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A B S T R A C T

A study was conducted to examine the recombination processes in persistent phosphor Mg3Y2Ge3O12:Tb3+ garnet 
at low temperatures. Photoluminescence (PL), recombination luminescence (RL), electron paramagnetic reso
nance (EPR), and EPR detected by PL or RL were measured.

In samples with low Tb3+ concentration, a broad PL and RL band around 400–450 nm and characteristic Tb3+

lines were observed. However, in samples with high Tb3+ concentration, only Tb3+ lines were present. Both the 
broad-band and the line components exhibit long-lasting tunneling luminescence with hyperbolic decay. After 
263 nm UV irradiation signals of intrinsic electron (F-type) and hole (V-type) trapping centres were observed in 
the EPR spectra. Such signals were also observed in RL-detected EPR spectra, indicating that the broad RL band 
at low Tb3+ concentrations originates from tunneling recombination between these intrinsic traps. At high Tb3+

concentrations, the RL-EPR spectrum was not observed, suggesting that intrinsic electron and Tb-related hole 
trapping centres probably participate in the tunneling recombination.

1. Introduction

Persistent phosphors have a wide range applications in various fields 
such as security signs, luminous paints and displays [1–3], luminescence 
imaging of biological systems [4,5], photodynamic therapy [6,7] and 
others. Complex oxide garnets is a wide material class for persistent 
luminescence and other optical applications, in which defects, intrinsic 
and extrinsic luminescence [8–12] and recombination processes [13,14] 
have been investigated.

Tb3+ ion-activated Mg3Y2Ge3O12 (in the following text - MYG) 
garnet is a promising new blue to green tuneable persistent phosphor at 
room temperature [15]. MYG has a well-elucidated structure of inverse 
garnet [16], with band gap Eg in the range of 5.52–5.54 eV determined 
with the diffuse reflectance method at room temperature [17,18]. 
Doping MYG with Sm3+ [17], Bi3+ and Eu3+ [18] has prospective ap
plications as red-emitting phosphors for white LEDs. Bi-doped MYG as a 
UV phosphor may act as a “sensitizer” in the process of reducing the 
viscosity of heavy oil [19]. MYG doped with Ce3+ yields a yellow 
phosphor [20] and has been proposed as a persistent luminescence 
anti-flicker material for alternating current light emitting diodes [21].

In previous research, formation of several hole-type charge traps 
have been detected in MYG:Tb, but the mechanism of this tuneable 
persistent phosphor has not been fully explained [15]. There are no 
studies at low temperatures that could provide a more comprehensive 

understanding of the optical processes involved in MYG:Tb.
Low temperatures have often proven to be highly beneficial in the 

study of recombination mechanisms. The possibility of using the 
recombination luminescence detected EPR (RL-EPR) method appears at 
lower temperatures, which allows direct identification of the EPR-active 
centres participating in the recombination process [22–24]. Addition
ally, RL-EPR is usually performed at higher microwave frequencies (up 
to 60–95 GHz) and correspondingly higher magnetic fields, which in
creases the resolution compared to EPR’s most common microwave 
frequency range of 9 GHz [23,24]. To our knowledge, no RL-EPR tech
niques have been applied to complex oxide compounds similar to MYG: 
Tb. We recently applied the RL-EPR to investigate the low-temperature 
recombination luminescence in La-doped Ca2SnO4 which allowed to get 
inside to recombination processes of this material [25].

This work reports recombination luminescence (RL) studies at low 
temperatures, involving also the RL-EPR method in the long-lasting 
afterglow of MYG:Tb, performed with an aim of elucidating the nature 
of paramagnetic centres participating in recombination processes at low 
and high Tb concentrations.

2. Materials and methods

MYG samples with a general formula of Mg3Y2-xGe3O12: xTb3+ (x =
0.0002; 0.2 corresponding to MYG:0.01 % and MYG:10 % (mol%)) were 
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prepared using high-temperature solid-state synthesis. Detailed syn
thesis parameters have been described previously [15].

The powder particle sizes determined by the SEM method were 
approximately 1–4 μm. The phase composition of the prepared samples 
was analysed by X-ray diffraction (XRD) using Rigaku MiniFlex 600. Cu 
K-α radiation from X-ray lamp operated at 40 kV and 15 mA was used.

For photoluminescence (PL) and RL measurements, wavelength- 
tuneable pulsed solid-state laser Ekspla NT342/3UV was used as an 
excitation source. The signal was detected using Andor Shamrock B-303i 
spectrometer coupled with Andor iSTAR DH734 CCD camera. Optical 
measurements were carried out at 10–300 K using Advanced Research 
Systems DE202 N cold finger-type helium cryostat. The thermo
stimulated luminescence (TSL) heating rate was 10 K/min.

PL- and RL-excitation measurements in the spectral range 200–375 
nm were carried out at 10 K using Edinburg Instruments FLS1000spec
trometer equipped with Janis Research SHI-950-5 optical closed cycle 
refrigerator with sample in an exchange gas. The intensity measure
ments were corrected for the spectral response of the spectrometer. The 
efficiency of RL excitation was evaluated by measuring the difference in 
the afterglow amplitude between 30 and 60 s after 30 s UV excitation in 
order to eliminate possible small background from the previous mea
surement point.

The Bruker ELEXSYS-II E500 CW-EPR spectrometer was used for 
electron paramagnetic resonance (EPR) investigations of the samples. 
The spectra acquisition settings were as follows: 40 K, 9.357 GHz mi
crowave frequency, 0.1 mT magnetic field modulation amplitude with 
100 kHz modulation frequency, and 0.1 mW microwave power unless 
specified otherwise. EPR spectra were obtained after exposing the 
sample to two different ultraviolet (UV) irradiation settings: (1) 230 nm 
excitation at room temperature outside the EPR resonator; (2) 263 nm 
excitation maintaining the sample at 40 K within the EPR resonator. EPR 
spectra were analysed using the Easyspin software toolbox for Matlab 
[26] employing the following spin-Hamiltonian (SH): 

H= gμBBS (1) 

where g is the g-factor; μB – the Bohr magneton; B – external magnetic 
field; S – electronic spin operator [27]. During the simulation process, 
the g-factor components were changed to achieve the best fit to exper
imental spectra.

Photoluminescence detected EPR (PL-EPR) and RL-EPR were 
measured using a custom-built spectrometer with an Oxford Instruments 
liquid helium cryostat at microwave frequencies of 62.0 GHz (V-band) 
and 97.9 GHz (W-band) at a temperature of 1.5 K.

PL and RL were excited using a xenon lamp with a 250 nm UV 
bandpass filter with 40 nm bandwidth and detected with a Hamamatsu 
photomultiplier tube in the spectral range from 200 to 900 nm.

RL-EPR was detected in the integral afterglow luminescence after UV 
irradiation for approximately 5 min at T = 1.5 K. The magnetic field- 
dependent background was subtracted.

PL-EPR was measured via a 310–780 nm bandpass filter using mi
crowave modulation and a lock-in amplifier operating at 1 Hz 
frequency.

3. Results and discussion

3.1. X-ray diffraction

The phase composition of the MYG:Tb samples was analysed using X- 
ray diffraction analysis. The XRD pattern matches with the standard 
diffraction lines of MYG garnet (PDF 01-089-6603); no additional peaks 
were noticed (see Fig. 1), indicating that the samples contain single- 
phase garnet-type MYG and the Tb3+ is incorporated in the crystalline 
lattice. The results are consistent with our previous work, which 
demonstrated unlimited solubility of Tb3+ in the MYG lattice [15].

3.2. Luminescence

Low-temperature photoluminescence spectra of the MYG:Tb garnet 
samples were measured for two Tb3+ concentrations – 0.01 % and 10 % 
Tb3+.

In the 0.01 % Tb3+ concentration sample, a broad PL band with a 
maximum at about 380 nm is observed using 210 nm excitation (Fig. 2a, 
dotted curve). At the excitation at 250 nm, the broad band maximum is 
shifted to about 450 nm and multiple narrow luminescence bands in the 
360–700 nm range associated with 5D3→7FJ and 5D4→7FJ transitions of 
Tb3+ could be detected (Fig. 2a, solid curve). It should be noted that this 
broad emission band is also present in undoped samples. The broad band 
PL excitation (PLE) spectra have a maximum at about 207 nm (Fig. 2a, 
dashed curve). No significant deviations were detected in PLE spectra of 
this band when measured at different spectral positions. The intensity of 
the broad PL band is the highest at low temperatures and decreases upon 
increasing temperature (Fig. 2b). The origin of broad emission band is 
discussed further in this work.

After switching off the excitation source, a long-lasting RL was 
observed for the 0.01 % Tb3+ doped MYG sample (Fig. 3). After the 210 
nm excitation (dotted curve), a broad RL band with a maximum at about 
425 nm was observed with overlapping Tb3+ lines. At the excitation at 
250 nm (solid curve), the broad band maximum is located at about 450 
nm with about the same Tb3+ line intensities. The broad-band RL exci
tation (RLE) efficiency after 30 s excitation and measured intensity 
difference between 30 and 60 s is shown in Fig. 3 as well (dashed curve). 
Both the broad-band PL and RL in MYG could be excited by approaching 
and exceeding the band-gap value of 5.53 eV (225 nm - at room tem
perature, at low temperatures it should be at somewhat shorter wave
lengths). This indicates that electrons and holes created by band-band 
transition bind/recharge to electron-hole centres, which then gives 
broad-band PL/RL.

For the high Tb concentration of 10 %, both the PL and RL spectra 
show several sharp and narrow emission bands located at 490 nm, 543 
nm, 583 nm, 625 nm and 667 nm lines which correspond to 5D4→7F6, 
5D4→7F5, 5D4→7F4, 5D4→7F3, 5D4→7F2,7F1 transitions of Tb3+ respec
tively (Fig. 4, if normalized, all shapes practically coincide). No evidence 
of the broad PL or RL band has been observed. Two broad excitation 
peaks were observed in the PLE spectra while monitoring the 544 nm 
emission, with maxima at 280 nm and 317 nm. The strongest excitation 
peak, centred at 272 nm, is attributed to 4f-5d transitions of Tb3+, 
consistent with previous findings in similar materials [28–30]. The 317 
nm peak has been previously reported in Mg3Y2Ge3O12 and is thought to 

Fig. 1. XRD patterns of the MYG garnet samples doped with 0.01 and 10 mol 
% Tb3+.
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be either due to f-d transitions of Tb3+ in a distorted environment or 
associated with point defects [15]. Similarly as for the low Tb concen
tration sample, RL could be excited by photons with energies close to the 
value of MYG band gap. For the 10 % Tb sample, the RL in lower extent 
could be excited going through the 4f→5d excitation band of the Tb3+.

Integral RL decay kinetics of MYG:Tb are shown in Fig. 5 for low 
(0.01 %) and high (10 %) Tb3+ concentrations. Long-lasting hyperbolic 
decay, which is linear in double-logarithmic coordinates, has been 
observed for both Tb3+ concentrations. Hyperbolic decay is character
istic for tunneling recombination between spatially distributed electron 
and hole trap centre pairs [31,32]. The starting points of the kinetics 
could be lower than the straight line due to the relatively long excitation 
time.

After the UV excitation at T = 10 K, both low- (0.01 % Tb, Fig. 6a) 
and high-doped (10 % Tb, Fig. 6b) MYG samples exhibit a low- 
temperature TSL peaks with the maximum at about 65 K.

TSL for the 0.01 % doped sample is shown to start at about 25 K, 
which, in addition to the hyperbolic decay kinetics mentioned earlier, 
indicates that RL occurs as the tunneling recombination. For the 10 % Tb 
sample, TSL starts at about 20 K and hyperbolic decay kinetics behav
iour indicate the tunneling recombination process in the RL as well. 
Moreover, for RL at both low and high Tb concentrations, during small 
temperature deviation step of 10 K over the 10 K did not cause any 

intensity increase. This further strengthens the conclusion that 
temperature-dependent tunneling recombination is observed for both 
Tb concentrations at 10 K. The TSL peak at 250 K is from an unidentified 
charge traps which following UV irradiation is more pronounced in a 
high concentration Tb sample.

3.3. EPR

The normalized EPR spectra of the MYG:0.01 % Tb sample following 
exposure to UV radiation are shown in Fig. 7. In both cases of irradia
tion, EPR spectra were acquired using identical spectra acquisition set
tings; no signals were detected before the irradiation. The intensities and 

Fig. 2. PL characteristics of the MYG garnet doped with 0.01 % Tb3+: a) excited 
at 210 nm (dotted curve), 250 nm (solid curve), excitation spectra for emission 
at 350 nm (dashed curve) and 544 nm (dashed-dotted curve) at temperature 10 
K and b) temperature dependence of the broad PL band.

Fig. 3. RL spectra of the MYG garnet doped with 0.01 % Tb3+ after the exci
tation at 210 nm (dotted curve), 250 nm (solid curve) and 350 nm RL excitation 
spectrum (dashed curve) at 10 K.

Fig. 4. Normalized PL and RL spectra of the MYG garnet doped with 10 % Tb3+

after the excitation at 210 and 250 nm, all 4 spectra coincide; PL excitation 
spectra at the Tb3+ lines at 544 nm (dotted curve) as well as the 544 nm RL 
excitation efficiency (dashed curve) measured at 10K.
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resonance positions of the UV-generated EPR signals are affected by the 
conditions of sample irradiation. Achieving uniform and effective irra
diation of powder samples in the in-situ mode is problematic; thus 
resulting in a notable signal-to-noise ratio after the low-temperature 
sample irradiation. The variations of relative intensities suggest that 
the formation of specific paramagnetic centres depend on temperature, 
implying differences in charge carrier trapping and recombination 
mechanisms in MYG.

A simulation of the experimental spectrum after UV excitation at 
room temperature is presented in Fig. 8. The experimental spectrum can 
be simulated as a superposition of three components V(I), V(II), V(III) 
with SH parameter values reported in Ref. [15]. Different configurations 
of O− ions in the MYG structure were proposed to be the most likely 
origin of the V-type centres. The thermal stability of the hole traps was 
found to correlate with TSL glow curves, providing evidence that these 
centres contribute to radiative recombination processes at temperatures 
above room temperature.

EPR spectra dependence on microwave power of the MYG: 0.01 % Tb 
sample after in-situ UV irradiation at 40 K is shown in Fig. 9. For a 
qualitative assessment, the geff axis (top) is introduced by using eq. (1)
and the experimental microwave frequency. The highest-intensity res
onances in the 2.00 < geff < 2.01 range could partially be ascribed to the 
V(I) signal discussed above; however, the low field (geff ≈ 2.03) 

Fig. 5. Decay kinetics at T = 10 K of the integral RL of MYG garnet doped with 
0.01 % Tb3+ after excitation at 210 nm (a) and with 10 % Tb3+ after excitation 
at 250 nm (b). Excitation time was 5 min.

Fig. 6. TSL of the 0.01 % (a) and 10 % (b) Tb-doped MYG samples, measured 
by integral emission spectrum 30 min after the UV excitation at 10 K.

Fig. 7. Experimental EPR spectra of the MYG: 0.01 % Tb sample: 
upper trace – ex-situ 230 nm excitation at room temperature; lower trace – in- 
situ 263 nm excitation at 40 K.
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components of the V(II) and V(III) signals are barely discernible. There is 
a broad signal in the 1.97 < geff < 1.98 range, which becomes more 
pronounced at higher microwave power suggesting the generation of an 
additional F-type centre at low temperature. However, in many metal 
oxides, the intensity of the F+ centre EPR absorption is maximal at low 
power values (0.1 mW or less) [33,34]. Thus, the observed power 
dependence in MYG may mean that the observed absorption belongs to a 
centre with a captured electron which is not necessarily the F+ centre. 
The EPR results show that the excitation temperature influences 
UV-induced processes in MYG, possibly due to differences in the 
mechanisms of paramagnetic centre generation and their stabilities.

3.4. RL-EPR and PL-EPR

In order to find out information about the electron and hole centres 
participating in the broad PL and RL bands, RL-EPR and PL-EPR studies 
were performed on samples with low Tb concentration (0.01 %). The RL 
intensity of the broad 425–450 nm band at higher magnetic fields 
around 2.5–3 T was suppressed and thereafter partially restored at the 
resonance fields of participating hole/electron traps. The resulting 
resonance signals are shown in Fig. 10 for two microwave frequencies – 
62.00 and 97.90 GHz.

The observed RL-EPR spectra were successfully fitted by assuming a 
recombination of one hole centre of S = ½ (V-type: g1 = 2.035 ± 0.001; 
g2 = 2.006 ± 0.001; g3 = 2.001 ± 0.001) with one electron centre of S =
½ (F-type: g = 1.974 ± 0.001). The determined parameter values well- 
correlate with the EPR data after UV irradiation of the 0.01 % Tb 
doped sample at T = 40 K. For the attribution logic of these centres to F- 
type and V-type defects, see the EPR section above. The determined g- 
factor values of the V-type centres determined in the simulations of RL- 
EPR (Fig. 10) and EPR (Fig. 8) spectra overlap. It was confirmed that the 
RL-EPR resonances are observable for the entire broad RL band, using 
optical filters.

The second applied method – PL-EPR, in which microwaves were 
modulated with a frequency of 1 Hz during PL, gave resonance bands 
similar to the RL-EPR, only the signals of hole centres in the 2.18–2.21 T 
region were weaker than the signal of electron centres (see Fig. 11).

This could be explained by assuming that the hole centres have 
shorter relaxation times than electron centres. Thus, the PL and RL 
broadband spectra are not only similar in shape and position but also 
exhibit the same PL-EPR and RL-EPR resonance bands. We conclude that 
the observed PL and RL broad bands in MYG:Tb have similar origins – 
the tunneling recombination of electron and hole centres. Neither RL- 
EPR nor PL-EPR signals were found in the 10 % Tb-doped MYG sample.

3.5. RL mechanism of the Tb doped MYG at low temperatures

After UV excitation at 10 K of MYG:Tb, a small increase in temper
ature of over 10 K does not change the RL intensity and thermo- 
stimulated luminescence starts at about 20 K (Fig. 6). These observa
tions and the hyperbolic RL quenching kinetics (Fig. 5) indicate that the 
low-temperature RL of MYG:Tb at both low (0.01 % Tb3+) and high (10 
% Tb3+) concentrations is determined by the tunneling recombination of 
electron and hole centres.

The broad 425–450 nm RL band can be significantly suppressed by 
increasing the magnetic field up to 2–3 T. Then it can be largely restored 
by applying microwave radiation at the resonant magnetic fields of the 
electron or hole centres.

EPR measurements revealed signals of the electron and hole centres 
after the UV irradiation at 40 K (Fig. 9). RL-EPR has been observed only 
at low Tb3+ concentrations where the broad RL band dominates and the 
RL-EPR signals have the same parameters as in the EPR measurements. 
Therefore, the broad band RL is determined by the tunneling recombi
nation of intrinsic electron (F-type) and hole (V-type) centres in MYG. 
The participation of intrinsic trap centres in RL is supported by the fact 
that RL efficiency grows by approaching the band gap value of MYG (see 
Fig. 3). For the MYG: Tb sample with low Tb3+ concentration, the Tb3+

lines could be observed as well, which may be caused by a partial energy 
transfer of the recombination energy to Tb3+ ions (Fig. 12a).

In contrast to MYG with the 0.01 % Tb, in the 10 % Tb-doped sample 
no broad band RL was observed and only Tb3+ lines could be detected in 
the PL and RL spectra (Fig. 4). RL has tunneling character and the decay 
is hyperbolic; therefore, the mechanism at 10 % Tb concentration should 
be related to the recombination between the electron and hole trap 
centres. As no broad RL bands could be detected, we suppose that at least 
one of the electron or hole centres would be different than at the RL-EPR 
at low Tb3+ concentration (Fig. 12b). The most likely centre with a 
trapped hole would be a Tb4+ centre. The presence of intrinsic electron/ 

Fig. 8. EPR analysis of the MYG: 0.01 % Tb sample after UV excitation at room 
temperature: experimental spectrum (black trace); simulated spectra (green 
trace – superposition; blue trace – V(I) signal; yellow trace – V(II) signal; purple 
trace – V(III) signal).

Fig. 9. Experimental EPR spectra of the 0.01 % Tb sample after UV excitation 
at 40 K acquired at different microwave (MW) power settings.
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or hole traps cannot be excluded as well, and the Tb3+ RL could be 
excited by wavelengths around the Eg value (Fig. 4, dashed line).

The band shape of the broad RL band is similar to the corresponding 

low-temperature PL band and is only slightly shifted to longer wave
lengths (see Figs. 2 and 3) The PL-EPR spectrum shows the resonance 
lines of the same centres as present in the RL-EPR spectra. These simi
larities and the decay kinetics of PL suggest that the broad PL band of 
MYG:Tb at low Tb concentration has the same origin of the tunneling 
recombination of the intrinsic electron and hole centres as the broad RL 
band.

4. Conclusions

• Low-temperature PL and RL in MYG:Tb after UV irradiation at 210 
nm or 250 nm show Tb3+ lines and, in case of low Tb3+ concentra
tions, an additional broad band at about 400–450 nm.

• The broad RL band has a long-lasting hyperbolic afterglow decay 
characteristic for tunneling recombination luminescence. The shape 
of the RL band is similar to the corresponding low-temperature PL 
band; however, it is shifted to longer wavelengths. The broad-band 
RL can be excited by photons with energies approaching the band 
gap of MYG. The decay kinetics and the similarity of the band shapes 
of the RL and PL spectra suggest that the broad PL and RL have the 
same origin: the tunneling recombination between intrinsic electron 
and hole centres.

• The broad RL band can be largely suppressed at low temperatures by 
magnetic field up to 3 T and restored by applying microwave radi
ation. RL-EPR spectra show resonances of both electron trap (F-type) 
and hole trap (V-type) centres.

Fig. 10. RL-EPR spectra measured at T = 1.5 K and 62.00 (a) and 97.90 GHz (b) microwave frequencies and simulations using the EPR parameters (see the text 
below) of the corresponding hole centres (left group of lines) and electron trap centres (right line).

Fig. 11. PL-EPR spectrum measured at T = 1.5 K and 62 GHz micro
wave frequency.

Fig. 12. Low-temperature RL mechanisms of the MYG:Tb.
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• After UV irradiation at low temperature, electron and hole trap 
centres are observed in the EPR spectra. The g-factors of these 
paramagnetic centres correspond to those of RL-EPR signals.

• The Tb3+ RL lines appear either by transfer of recombination energy 
from the broad RL band to the Tb3+ absorption bands (for low Tb 
concentration) or tunneling recombination of electron trap and hole 
(probably Tb4+) centres (for high Tb concentration).
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