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Multicomponent garnets (Y3 _,GdxAls_,Ga,04,) doped with Ce?* ions are promising scintillators with a
high density, fast response time and high light yield. To deepen the knowledge about the transfer stage of
scintillation mechanism we discuss the energy migration and energy transfer processes in the set of
undoped and Ce®** activated multicomponent garnet single crystals. Temperature dependence of Gd*>*
emission intensities as well as decay kinetics in Y;_,GdAls_,Ga,01, (x,y=1,2,3) crystals point to the
Gd** - Gd®>* nonradiative energy migration, which is diffusion limited. Concentration quenching of
Gd>* emission occurs by energy migration to accidental impurities and/or structure defects. Tempera-
ture dependence of photoluminescence emission intensities and decay time measurements of Gd>* as
well as Ce** ions in Gd3GasAl,0;,:Ce®* single crystal reveal nonradiative energy transfer Gd>+ — Ce3+
(including migration through Gd3* sublattice) which is responsible for slow Ce>* fluorescence decay

Energy transfer
component.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research and development of new scintillator materials is mainly
triggered by the growing needs of modern medical imagining,
homeland security and high energy physics. During the last two
decades, new types of scintillators, in particular, Ce-doped inorganic
scintillators were intensively studied and some of them were suc-
cessfully developed for commercial production, for recent reviews see
Refs. [1,2]. An important class of scintillators are the aluminum gar-
nets doped with lanthanide ions. The garnets have good chemical and
radiation stability, excellent mechanical properties and show efficient
luminescence when doped with lanthanide ions. Autrata et al. [3] and
Moszynski et al. [4] showed potential of Ce>*-doped Y3Als01, (YAG)
single crystal for fast scintillators. Research of the Ce**-and Pr’~-
doped YAG host revealed the absence of nonradiative thermal
quenching up to 550 K and 250 K, respectively [5]. However, YAG has
relatively low density (p=4.56 g/cm®) and effective atomic number
(Zeg=32.6). Isostructural LusAlsO; (LuAG) has a higher density
(p=6.67 g/cm®) and effective atomic number (Z.z=63), which is
advantageous in the case of high energy gamma-ray detection [6].
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However, experimental studies reported light yield (LY) value for Ce>*
activated YAG and LuAG of about 25,000 phot/MeV and 12,500 phot/
MeV, respectively [7], which is far below their theoretical value of
about 60,000 phot/MeV calculated by Bartram-Lempicki equation [8].
The discrepancy is due to delayed recombination process caused by
electron trapping at various electron traps related e.g. to the Y, and
Luy; antisite defects (Y and Lu cations localized in octahedral sites of
the Al cations) in the host lattice. Their presence was proved by both
experiments and theoretical calculations [9-11]. The higher melting
temperature and smaller difference between Lu** and AP radii
might result in a higher concentration of antisite defect-related traps
in LUAG host with respect to YAG: taking also into account their
increased thermal depth, such defects might have a greater detri-
mental effect on the energy transfer to Ce>* ions. This could explain
the lower light yield of LuAG:Ce with respect to that of YAG:Ce and
enhanced presence of slow components in scintillation decay in the
former compound [12,13]. The latest studies of Ce**-doped scintilla-
tors based on heavy aluminum garnets (LuAG:Ce) revealed that Ce3~*
concentration as well as optimization of manufacturer technology has
an influence on the light yield value. An essential improvement was
demonstrated in samples containing > 0.2 at% of Ce; the light yield
measured in LuAG:Ce (0.55 at%) was about 26,000 phot/MeV, for
samples obtained from both Bridgman and Czochralski methods [14].
Pr3*-doped LuAG single crystals were introduced in 2005 [15]
and 2006 [16], prepared by micro-pulling-down and Czochralski
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techniques, respectively. Several groups [17-24]| studied scintillation
characteristic of LuAG:Pr and found them very promising due to
favorable combination of fast scintillation decay dominated by 20 ns
component and light yield approaching 20,000 phot/MeV with energy
resolution 4.6%@662 keV. Moreover, its scintillation parameters do not
deteriorate significantly up to 300 °C [25]. In recent years, by the
“band-gap engineering” and tuning the Ce>* energy level position
strategy [26,27], dramatic improvement of the scintillation perfor-
mances has been achieved compared to simple aluminum garnet
scintillators. For example, Ga>* admixture can suppress the effects of
shallow electron traps (such as antisite defects) which get buried in
the conduction band, as the bottom of the conduction band gets lower
in energy while the 5d, level of Ce>* gets higher. In contrast, the Gd
admixture lowers the position of the 5d, level of Ce** and secures
sufficient separation of 5d; level from the bottom of the host con-
duction band even for Ga-rich composition to prevent the excited
state jonization of Ce>* emission center around room temperature
(RT). Consequently, the derived (Gd,Lu);(Ga,Al)s01,:Ce material sys-
tem gave rise to high figure-of-merit scintillators. Udea et al. [28] and
Ogieglo et al. [29] studied the influence of replacing AP* by Ga>* in
multicomponent garnets doped with Ce*>*. They demonstrated the
dependence of the energy levels of the 5d state position relative to the
conduction band in these materials on the Ga content. With increas-
ing Ga content in the Ce-doped multicomponent garnets, the 5d, level
and the conduction band become close because of the decrease in the
crystal field strength and band gap, resulting in Iuminescence
quenching by the thermal ionization. In 2012 Czochralski-grown
2-inch diameter Gds;GasAl,042:Ce (GGAG:Ce) single crystal was
obtained [21], which showed excellent characteristics, including high
density 6.63 g/cm?, high light yield around 46,000 phot/MeV (this
value is by 30-40% more than the value of the best LYSO:Ce scintil-
lator reported so far), and excellent energy resolution 4.9%@622 keV.
The advantage of these scintillators is their very fast and intensive
5d—4f emission transitions of Ce** centers in the green-yellow
spectral range with dominating decay time about 50-60 ns. However,
slow micro-millisecond emission of Gd>* ions was observed at
310 nm due to forbidden 4f—4f transition of Gd*>*. At low con-
centration both Ce** and Gd>* take part in the emission processes in
the visible and ultraviolet spectral ranges, respectively. In slightly
Ce-Gd co-doped YAG or LuAG they mutually compete for the exci-
tation energy capture. At high concentration of Gd>** ions in undoped
material, their emission is suppressed by energy migration and con-
centration quenching in the Gd-sublattice. The energy transfer
towards Ce>* centers has also been observed at room temperature
[30,31]. The Gd>* ions are well-known as effective donors for a
number of rare earth ions [32]. Hence, the energy transfer from Gd>*
to Ce** ions can also be expected in Gd-Ce co-doped multi-
component garnets, further mediated by the energy migration in the
Gd-sublattice [30,31]. On the other hand, in the case of the Pr’*-
doped Gd** containing multicomponent garnets, much worse scin-
tillation performance was reported, namely the light yield values
decrease down to 4000-4500 phot/MeV [21,33], due to resonance of
the 5d;—>H4 emission transition of Pr>* and 8$—°P, absorption
transitions of Gd>* within 302-314 nm, which creates an additional
nonradiative pathways away from the 5d; state of Pr>* [34,35].

The aim of this paper is to measure temperature dependence of
Gd>* emission intensities and decay times related to its ®Py—2S
4f-4f transition peaking at 313 nm at the set of undoped matrices
with variable content of Gd and Ga cations. At room temperature
both the emission intensity and decay time of 313 nm emission
line are greatly dependent on the Gd content in an undoped
multicomponent garnet host [34]. Furthermore, for a selected
identical host composition the Ce-doped sample is measured as
well. Energy migration over the Gd** sublattice and its transfer
towards Ce>* centers is thus studied in a great detail.

2. Experimental

All the undoped and Ce3**-doped Y3_xGd,Als_,Ga,012 (x,
y=1,2,3) were prepared by micro-pulling-down method [26,27] in
Japanese laboratory. Polished plates of approx. @ 2.7 mm x 0.7 mm
cut from the parent rods were used for all the measurements.

Absorption spectra were measured by the Shimadzu 3101PC
spectrometer in the 200-800 nm range. The photoluminescence
(PL) spectra were measured in the temperature range 8-300 K, PL
decay kinetics were measured in the range 8-500K using the
custom made 5000M Horiba Jobin Yvon fluorescence spectro-
meter. Janis closed cycle cryostat was used in all the experiments.
In the steady state spectra measurements, the sample was excited
by deuterium lamp (Heraus Gmbh). All PL spectra were corrected
for the spectral distortions of the setup. In slow decay kinetics
measurements the microsecond xenon flashlamp was used and
signal was recorded by means of multichannel scaling method.
True decay times were obtained using the convolution of the
instrumental response function with an exponential function and
the least-square-sum-based fitting program (SpectraSolve soft-
ware package).

3. Results and discussion
3.1. Undoped Y;_Gd,Als_,Ga,0; (x,y=1.2,3) samples

In Fig. 1 typical room temperature absorption spectrum of
Gd,Y;Ga;Al404, single crystal is given. There are three narrow
absorption lines around 246, 275 and 310 nm, which are attribute
to the transition from #S;;, —°Dy, 8S7, — 1}, and 8S7j, —®P; of Gd**,
respectively. Besides, a strong absorption of host lattice (HL) is
observed below 220 nm.

In Fig. 2 the normalized excitation and emission spectra of
Gd,Y1GaAl404> single crystal are given at 8 K. The excitation
spectrum was monitored at the maximum of Gd®>* emission at
313 nm. It consists of sharp peaks related to 8S;;,—°D; and 2S,
»—°I; transitions around 240 nm and 270 nm, respectively. The
photoluminescence (PL) emission spectrum was excited in Gd>*
(4f-4f) absorption at 275 nm. Upon excitation in the °]; level at 8 K,
emission from the lowest energy °P7j, component with maximum
around 313 was observed. The critical distance, R., for Gd3* -
Gd>* energy transfer was derived by studying the influence of a
dilution of the Gd** sublattice by optically inactive Y>* ions on
the luminescence properties. This approach is discussed in detail
in Ref. [36] and shows that for oxides R. is around 6.5 A. Efficient
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Fig. 1. Absorption spectrum of Gd,Y;Ga;Al;01 single crystal.
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energy migration is only to be expected in gadolinium compounds
where the Gd>+-Gd>" distance is less than the value of R, men-
tioned above. Fig. 3 shows integrals of PL spectra and evaluated
decay times as a function of temperature. For Gd,Y>Gd;Al4O, all
decay curves were single-exponential. In several cases e.g.
Gd,Y,Gd Al404,, the decay curves possessed non-exponential
character and could be only fit by several exponential components.
In such cases, mean decay time 7, was introduced for con-
sideration, defined by the equation

z =2Ai7i2
T YA (1)

where A is the amplitude and 7 is the decay time value from the fit.
With increasing temperature both emission intensities and decay
times are decreasing, but their behavior is different for different
Gd content. For Gd,Y,Gd;Al40¢, only mild decrease in PL inten-
sities and decay times is observed, while for Gd,Y;Gd;Al4015 sharp
decline is observed within 30-60 K. In all undoped samples the
same relationship was observed, namely the intensities and decay
times of Gd>* emission decreases with increasing Gd*>* con-
centration as well as temperature. The results are in good agree-
ment with other studies, which have shown that in Gd®>* garnets
at least 50% of the Y3 sites should be occupied by Gd>* ions to
allow for efficient energy migration among the Gd>~ ions [34,36].
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Fig. 2. Excitation and emission spectra (measured at maxima of emission or exci-
tation peaks at de;m=313 nm and lex=275 nm, respectively) of Gd,Y;Ga;Al40¢;
single crystal.
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Such dependence clearly points to concentration quenching in the
Gd3* sublattice. At high enough concentration of Gd>* ions, there is
a sufficient reduction of the average distance between these lumi-
nescence centers to favor energy migration in the Gd sublattice. Due
to very efficient and fast Gd®>* — Gd>* energy transfer, the excitation
energy can migrate along a large number of centers before being
emitted. However, there is a certain concentration of defects/traps
that can act as acceptors, so that the excitation energy from Gd-
sublattice can finally be transferred to them. These centers can relax
to their ground state nonradiatively or eventually by an infrared
emission. Thus, they act as an energy sink within the transfer chain
and the Gd®>* luminescence becomes quenched. These kinds of
acceptor centers are called killers or quenching traps. In order to
explore this presumed energy migration, we take the temperature
dependence of PL intensities into account. As can be seen from Fig. 4
at low temperature energy migration is very weak, but at 100 K it is
efficient. The temperature dependence can be explained in this way:
due to inhomogeneous broadening caused by local fluctuation of
crystal field strength and site symmetry (due to atomistic fluctuation
of Gd-Y and Ga-Al site occupancies), the ®°P;,—3S;, transitions of
Gd3™ ions are not exactly in resonance, but their transition energies
show very small mismatches. Phonons are required to overcome
them. At room temperature, the absorption and emission lines of
Gd3* ions are broadened due to available phonons, their overlap
becomes large enough to enable the energy transfer between the
Gd** neighboring ions and energy migration process can occur.
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Fig. 4. The temperature dependence of PL integral intensities of Gd*>* emission in
the Gd,Y;GasAl,01; single crystal under excitation at 275 nm.
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However, at very low temperatures, due to lack of active phonon
modes and low overlap, the energy migration is hampered [32].
Consequently, the efficient ET processes require the assistance of
lattice phonons and electron-phonon coupling needs to be con-
sidered. Such phonon-assisted ET process is temperature dependent
and its efficiency rises up to higher temperatures [32,37]. The decay
time of the Gd*>* emission at 313 nm in Gd,Y;Ga;AlLO;> single
crystal slightly increases from 8 K to 30 K; this can be connected with
the thermal population of higher energy levels from where the
transitions are less allowed [38,39]. Figs. 3b and 4 show the integrals
of PL emission intensity of Gd>* ion under excitation at 275 nm in
Gd,Y,Ga;Al404, and Gd,Y;GasAl,04, crystals. It is observed that the
behavior of both curves in the entire temperature range (8-300 K) is
almost identical. Namely, in both samples the sharp and mild
declines of Gd*>* emission intensities are observed within 30-60 K
and 60-300 K, respectively. This observation reveals that the repla-
cing of AP+ by Ga*>* has a rather negligible influence on the Gd>*
features in Y3_xGd,Als_,Ga,01, hosts. Fig. 5 shows the decay curves
of the Gd>* ions in Gd,Y;Ga; Al crystal at different temperatures.
It can be seen from this figure that with increasing temperature the
decay curve of 313 nm emission line of Gd>* ions accelerates. At 35 K
the mean decay time of Gd>* emission obtained from multi-
exponential approximation shows only about half of its low tem-
perature limit i.e. the value of decay time of Gd>* emission observed
at 8 K. The decay curves of Gd,Y,Ga;Al401, were fit to the following
double exponential function:

I = lyexp( — t/z) + Iyexp( — t/7') (2)

where [ is the luminescence intensity, Iy, Iy are the intensities at
O s, tis the time and 7,r’ are decay times. Furthermore, the decay
curve of Gd** emission recorded at 8 K shows an initial rise. Given the
fact that excitation is into °l; multiplet at 275 nm, but emission is due
to radiative transition from lower lying multiplet sublevel °P;, the
observed rising part in the decay is most probably due to intracenter
transition °I;—®Ps,. Energy barrier for such a transition is apparently
very small as it is no more visible at 35 K. The results show that at low
temperature the decay occurs generally by radiative transitions in the
excited centers. Energy transfer is hampered. At higher temperatures
the decay is much faster than expected for radiative decay of isolated
ions [40]. Energy migration among the Gd>* sublattice occurs and
brings the excitation energy to killer sites. An analysis of curves pre-
sented on Figs. 4 and 5 shows that: (i) at lowest temperatures energy
migration among the Gd3>* ions is hampered and the decay occurs
generally by radiative transitions in the excited Gd>* centers (ii) decay
curves show multiexponential character in the entire temperature
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Fig. 5. Decay curves of the intrinsic Gd>* emission in Gd,Y;Ga;Al40;, single
crystal as a function of temperature; the sample was excited at l.x=275 nm and
monitored at lem =313 nm. Solid lines are two-exponential approximations.

range, and (iii) assistance of phonons is needed to enable efficient
energy migration among Gd>* ions. We are dealing with the diffu-
sion-limited energy migration [41-43].

3.2. Undoped and Ce-doped GdsGasAl,01> samples

In Fig. 6 the normalized excitation and emission spectra of
GdsGasAl,0q5:Ce3* single crystal are given at 8 K. The excitation
spectrum was monitored at a maximum of Gd>* emission at 315 nm.
It consists of sharp peaks related to Sy, —°D; and 8S;, - °I; transi-
tions around 240 nm and 270 nm, respectively. The PL spectrum of
Gd3GasAL0,:Ce®t was excited at Gd>* (4f-4f) absorption line at
270 nm. The observed band with maximum at around 525 nm is
typical for 5d; —2Fsp,, °F7, emission of Ce>* ions in garnets. The
intense and narrow peak with maximum around 315 nm is typical
for ®P;—5S;, emission of Gd*>*. Broad emission band peaking
around 390 nm is also observed. Though the origin of this host-
related emission is not clear, it might be easily related to the excitons
localized around impurities [44] or structural defects [45]. The PL
emission spectrum excited at 270 nm besides typical 4f—4f Gd>*
emission, exhibits also typical Ce>* emission. This evokes an idea of
possible ET from Gd>* to Ce®**. In order to explore this presumed
energy transfer from Gd>* to Ce>*, the PLE spectrum monitored at a
maximum of Ce®>* emission at 520 nm was performed. The PLE
spectra of the Ce>* emission from Gd;GasAl,0q2:Ce sample are
shown in Fig. 7. Two dominant bands observed in these spectra are
related to the well-known 4f—5d; (between 390 and 480 nm) and
4f— 5d, (between 315 and 360 nm) transitions of Ce>*, respectively.
Weak line at 270 nm is due to 8S;, —°P; transition of Gd** ions. Its
presence in the excitation spectra indicate that the energy transfer
from the Gd>* to Ce®>* ions takes place in the Gd;GasAl,0q,:Ce3*
single crystal similarly what was observed in Ref. [30]. From these
spectra we observe that the intensity ratio of (4f— 5d,)/(4f—5d,) is
two times less at RT than that at 8 K. A similar changes of intensity
ratio of Ce-related bands as a function of temperature was reported
before for Y5Als04,:Ce>* and this thermal behavior was explained in
terms that Ce>* occupies a tetragonally distorted cubic site in this
host. Due to this distortion, the ?Fs;, ground sate of Ce** is addi-
tionally split into E’ and E” levels [46]. At low temperature, only the
lowest ground state E’(4f) will be populated. Since the dipole
moment for the transition 4f(E’)— 5d, is much smaller than that for
4f(E”)—5d, the oscillator strength of the absorption band near
340 nm is predicted to be low at low temperature. As temperature
increases and the state E'(4f) becomes thermally populated the
oscillator strength for the 340 nm band should increase rapidly
because the transitions 4f(E’)—5d, is strongly allowed while the

— 0.35 -—I T T T T T T ] 1-2
£ - °p,-’s —A__=315nm ]

g 0.3F J 712 em 11
'é 0 255_ A =270 nm ]

E N 857/2 i GIJ = 108
= 0.2F

c o -0.6
2 0.15F

5 : J0.4
T 0.M1f ]

N L i

o ]

< 40

o L1 Il Il Il Il Il
240 320 400 480 560 640 720
wavelnegth(nm)

Fig. 6. Excitation and emission spectra (measured at maxima of emission or exci-
tation peaks at 315nm and 270 nm, respectively) of Gds;GasAl,0q5:Ce>* single
crystal.
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opposite holds for 4f(E’) — 5d [46]. Furthermore, the intensity of Gd-
related line around 270 nm is 3.5 times higher at RT than that at 8 K.
The increase of PLE intensity in 857/2a6PJ absorption transition
indicates that the efficiency of ET Gd®>* —Ce>* rises with increasing
temperature. This assumption is confirmed further by investigations
of temperature dependence of emission intensities as well as decay
times. The temperature dependence of PL decays of Gd>* emission
line at 315 nm was performed for the undoped as well as for Ce-
doped GdsGasAl,0q, samples, see Fig. 8. For the Ce-doped sample,
the decay time shortened much faster, becoming at 60 K as much as
190 times shorter than that in the undoped sample. The PL decay
time for Gd®>* at 315 nm as well as for Ce** at 520 nm was mea-
sured under excitation at 3S;, —°I; (Gd**) absorption line at 270 nm,
representing very similar behavior and values, except the range
8-30 K, where Ce>*-related decay times are somewhat shorter, see
Fig. 9. In Gd-concentrated samples ET is carried out by two different
ways which act together: (i) first excitation energy migrate over Gd
sublattice and is brought close to Ce>* ions, then (ii) due to spectral
overlap of the Gd*>* emission line with Ce** 4f—5d, absorption
band, the absorbed excitation energy is nonradiatively transferred to
Ce3* ions.

In Fig. 9 we observe these mechanisms, because the decay times
of Ce>* ion emission are the same as those of Gd>* ions i.e. of the
order of millisecond (Ce>* ions copy exactly the behavior of Gd>*
ions). At low temperatures their spectral overlap is minor and as a
consequence the ET is less efficient (see temperature range 8-30 K),
but at higher temperatures due to broadening of emission line and
absorption band of Gd>* and Ce®>* ions, respectively, the spectral
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Fig. 7. Excitation spectra of Gd;GasAl,015:Ce>* measured at 8 K and RT for the
520 nm emission of Ce** ion.
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Fig. 8. The temperature dependence of PL decays of Gd*>* ion (iex=270 nm,
Aem=315 nm) in Gd3GasAl,015:Ce** and GdsGasAl,0;, single crystals.

overlap is sufficient to enable effective energy transfer. The tem-
perature dependence of Gd-related emission line in undoped and
Ce-doped Gds;GasAl,01> shows very similar behavior in the range
8-60 K (Figs. 10 and 11). In both cases, in the range 8-30K an
increase of Gd-related emission line in GdsGasAl,O; and
GdsGasAl,042:Ce®* could be observed. At higher temperatures, fast
decrease of intensities was observed due to concentration quench-
ing. In Ce-doped sample (Fig. 11), an emission intensities redis-
tribution of Gd- and Ce-related line and band, respectively, is evident
in the range 25-70 K, namely the intensity of Gd line is decreasing
and at the same time the intensity of Ce band is increasing. Above
70 K, the Gd>* line is practically quenched and Ce®>* band reaches
its maximum intensity at about 120 K and slightly decreases around
300K due to thermal quenching and/or thermal ionization. These
characteristics evidence the energy transfer from Gd>* to Ce>* ions.
According to the Forster-Dexter model of the interaction mechanism
[32] the efficiency of Gd>* to Ce** transfer is expected to be rather
low because of minor spectral overlap between the °P;—2S;),
(Gd>*) emission line and 4f—5d, (Ce>*) absorption band.
However, Kucera et al. [30] and Blasse [47] have demonstrated
that sharp Gd®>* emission at 312 nm is located just at the edge of
the broad Ce>* 4f—5d, absorption band. In such a case, it can be
explained by: (i) with the temperature increase the corresponding
absorption band of Ce** and emission line of Gd>* become
broader, and as a consequence their overlapping is larger and ET
becomes more efficient [32]; (ii) the efficient ET process requires
also assistance of lattice phonons and electron-phonon coupling
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Fig. 9. The temperature dependence of PL decays of Gd>* ions; Aex=270 nm,
Jem=315nm °Pj(Gd**) and Aem=520 nm 5d;(Ce®*) in Gd3GasAL0;,:Ce " single
crystal.
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needs to be considered. Such phonons are available at higher
temperature and enhance the observed ET [30].

4. Conclusions

The absorption and luminescence properties of undoped and Ce-
doped multicomponent garnets (Y3_,Gd,Als_,Ga,0;) single crys-
tals are investigated upon partial or total substitution of Y>* by
Gd>* and A3+ by Ga>*. Absorption, excitation and emission spectra
as well as decay time measurements allow for detailed investigation
of luminescent properties. Temperature dependence of photo-
luminescence emission intensity and decay time measurements in
Y3_xGd,Als _,Ga,015 (x,y=1,2,3) point to the fact that the diffusion
limited energy migration through the Gd sublattice takes place in
samples in which two or three Y atoms are replaced by Gd ones in
chemical formula. Its efficiency increases with the raising tempera-
ture due to an improvement of the resonant conditions among °P,
(Gd>*) levels and assistance of available phonons at higher tem-
perature. At low temperature Gd>* —Gd>* energy transfer is
hampered due to small energy mismatches between neighboring
Gd>* ions resulting from inhomogeneous broadening caused by
local fluctuation of crystal field strength and site symmetry. At
higher temperature the excitation energy diffuses among Gd>* ions,
and gets trapped by unwanted impurities and/or structure defects
and concentration quenching occurs. Furthermore, the replacing of
AP+ by Ga* has a rather negligible influence on the Gd>* emission
features in Ys_Gd,Als_,Ga, 012 (x,y=1.2,3) hosts. The nonradiative
Gd>* - Ce3* energy transfer occurs in GdsGasAL0q,:Ce®* due to
spectral overlapping of °P;—S;, (Gd**) emission line with 4f— 5d,
(Ce**) absorption band. Its efficiency also increases with rising
temperature due to improved spectral overlap mentioned above.
The energy transfer is proved by: (i) presence of Gd*>* absorption
line in Ce** excitation spectrum, (ii) presence of Ce>* emission
bands under the selective excitation into Gd>* ions, and (iii) the
decay time of Gd>* emission is significantly shortened in the pre-
sence of Ce®>* jons as well as the latter emission shows millisecond
decay component when excited via Gd>* ions. The excitation energy
migrates among Gd>* ions until is finally captured by Ce>* jons and
afterwards released by its characteristic green-yellow light.
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