SCF.
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Figure � SEQ Figure \* ARABIC �6� Time-resolved excitation spectra measured at 10 K (a) for the 3.61 eV emission of single Pb2+-based centers and (b) for the 3.2 eV emission of dimer Pb2+ centers in LuAG SCF.





� EMBED Origin50.Graph  ���





Figure � SEQ Figure \* ARABIC �7� Time-resolved excitation spectra measured at 10 K for the 4.3 eV emission of the localized exciton in LuAG SCF. In the inset, the emission spectra of the LuAG SCF (solid line) and the LuAG:1000 ppm Pb ceramics (dashed line) measured at 4.2 K under the ArF laser excitation.





� EMBED Origin50.Graph  ���





� EMBED Origin50.Graph  ���





� EMBED Origin50.Graph  ���





Figure � SEQ Figure \* ARABIC �8� Decay kinetics of the 4.3 eV emission of LuAG SCF measured at 10 K under excitation with the synchrotron radiation (Eexc=7.12 eV).





Figure � SEQ Figure \* ARABIC �9� Time-resolved excitation spectra measured at 10 K (a) for the 4.0 eV emission of Bi3+ centers, (b) for the 2.6 eV emission of excitons localized near single Bi3+ centers, and (c) for the 2.75 eV emission of excitons localized near dimer Bi3+ centers in LuAG:Bi SCF.
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