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Abstract 

The temperature determination using luminescent materials is nowadays considered the perspective remote 

technique for temperature gauging, despite the few examples reported so far combining wide operating 

temperature range with satisfying relative thermal sensitivity and temperature uncertainty values. In this 

paper, we study the Y3(Al,Ga)5O12:0.1%Pr phosphors with controlled Ga:Al composition to deliberately 

affect their luminescent properties. We demonstrate that the energy barrier for thermal quenching of the 

5d-4f luminescence can be effectively tailored, yielding the fine tune of the thermometric parameters of 

these phosphors. By exploiting time-resolved and time-integrated approaches we show that the 

thermometers can cover the 17–700 K temperature range with a maximum relative sensitivity up to 

3.6 %·K−1 and a temperature uncertainty as lower as 0.02 K. For each sample, the temperature readout of 

the distinct thermometric parameters is compared illustrating that the performance of the thermometers 

should also consider the relative temperature error between the calculated and the measured temperatures, 

besides relative thermal sensitivity and temperature uncertainty. 

 

Introduction 
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Luminescence thermometry is nowadays considered one of the most promising and perspective remote 

techniques of temperature measuring [1–5]. The requirements for luminescent thermometers are dependent 

on the final application. For example, for biological and medical purposes, a relative thermal sensitivity 

(Sr) and a temperature uncertainty (T) [1,2,4] of the measurements within a rather narrow range around 

the physiological temperature are of greatest importance [6–11]. In space research, on the contrary, the high 

performance in the cryo-range is the priority [12,13]. Some other applications, such as catalysis, aerospace, 

surface temperature measurements, protection of structural materials, would benefit from luminescent 

thermometers able to measure temperature over a wide range, at least a few hundred degrees, and even 

above 1000 °C [3,14,15]. Such luminescence thermometers may not display very high relative thermal 

sensitivity and/or very low accuracy over their whole operating range [1,3]. At the present early stage of 

the luminescence thermometry development, a few hundred degrees of operating range is considered a very 

good result. Clearly, new ideas are necessary to bring significant progress or breakthroughs for producing 

luminescent thermometers for a wide temperature operating range. 

Ratiometric, self-referencing luminescence thermometers based on a ratio of intensities of two emission 

bands (often termed luminescence/fluorescence intensity ratio, LIR, or FIR) are considered one of the most 

versatile approaches [1,16]. It allows fast reading, does not require frequent calibrations, and may benefit 

from adjustable excitation intensity. For such thermometers, at least two emission bands with different 

temperature dependencies of their intensities are required. Also, the temperature-dependence of the 

luminescence decay time can be useful for covering wide temperature ranges [3,16–18]. Till now, the 

performance of thermometers using this approach is mostly lower compared to LIR thermometers, but it is 

not a definitive rule [18]. Thus, both methods are valuable and worth further development. Presently the 

temperature-dependent decay time thermometry is exploited for high-temperature measuring, mostly above 

300 K and it is claimed that this approach is not perspective for low-temperature luminescence thermometry 

[14,19]. However, the results presented in this publication show that there is no such limitation if the 

5d →f luminescence kinetics is considered. 
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It was recently pointed out that Pr3+ may be useful to broaden the range of operating temperature and 

improve the performance of the thermometer in terms of thermal sensitivity and temperature uncertainty 

[20–22]. Namely, to take full advantage of this ion, it was indicated to use both its intra- (4f→f) and inter-

configurational (5d→4f) transitions [20–22]. This approach was firstly examined in Sr2(Ge,Si)O4:Pr and 

Lu2(Ge,Si)O5:Pr [20,21,23]. These thermometers operate in the 15-700 K range showing a relative thermal 

sensitivity as high as 9.2 %·K−1. These encouraging results substantiate a further exploration of this 

approach to luminescence thermometry. 

A common drawback shared by the Sr2(Ge,Si)O4:Pr and Lu2(Ge,Si)O5:Pr phosphors mentioned above is 

their inefficient excitation by the 4f→5d1 transition around 245-255 nm using the most practical Ozone-

free Xe lamp combined with a monochromator [21]. To overcome this difficulty, we exploit in this work 

the garnet hosts, known by their very high crystal field exerted on the activator. Consequently, dopants as 

Ce3+ or Pr3+ show their 4f→5d1 absorptions at moderate energies (longer wavelengths) [24,25]. For the Pr3+ 

ion, this transition appears typically around 280 nm in garnets [24,26,27] and is easily accessed using the 

radiation from a commercial Xe lamp. Therefore, we study the whole Y3(Al,Ga)5O12:Pr family of 

compositions (with different Ga:Al ratio) to explore the bandgap engineering effect and exploiting both the 

5d→4f and 4f→4f emissions [28–32]. 

Several consequences for the electronic structure of Y3(Al,Ga)5O12:Pr phosphors result from the 

replacement of Al by Ga, as schematically depicted in Figure 1a. The focus of our approach is tuning the 

performance of luminescence thermometers controlling the energy difference between the 5d1 level of Pr3+ 

and the bottom of the conduction band (CB) of the host (Figure 1a). This can be attained by adjusting the 

Al/Ga ratio, as the Ga addition reduces the bandgap. This occurs due to lowering the minimum of the CB. 

In parallel, the valence band (VB), as well as the 5d1 level of Pr3+, moves to higher energies [24,28,32]. For 

the Y3Al5O12 host, the bandgap is 7.5 eV, while for the Y3Ga5O12 one it is only 6.5 eV [24,33]. 

Consequently, the 5d1 level and the bottom of CB get systematically closer with increasing Ga content. As 
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a consequence, the thermal quenching of the 5d→4f emission occurs at lower temperatures with the 

increase of Ga in the host. The detailed electronic levels structure for the activator is given in Figure 1b. 

Its main luminescent transitions, important for luminescence thermometry, are indicated with arrows. The 

red arrows in Figure 1b reflect the red part of the luminescence from the 3P0 level which overlaps with the 

red emission from the 1D2 level. This presents some important consequences in the applications of 

luminescence thermometry, as detailed in the next sections. Finally, the addition of Ga reduces the energy 

of the lattice phonons, an overlooked or ignored fact in the previous reports on bandgap engineering. Here 

we show that this impacts the non-radiative relaxation pathways between the various Pr3+ levels [24], a 

crucial point for the design of the luminescent thermometer. We show the influence of these effects and 

their interplay on the performance of the Y3(Al,Ga)5O12:Pr thermometers. 

In this paper, we show that bandgap engineering, adjusting the Ga:Al ratio in the Y3(Al,Ga)5O12:Pr 

phosphors, allows tuning the range of temperatures within which the 5d→4f luminescence of Pr3+ ion is 

present and at which temperature it is quenched. This, in turn, makes possible a precise calibration of 

temperatures at which the thermometer shows the highest relative thermal sensitivity as well as its overall 

operating range. Since both 5d→4f luminescence intensity and its decay time present temperature 

dependence in very much the same range, a dual-mode thermometer may be constructed, and its operating 

range can be tuned from cryo-range up to 600 K. Recently, Dramicanin reported that the temperature-

dependence of the decay time of the 4f→4f luminescence of trivalent lanthanide (Ln3+) ions is suitable for 

thermometry at high temperatures [14,19]. In this paper, we will show that in the case of 5d→4f 

interconfigurational transitions the emission decay time may also be used for temperature sensing at low 

and moderate temperatures. Admirable accuracy, well below 0.05 K, even at high temperatures, is an 

additional important advantage of Y3(Al,Ga)5O12:Pr luminescence thermometers. Thus, we demonstrate 

that these phosphors are dual-mode temperature sensors exploiting the temperature dependence of the 

5d→4f luminescence in steady-state and time-resolved modes. 

Experimental section 
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Materials preparation: Powders of Y3(Al,Ga)5O12:0.1mol%Pr were prepared using flux-aided synthesis 

(Li2SO4, Alfa Aesar, 99.7%) and stoichiometric mixtures of Y2O3 (Stanford Materials, 5N), Al2O3 (Roth, 

4N5), Ga2O3 (AbCr, 4N), and Pr6O11 (Stanford Materials, 5N) oxides. All reagents were thoroughly mixed 

and ground with the flux using acetone as a wetting agent, placed in a covered corundum crucible and 

heated at 1300 oC for 5 hours in the air. After cooling to room temperature, the products were recovered by 

washing with an excess of hot distilled water a few times. Finally, the powders were dried at 80 °C for 10 

hours in a laboratory vacuum dryer. The following compositions were prepared and investigated: 

Y3Al5O12:0.1mol%Pr, Y3(Al4Ga1)O12:0.1mol%Pr, Y3(Al3Ga2)O12:0.1mol%Pr, 

Y3(Al2.5Ga2.5)O12:0.1mol%Pr, Y3(Al2Ga3)O12:0.1mol%Pr, Y3(Al1.5Ga3.5)O12:0.1mol%Pr, 

Y3(Al1Ga4)O12:0.1mol%Pr, and Y3Ga5O12:0.1mol%Pr. All powders were snow-white indicating that Pr4+ 

ions, giving broad-band charge-transfer absorption in the visible part of spectrum, were practically absent. 

 

Structural and morphological analysis: Phase purity of all the materials was verified employing the X-ray 

powder diffraction (XRD) measurements in the range 2θ = 0-80o with the step 2θ = 0.01608o using a D8 

Advance X-ray Diffractometer from Bruker. The Ni-filtered Cu Kα1 radiation (λ = 1.540596 Å) from a Cu 

X-ray tube was utilized. The microstructure of the powders was tested by scanning electron microscopy 

(SEM) with a Hitachi S-3400N electron microscope equipped with energy-dispersive X-ray spectroscopy 

(EDS) EDAX analyzer.  

 

Photoluminescence: Photoluminescence excitation and photoluminescence spectra, as well as decay kinetic 

curves, were measured with an FLS 980 Spectrometer from Edinburgh Instruments Inc. equipped with a 

450 W Xenon lamp for continuous and 60 W Xenon flash lamp for pulse excitation. The equipment was 

combined with a closed-cycle helium cryostat with a Cu holder for a sample mounting. The thermocouple 

type E (Nickel-Chromium/Constantan) placed close to the sample was used to measure the temperature. 
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The spectra were recorded in the 13–700 K temperature range with the 25 K step using Hamamatsu R928P 

high-gain photomultiplier thermoelectrically cooled to -20 °C with a Peltier module and operating in the 

range 200–870 nm. TMS302 X single grating excitation and emission monochromators of 30 cm focal 

lengths were utilized in the excitation and emission channels. The slits were 0.25 nm and the step 0.15 nm. 

Photoluminescence excitation spectra were corrected for the incident light intensity and photoluminescence 

spectra for the wavelength dependence of the spectral response of the recording channel. The time-resolved 

emission spectra and decay kinetic curves were taken upon the 60 W Xe pulse lamp excitation. The EPLED-

280 (280 nm) pulse laser was used to excite the phosphors to measure the decay kinetic curves of the 5d→4f 

luminescence of Pr3+. The emitted light was then recorded using an F-G05 low-noise photomultiplier 

featuring a Hamamatsu H5773-04 detector. 

 

Infrared spectroscopy: Infrared (IR) spectra of the Y3(Al,Ga)5O12:0.1%Pr powders were measured using a 

Bruker IFS66 spectrophotometer. Spectra were registered in the 50-4000 cm-1 range at 300 K using the 

classic nujol technique. 

 

Thermometric Analysis: All photoluminescence spectra were converted from photon flux per constant 

wavelength interval function (as measured) into photon flux per energy interval according to the Jacobian 

transformation (relevant to ensure that the area underneath the spectrum is the same compared to integration 

in the wavelength scale) [34–37]. The integrated areas of the indicated transitions were calculated after the 

standard baseline subtraction [3]. Integrated intensities of selected luminescence bands (𝐼𝑖) were calculated 

according to: 
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𝐼𝑖 = ∫ 𝑓 (𝐸, 𝑇) 𝑑𝐸

𝐸2

𝐸1

. (1) 

 

The thermometric parameter, ∆, was defined as a ratio of integrated intensities of two specified transition 

bands (Ii and Ij, see Eq. (1)) as a function of temperature: 

 

Δ =
𝐼𝑖

𝐼𝑗
. 

(2) 

 

The relative uncertainty in Δ was determined using [1]: 

 

𝛿Δ

Δ
= √(

𝛿𝐼1

𝐼1
)

2

+ (
𝛿𝐼2

𝐼2
)

2

 (3) 

 

where 𝛿𝐼/𝐼 represents the relative uncertainty in the integrated area that is estimated using the signal-to-

noise ratio of the emission spectra (dividing the readout fluctuations of the baseline by the maximum 

intensity value). Finally, empirical 2nd-degree polynomial functions were fitted to the experimental data to 

get the 𝛿𝐼/𝐼 temperature dependence. 

The main parameters describing the thermometer performance are the relative thermal sensitivity (Sr) and 

the temperature uncertainty (𝛿T) defined by [1,38,39] 

 



 9 

𝑆𝑟 =
1

∆
|
𝜕𝛥

𝜕𝑇
|, for intensity ratio 𝑆𝑟 =

1

𝜏
|
𝜕𝜏

𝜕𝑇
|, for lifetime (4) 

𝛿𝑇 =
1

𝑆𝑟

𝛿Δ

Δ
, for intensity ratio 𝛿𝑇 =

1

𝑆𝑟

𝛿𝜏

𝜏
, for lifetime (5) 

 

where 𝜏 is the decay time of the 5d→4f luminescence and 𝛿𝜏/𝜏 its relative uncertainty. As a rule of thumb, 

the temperature operating range was defined considering that the difference between consecutive Δ or 𝜏 

measurements in the acquisition of the respective calibration curve must surpass their corresponding 

uncertainties 𝛿Δ or 𝛿𝜏 [40]. The thermometers are also out of their operating ranges if one value of Δ (or τ) 

corresponds to two (or more) different temperatures. To calculate 𝛿𝜏/𝜏 we fitted the experimental 𝛿𝜏/𝜏𝑚𝑎𝑥 

values using polynomial functions (𝜏𝑚𝑎𝑥 is the maximum value of the lifetime of each sample). The 

reproducibility was measured for each sample in 5 consecutive heating-cooling cycles recording and 

comparing the relative intensities of the luminescent bands of interest at 17 and 600 K. 

 

Results and discussion 

Effect of Ga:Al ratio on the structure and IR spectroscopy of Y3(Al,Ga)5O12:Pr 

The Y3Al5O12 garnet crystallizes in the cubic structure, space group 𝐼𝑎3̅𝑑. The general formula of garnets 

is A3B2C3O12, where A represents a dodecahedral site with 8-fold coordination, B is an octahedral site 

showing 6-fold coordination, and C is a tetrahedral site of 4-fold coordination. In YAG, site A is occupied 

by Y3+ while B and C are occupied by Al3+ [41,42]. The ionic radii in the dodecahedral site for Y3+ and Pr3+ 

are 1.019 and 1.126 Å, respectively [43]. Al3+ and Ga3+ are much smaller ions and they fit the octahedral 

(0.535 and 0.62 Å) and tetrahedral (0.39 and 0.42 Å respectively) sites [40]. Consequently, the Pr3+ ion 

substitutes the Y3+ dodecahedral position due to the similarity of its radius to Y3+. Hence, in general, Pr3+ 
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experiences one type of symmetry in the Y3(Al,Ga)5O12 hosts. Substitution of Al3+ by larger Ga3+ 

necessarily enlarges the unit cell parameters and consequently elongates the bonds. Details of these changes 

readers may find in [44]. 

XRD patterns of all the investigated compositions are presented in Figure S1a. The measured 

diffractograms agree very well with the literature data (ICSD#16825 for Y3Al5O12 and ICSD#14343 for 

Y3Ga5O12) [45,46]. With the increase of the Ga content, the reflections shift towards smaller angles which 

corresponds to the increase of the unit cell as expected for the mentioned difference in the radii of Ga3+ and 

Al3+. This effect is exposed in Figure S1b for the strongest line located at 2θ ~ 33.3°. Furthermore, the 

(Al,Ga) mixed compositions show a noticeable broadening of the diffraction lines resulting from the 

distortion of the structure caused by the discrepancy of the ionic radii of Al3+ and Ga3+ ions. This is also 

expected to exert some effects on the spectroscopy of the Pr3+ ions along the Y3(Al,Ga)5O12:0.1mol%Pr 

series, as detailed next. 

Figure S2 presents SEM images of all the investigated Y3(Al,Ga)5O12 phosphors. The grains of the 

Y3(Al,Ga)5O12 powders are mostly monocrystalline and form regular, well-shaped polyhedra. The average 

size of grains does not vary significantly. Most crystallites are ~1-2 μm in diameter but larger grains are 

also seen. Because the morphology of all powders is very similar it certainly does not account for any 

differentiations in the phosphors’ luminescent properties. 

Figure 2 presents IR spectra of all the Y3(Al,Ga)5O12:0.1%Pr powders in the range of stretching vibrations 

of the AlO4/AlO6 and the GaO4/GaO6 moieties (500−900 cm−1) [47,48]. These spectra expose that higher-

frequency bands in the range 680−820 cm−1 (the grey region in Figure 2) are related to vibrations of the 

AlO4/AlO6 groups. The intensity of these bands decreases continuously with decreasing content of Al. The 

vibrations of the GaO4/GaO6 units which appear at around 570−720 cm−1 (the blue region in Figure 2) [47] 

are then growing in intensity and become the only vibrations visible in the Y3Ga5O12 powder. A significant 

broadening of the observed features of the (Ga,Al) mixed materials is seen confirming the expected (and 
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observed in the XRD patterns in Figure S1) structural disturbance of the vibrating moieties in the mixed 

phosphors. Clearly, with the increasing Ga content in the host, the energy of the available phonons 

noticeably decreases. This is expected to affect the radiative and non-radiative relaxation of excited electron 

passageways and consequently the temperature dependence of the emission intensities of the various 

transitions of Pr3+. 

Photoluminescence spectroscopy at room temperature 

Figure S3 presents the 300 K excitation spectra monitoring the luminescence of the 1D2→
3H4 transition, at 

605 nm (Figure S3a), and the emission spectra (Figure S3b) excited into the maximum of the 4f→5d1 

excitation band in the ultraviolet (UV) spectral range, for all the Y3(Al,Ga)5O12 phosphors. The maximum 

of the 4f→5d1 excitation band is systematically shifted from about 290 nm in Y3Al5O12:0.1%Pr to 275 nm 

in Y3Ga5O12:0.1%Pr (see Figure S3a). This shift reflects the continuously smaller crystal field exerted by 

the surrounding ligands on the Pr3+, with the increasing Ga content (due to the larger size of Ga3+ compared 

to Al3+ [47,49,50] causing elongation of the Pr3+-O2- distance). The intensities of the 4f→4f transitions 

relative to the 4f→5d one are more intense in the transitional Y3(Al,Ga)5O12:0.1%Pr compositions, and not 

for purely stoichiometric Y3Al5O12:0.1%Pr or Y3Ga5O12:0.1%Pr. This may result from some inevitable 

distortion of the local symmetry of the Pr3+ emitting ion in the (Al,Ga) mixed hosts. Such a lowering of 

symmetry is in favor of higher transition rates of the intraconfigurational 4f-4f transition rates. As 

anticipated in the Introduction, the excitation was indeed efficiently executed with an Ozone-free Xe lamp. 

It directly impacts the thermometric performance by lowering the temperature uncertainty of these 

luminescence thermometers. This will be shown below in the Luminescence thermometry section. 

Besides the broad UV band, the excitation spectra contain a set of narrow lines around 450−500 nm due to 

the 3H4→
3PJ transitions and similarly narrow lines around 590 nm (Figure S3a) resulting from the 3H4→

1D2 

transition. The parity-allowed 5d→4f luminescence is fully quenched at 300 K in Y3Ga5O12:0.1%Pr and 

Y3(Al1Ga4)O12:0.1%Pr phosphors, see Figure S3b. Clearly, in these two materials, the emitting 5d1 level 
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is either immersed within the host CB or close enough to it for the photoionization of the excited electron 

at 300 K. This accords with the scheme presented in Figure 1a and, obviously, precludes the 5d→4f 

luminescence from appearing. This accords with the conclusions drawn for similar compositions activated 

with Ce3+ [51]. 

The emission spectra at 300 K presented in Figure S3b demonstrate that the increasing content of Ga favors 

the bluish-green luminescence from the 3P0 level around 485 nm compared to the red emission around 

600−610 nm range. The latter, as will be shown below, is mostly composed of luminescence from the 1D2 

level (see Figure 1b). The dependence of the 3P0/
1D2 emission intensities ratio on Ga:Al ratio is anticipated 

to results from the lower energy phonons available for multiphonon relaxation when the Ga content 

increases (Figure 2). This observation reveals that Ga:Al ratio in the Y3(Al,Ga)5O12:Pr garnets affects both 

the 5d→4f luminescence and also the 4f→4f radiative transitions. 

According to the rule of thumb for Ln3+ ions, a co-called gap law for multiphonon non-radiative relaxation 

rate, kNR, is expressed by:[35] 

 

𝑘𝑁𝑅 ~𝑒
−𝛽

∆𝐸
ℎ𝜔𝑚𝑎𝑥

,
 (6) 

 

where 
∆𝐸

ℎ𝜔𝑚𝑎𝑥 
  is called the reduced energy gap and defines the number of phonons of maximum frequency 

(𝜔𝑚𝑎𝑥 ) available in the system required to bridge two consecutive electronic levels (and allow for non-

radiative relaxation between them) and  is frequency constant weakly dependent on temperature [35]. 

When the needed number of phonons of maximum available frequency exceeds ~5−6, the radiative 

relaxation of the higher level dominates (i.e., the rate of the non-radiative process is very low), while for 
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lower numbers the non-radiative (multiphonon) relaxation becomes significant resulting finally in a total 

luminescence quenching of the higher-energy level [35]. 

Because the energy gap between the 3P0 and 1D2 levels is about 4000 cm−1 [52], the vibrations of AlO4 and 

AlO6 groups (~800 cm−1) may quite effectively drain the electrons from the 3P0 to 1D2 level. However, the 

effectiveness of the GaO4 and GaO6 vibrations (~700 cm−1) for such a process has to be noticeably lower 

and this is exactly what we note in the luminescence spectra presented in Figure S3. Altogether, we may 

summarize that bandgap engineering significantly affects the energy relaxation from 5d1 level to all the 

lower-lying 4f levels of the Pr3+. Consequently, the intensity of the 5d→4f band correlated with the 4f→4f 

ones strongly depends on the Ga:Al ratio. Moreover, upon Eq. 6, the decrease of the energy of host lattice 

phonons with the increase of Ga reduces the efficiency of the non-radiative thermalization of electrons from 

the 3P0 to 1D2 level. These two different effects, bandgap modification as well as decrease of energy of host 

lattice phonons, are both caused by the replacement of Al with Ga. This has to impact the performance of 

the luminescence thermometers. 

Temperature-dependent emission spectra 

Figure 3 presents the emission spectra in the 17–700 K range under 4f→5d1 (in the UV spectral range, 

Figure S3a) excitation. A broad emission band peaking at 310 nm dominates the spectra at low 

temperatures for all investigated samples except the Y3(Al1Ga4)O12:0.1%Pr and Y3Ga5O12: 0.1%Pr in which 

the 5d→4f luminescence is not registered even at 17 K. It was reported that a trace of this emission could 

be recorded in Y3Ga5O12:Pr at 10 K [24]. This implies that the 5d1 level almost coincides with the bottom 

of the host CB, as predicted by the Dorenbos model and presented in Figure 1a. 

Upon temperature increase, the 5d→4f luminescence disappears in all compositions although at different 

temperatures, with the concurrent increase of the emission in the bluish-green (3P0→) and the red part 

of the spectrum (3P0→ and 
1D2→) observed up to 700 K, see Figure 3. Hence, upon heating, at 
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least part of the energy from the 5d1 level is transferred to the 3P0 and/or 1D2 states. Though this is true for 

all compositions, it is more evident for the Ga-free sample. In it, the energetic separation between the CB 

and the 5d1 level is maximized (Figure 1a), repressing the thermally-induced photoionization of the 5d1 

excited state and favoring the 5d1-to-3PJ crossover flow of the excited electron [24].  

We rationalize the observed temperature-induced changes in emission spectra taking into account that in 

the visible range the spectra consist of a series of overlapped narrow lines. The 3P0→
3H4 transition in the 

450-500 nm spectral range and the 590-650 nm part, which comprises superimposed transitions from 1D2, 

as well as 3P0 levels, are observed [20–22,53,54]. The assignment of the two contributions in the red is 

crucial for determining refined thermometric parameters [1–3,16]. Therefore, we use time-resolved 

emission spectroscopy (TRES) to effectively resolve them. 

Since the transition from the 3P0 level is spin-allowed, its decay time is much faster than the spin- and 

parity-forbidden transitions responsible for the emission lines originated from the 1D2 level. Figure S4 

presents the bidimensional TRES maps for all the investigated phosphors. Note that the measurements were 

performed at different temperatures. At higher temperatures, a significant broadening of the emission lines 

is seen, as expected. On top of them, the emission spectra registered after two different delay times (so-

called fast and slow components) are presented. Most of the slower 1D2 luminescence is located in the 

~605−610 nm range for all the samples. Therefore, to determine the integrated intensity of the 1D2→
4H4,5 

transition, we set these integration limits. 

Temperature-dependent lifetimes 

Figure S5 presents decay curves of the 5d→4f luminescence for all the Pr3+-doped materials studied at 17 

K and 300 K. The experimental decay curves were fitted using: 
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𝐼(𝑡) = 𝐴0 + ∑ 𝐴𝑖 × exp (−
𝑡

𝜏𝑖
)𝑁

𝑖=1 , 
(7) 

 

where I(t) represents intensity after time t, Ai is a fitting parameter (accounts for the weight of the i-th 

component in the fit), τi is the decay time of the i-th component, and A0 is a background intensity. For all 

decay traces, two components were used (N=2) to get satisfying fits. However, the deviation from the 

single-exponential dependence (N=1) was only minor in most cases. The low-temperature decay time of 

the 5d→4f luminescence in Y3Al5O12:Pr sample is τ = 21.0±0.5 ns, a value that perfectly meets the ones 

reported in the literature (18-22 ns) for single crystals [55,56], which may be taken as proof of the high 

quality of the powder phosphors. The decays at 300 K, Figure S5b, for the Ga-containing compositions are 

characterized by shorter decay times than those registered at 17 K. 

The thermal quenching of the 5d→4f luminescence (Figure 3) occurs either through cross-relaxation or 

photoionization processes depending on the Ga:Al ratio that determines the energy difference between the 

5d1 level, and the minimum of the CB (Figure 1a) [24]. To determine the energy barrier for the mentioned 

quenching processes, decay traces of the 5d→4f emission were measured as a function of the temperature 

(Figure 4a-g). The results show that the decay time recorded at the lowest temperature decreases with 

increasing Ga:Al ratio. Whereas for the Y3Al5O12:0.1%Pr sample it is 21.0±0.5 ns, for the 

Y3(Al1Ga4)O12:0.1%Pr it is only 15.5±0.5 ns. This trend accords with Eq. (8), which describes the 

dependence of the radiative decay time of an electric-dipole transition using parameters related both to the 

host lattice and to the luminescence center [57]: 

 

𝜏 = 1.5 × 10−5 9𝜆2

𝑓𝑛(𝑛2+2)2. (8) 
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In Eq. (8), f is the oscillator strength of the transition, λ stands for the emission wavelength in nanometers, 

and n is the material refractive index. In the investigated garnets the 5d→4f emission position does not 

move much so, λ can have only a limited effect, if any, on τ. This infers that the observed increase in the 

transition rate is mostly due to the powerful τ-1~n3 dependence. 

With an increasing Ga content, the quenching temperature (T50%, the temperature at which the decay time 

drops by a factor of 2 compared to its low-temperature value) of the 5d→4f emission first increases from 

350 K in Y3Al5O12:0.1%Pr to 420 K in Y3(Al2.5Ga2.5)O12:0.1%Pr. For yet higher Ga concentrations a fast 

drop of T50% takes place and in Y3(Al1Ga4)O12:0.1%Pr T50% = 160 K. 

The activation energies, ΔEai, of the 5d→4f emission quenching was calculated considering a single- (i=1) 

or a double-barrier (i=2) model:[54,58] 

 

1

𝜏
 =

1

𝜏0
+ ∑ B𝑖 × exp (−

Δ𝐸𝑎𝑖

𝑘𝐵𝑇
)2

𝑖=1 , 
(9) 

 

where τ is the measured decay time at temperature T, τ0 is the radiative decay time (assumed to be equal to 

the low-temperature experimental value), Bi are fitted pre-exponential factors, and kB stands for the 

Boltzmann constant. Except for Y3(Al1Ga4)O12:0.1%Pr where a double-barrier model is used to calculate 

the activation energies ΔEa1 and ΔEa2, the 5d→4f emission quenching in the remaining samples was 

described by a single-barrier model. Figure 4a-g presents the results of the fits using Eq. (9) (see also 

Table S1), and Figure 4h depicts graphically the changes on ΔEa1 for the different samples: from 

Y3Al5O12:0.1%Pr to Y3(Al2.5Ga2.5)O12:0.1%Pr ΔEa1 increases from 0.17±0.01 to 0.37±0.02 eV, decreasing 

quickly for the Ga-rich compositions reaching 0.070±0.004 eV for the Y3(Al1Ga4)O12:0.1%Pr phosphor.  
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These data will appear very useful while performing the calculations of the intensity-based thermometric 

parameters of these garnets. The results are in good agreement with the data presented by Ueda et al. in 

[24]. These authors found that in the Al-rich phosphors this is a thermally-activated cross-over mechanism 

that stands behind the 5d→4f luminescence quenching. On the contrary, in the Ga-rich materials the 

quenching results from thermally-induced photoionization of the 5d emitting level. It proves that our 

original preparation method did not affect this property to any significant degree. 

The Ga content also affects the decay times of intra-configurational luminescence of the investigated 

phosphors. Analysis of this effect allows for a better understanding of the spectroscopy of Pr3+ in these 

hosts. The temperature dependence of the 3P0→
3H4 and 1D2→

3H4 luminescence decays are presented in 

Figures S5c,d and Figures S5e,f, respectively at 17 (S5c,e) and 300 K (S5d,f). The decay time of the 3P0 

bluish-green luminescence increases with the increasing content of Ga at both temperatures. In the Ga-free 

Y3Al5O12:Pr the 3P0 luminescence decay time is 14.0±0.1 μs both at 17 and 300 K. Yet, in the 

Y3(Al1Ga4)O12:Pr and the Al-free Y3Ga5O12:Pr it approaches 22-24 μs, a 50 % increase. On the contrary, 

the decay time of the red luminescence resulting from the 1D2→
3H4 electronic transition changes only 

slightly (<5%) within the whole series of the Y3(Al,Ga)5O12:Pr phosphors. At 17 K it reaches ~245-247 μs 

and at 300 K it is 210 μs in Y3Al5O12:Pr and 215 μs in Y3Ga5O12:Pr. Hence, the 1D2→
3HJ luminescence 

kinetics is much less affected by the Ga:Al ratio than the 3P0→
3HJ one.  

These results are understandable considering the Eqs. (6) and (8) and the IR spectra presented in Figure 2. 

In the Ga-rich phosphors, the electron at the 3P0 level is less prone to relax non-radiatively to the next lower-

lying 1D2 than in the Al-rich garnets because the former hosts offer less-energetic phonons than the latter 

one. Yet, one should be aware that the physics behind the experimentally observed spectroscopic properties 

of the Y3(Al,Ga)5O12:Pr garnets is more complex. The changes of the Ga:Al ratio in the hosts affect at least 

their three important attributes, all pertinent to the activator luminescence properties: (i) refractive index, 

(ii) the host bandgap, and (iii) phonon energies of the host. The resulting properties observed experimentally 
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come from the interplay between them [35,57]. Analyzing the experimental results and considering just one 

of them may be easily misleading. 

Luminescence thermometry 

Luminescence intensities ratio 

The temperature-induced change on the emission spectra of the Pr3+-doped phosphors (Figure 3) motivated 

the application of the compounds for luminescent thermometry through the following thermometric 

parameters: 

 

∆1=
𝐼𝑑𝑓

𝐼1𝐷2
 ∆2=

𝐼3𝑃0

𝐼1𝐷2
 ∆3=

𝐼𝑑𝑓

𝐼3𝑃0
, (10) 

 

where Idf, I3P0, and I1D2 corresponds to the integrated areas of the 5d→4f, 3P0→
3H4, and 1D2→

3H4 

transitions, respectively. The integration ranges are shown in Figure S6, for the illustrative example of 

Y3Al5O12:0.1%Pr. As the temperature dependence of Idf is much higher than those of I3P0 and I1D2 (Figure 

S7), we consider that the temperature dependences of Δ1 and Δ3 are determined essentially by the thermal 

quenching of the 5d→4f transition. Thus, and considering the S-shaped decrease on Idf, we rationalize the 

temperature dependences of Δ1 and Δ3 using the Mott-Seitz model with N = 2 or N = 3 non-radiative 

channels [59,60]: 

 

𝛥1,3 ≈
∆0

1 + ∑ 𝛼iexp (
−𝐸𝑎𝑖

𝑘𝐵𝑇
)𝑁

𝑖=1

, 
(11) 
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where Δ0 is the Δ parameter at the limit T→0 K, αi = 𝑊0𝑖/𝑊𝑅𝑖 is the ratio of the nonradiative (W0i at T→0 

K) and radiative (WRi) rates and Eai, is the energy barrier value for the non-radiative relaxations. The 

temperature dependence of Δ1 is presented in Figure 5 (fitted values in Table S1), while Figure S9a (and 

Table S3) show the results for Δ3. We recall that Eq. (11) encompasses the same fundamental principles 

of the single barrier model used for rationalizing the temperature dependence of the lifetime, although both 

Δ1 and Δ3 follow a double-S or for some samples a triple-S shaped dependence. Furthermore, we note that 

3 can be only calibrated through Eq. (11) because we are assuming that the rate of the thermal quenching 

of the 5d→4f luminescence is much higher than the 3P0-to-1D2 temperature-dependent multiphonon 

relaxation rate. For 1, however, an effective Mott-Seitz dependence is expected as the 1D2 level is not 

prone to non-radiative quenching in the temperature range studied. 

The resulting values of Ea1-Ea3 are collected in Tables S1 and S3 together with the energy barrier of the 

5d→4f luminescence quenching found from decay kinetics (Figure 4). It is noteworthy that for each of the 

investigated phosphors the Ea1 value of the Mott-Seitz model (Eq. (11)) agrees well with the energy barrier 

of the 5d→4f inter-configurational emission thermal quenching derived from its decay kinetics (Figure 

S8). This is an expected result and attests the applicability of the Mott-Seitz model for the systems studied 

here. The presence of the much smaller activation energies (Ea2 and, in two cases, Ea3) has to result from 

yet another process, ineffective and presently not clearly defined. As discussed above, the complexity of 

the host-dopant interaction in these garnets, as well as the interaction of the emitting levels with a (nearby 

located) defect can play important roles in the generation of such tiny deviation. These garnets are known 

for the incorporation of various defects affecting their luminescence properties [31,61–63]. As seen in 

Figure S5, some decay curves show an afterglow component (a tail after the main, basically single 

exponential, part). This infers that defects interacting with the Pr3+ emitting ions are plausible entities 

affecting the relaxation processes. 
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The temperature dependence of the relative thermal sensitivity and temperature uncertainty for 1 are 

presented in Figure 6a,b (the corresponding values for Δ3 are presented in Figures S9b,c). The maximum 

value of the Sr parameter (hereafter denoted Sm [1]) related to Δ1 varies in the 2.3−3.6 %·K−1 range. There 

is a trend observed in the change of the temperature (Tm) at which Sm occurs with increasing the Ga:Al ratio. 

For the lower Ga content, Tm grows becoming pretty similar for the intermediate compositions: 

Y3(Al2.5Ga2.5)O12:0.1%Pr and Y3(Al2Ga3)O12:0.1%Pr. For yet higher Ga content Tm value decreases quickly 

reaching 60 K for Y3(Al1Ga4)O12:0.1%Pr. All the determined parameters of the thermometers are gathered 

and listed in Table 1. The highest Sm is reached by three phosphors: Y3(Al2.5Ga2.5)O12:0.1%Pr shows Sm = 

3.1 %·K−1 at 340 K, Y3(Al1.5Ga3.5)O12:0.1%Pr with Sm = 3.6 %·K−1 at 237 K and Y3(Al1Ga4)O12:0.1%Pr 

attains a similar value of Sm = 3.6 %·K−1 at 60 K. Without doubts, the impact of the Ga content on the 

relative sensitivity and temperature of its maximal value is meaningful. Consequently, by bandgap 

engineering, fine-tuning of the Y3(Al,Ga)5O12:Pr thermometers performance can be effectively executed, 

and their highest sensitivity adjusted to a specified range of temperatures. 

The temperature dependence of the 𝛿T (related to the Δ1, Eq. (5)) is presented in Figure 6b for all 

investigated garnets. In general, the values of 𝛿T are very low (except for very low temperatures) for 

Y3Al5O12:0.1%Pr and Y3(Al4Ga1)O12:0.1%Pr, which results from very small intensities of their 1D2 

luminescence at such conditions. Nevertheless, practically over the whole operating ranges, the values of 

𝛿T are well below 0.1 K, mostly even <0.05 K. This is a very good result, partially being the consequence 

of an efficient excitation of the garnet phosphors around 275−290 nm, which reduces the noise level. While 

the Sr values are similar for both 1 and Δ3 (Figure 6a and Figure S9b, respectively), the overall 

temperature uncertainty is lower for the latter, especially for Y3(Al1.5Ga3.5)O12:0.1%Pr and 

Y3(Al2Ga3)O12:0.1%Pr (Figure 6b and Figure S9c). This is expected because the intensity of the 3P0-based 

emission is usually higher than that from the 1D2 level. Thus, despite 3 is not an independent thermometric 

parameter (3=1/2) it is extremely useful due to its lower temperature uncertainty. 
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Figure S10 presents the temperature-dependence of the Δ2 thermometric parameter (Eq. (12)), 

corresponding Sr (Figure S10b), and 𝛿T (Figure S10c). As Δ2 is defined as a ratio of intensities ascribed 

to intra-4f transitions, there is no obvious model to rationalize the temperature dependence. Indeed, the 

complete rationalization of the observed temperature dependence for the 4f→4f transitions requires the 

establishment and solving of the rate equations that describe this system, as done previously by Suta & 

Meijerink [37] and Geitenbeek et al. [64]. However, because the purpose here is merely the comparison 

between the thermal performance of the three thermometric parameters, that detailed analysis is out of the 

scope of the present work and, instead, we adopt an empirical curve to fit the Δ2 data points. For this 

purpose, we used a second-degree polynomial function:[1]  

 

∆2= 𝐶1 + 𝐶2𝑇 + 𝐶3𝑇2, (12) 

 

where C1, C2, and C3 are fitting constants. For Y3(Al3Ga2)O12:0.1%Pr and Y3(Al2Ga3)O12:0.1%Pr, the Δ2(T) 

dependence could not be well fitted using Eq. (12). Therefore, we separately analyze the data points into 

the ranges for which this is possible to implement (a similar approach was applied in reference [20]). All 

the fitting results are compiled in Figure S10 and Table S2. 

For all the investigated Y3(Al,Ga)5O12:0.1%Pr phosphors, the Sm and Tm values change with Ga 

concentration, see Table 1. The Sm values based on the Δ2 are smaller compared to the just discussed results 

related to the Δ1. Considering just the Δ2, three phosphors present a notorious performance. In 

Y3Al5O12:0.1%Pr, Sm = 2.5 %·K-1 at 600 K, in Y3(Al2Ga3)O12:0.1%Pr Sm = 1.0 %·K−1 at 100 K and in 

Y3(Al1.5Ga3.5)O12:0.1%Pr Sm = 1.0 %·K−1 at 480 K. The temperature uncertainty related to Δ2 does not 

exceed 1 K at low temperatures and for some compositions is lower than 0.2−0.3 K over wide ranges of 
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temperatures. Obviously, in the case of Y3Ga5O12:0.1%Pr, the measurements are possible exclusively using 

Δ2 as there is no 5d→4f luminescence in this phosphor. 

We call attention to the illustrative example of Y3(Al2Ga3)O12:0.1%Pr (Figure S10a) for the definition of 

the temperature operating range when more than one calibration curve needs to be used for describing the 

temperature dependence of a thermometric parameter. In this sample, we need two curves for modeling 

2(T) because we can find two temperatures ascribed to the same Δ2 value, meaning that a single 2 value 

can be ambiguous for determining the temperature. As a consequence, one of the two calibrating ranges 

must be chosen to operate the thermometer. The temperature range in which the material is operating can 

be disambiguated by scanning two temperatures, as for each of the operating ranges 2 is either 

continuously growing or continuously decreasing. 

Decay time 

It was presented in Figure 4a-g that the decay time of the 5d→4f luminescence shows strong temperature-

dependence. We found these changes useful for temperature measuring.  

Figure 7 depicts the temperature dependence of the relative sensitivity, Sr, and temperature uncertainty, δT, 

calculated using this approach, see Eqs. (4) and (5). Depending on the composition, the Sm varies in the 

0.7−1.5 %·K−1 range. The temperature of Sm (at Tm) shows a characteristic trend. It grows from 378 K in 

Y3Al5O12:0.1%Pr to 480 K in Y3(Al2.5Ga2.5)O12:0.1%Pr and for yet higher Ga contents, it quickly decreases 

reaching 184 K in Y3(Al1Ga4)O12:0.1%Pr. Two garnets present supreme performance considering the 

relative sensitivity based on the 5d→4f luminescence decay time. In Y3(Al2.5Ga2.5)O12:0.1%Pr, Sm = 

1.5%·K−1 at 480 K, and in Y3(Al1Ga4)O12:0.1%Pr Sm = 1.4%·K−1 at 184 K. Moreover, a broad operating 

range of Y3(Al1Ga4)O12:0.1%Pr is its additional advantage when the 5d→4f luminescence decay time is 

used. 
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The general observation is that the decay time of the 5d→4f luminescence allows measuring the 

temperature over quite broad ranges (changing characteristically with composition) and with very low 

uncertainty 𝛿T<0.02 K, see Figure 7b. This is an immensely low value, specifically at temperatures as high 

as 500−600 K. 

The relative error of the different thermometric parameters 

To represent the relative temperature error between the calculated and the measured temperatures we use 

violin plots (Figure 8). They compare the temperature readout of the distinct thermometric parameters (1-

3 and ). Firstly, we converted each recorded thermometric parameter to the calculated temperature Tc using 

the corresponding calibration curve. This value was then compared with the temperature Tt measured by 

the thermocouple close to the sample. For each material, the absolute relative error was determined by |Tc-

Tt|/Tt for all the data points within the operating range of the thermometer. The resulting violin plots are 

modified boxplot graphical representations of data that include the probability density as the violin. This 

enables the visual evaluation of the distributions attained for distinct methods within the same sample. 

The violin plots do not reflect the dependence of the thermometric performance on the Ga content (listed 

in Table 1), but, instead, provide a graphical picture of the deviations of the thermometric readout relative 

to the corresponding calibration curve in the entire operating range. Thermometers with better performance 

correspond to distributions with the higher width at a lower relative error value reveals that in different 

samples the temperature relative error is minimized for distinct parameters, within the operating range of 

the thermometers. While for Y3(Al4Ga1)O12:0.1%Pr, for instance, the decay time analysis produces the best 

results, for Y3(Al1Ga4)O12:0.1%Pr is the Δ3 parameter that minimizes the relative error. We notice that the 

thermometers presenting the lower temperature uncertainty in a broader range also present the median of 

the relative error distribution at lower values. This is the case, for instance, of Y3(Al3Ga2)O12:0.1%Pr, 

presenting for 1 T<0.1 K for ca. 50 K < T < 600 K (Figure 6) and the median of the relative errors below 
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1%. The conclusion is the same using the decay curves of Y3(Al4Ga1)O12:0.1%Pr for which T<0.1 K for 

ca. 250 K < T < 600 K (Figure 7) and the median of the relative error is below 0.5%. 

Discussion and conclusions 

At first, we wish to comment on the composition of the phosphors investigated here in terms of the Pr 

activator concentration. We deliberately used the 0.1 mol% with respect to Y. As is known from the 

literature, the 3P0 and 1D2 Pr3+ emitting levels experience a non-radiative cross-relaxation for intermediate 

and high concentrations, as Pr3+ 4f→4f luminescence is quite susceptible to concentration quenching [65]. 

Thus, an increase of the dopant concentration would additionally complicate the interplay between the 

radiative and non-radiative processes in the phosphors, so important in thermometry as we have seen. While 

we would not expect any stronger changes in the thermometric parameters for yet lower Pr concentrations, 

it is obvious that the performance of the investigated garnet thermometers has to change if the Pr content 

increases. One might claim that, at least in specific ranges of temperature, the sensitivity might increase. 

Clearly, Pr concentration may be reasonably seen as a parameter useful to master the thermometers’ 

performance and quality. Such experiments, definitely interesting and valuable, would be excessive in this 

paper. 

The change of bandgap is not the only important effect of variation of the Ga:Al ratio in the investigated 

garnets (as well as other types of phosphors exploiting the bandgap engineering). Continuous replacing of 

Al with Ga appears also to lower the phonon energies from 800 in Y3Al5O12 to 700 cm−1 in Y3Ga5O12. This 

difference is enough to soundly influence the effectiveness of the non-radiative flow of the excited electron 

from 3P0 to 1D2 level. Accordingly, in the Ga-rich phosphors, the 3P0 emission intensity surpasses the 1D2 

luminescence, while in the Al-rich ones the opposite is true. All these effects are seen in Figures 3, S3, and 

S7. Consequently, the change of phonon energies has also a pronounced effect on the intensity ratio of the 

luminescence bands of interest and, in turn, on the specification of these Y3(Al,Ga)5O12:0.1%Pr 

thermometers.   
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In the investigated garnets, the 4f→5d1 absorption transition appears at relatively long wavelengths, around 

270−290 nm, making the excitation of Pr3+ luminescence very efficient with standard sources. In many 

other oxides, not to mention fluorides, this transition is located below 250 nm where excitation with Xe 

lamp is far less productive. It is also very beneficial that the excitation is executed by a fully allowed 4f→5d 

transition giving a broad intense absorption band. This makes it possible to record high-quality 

luminescence spectra with a very high signal-to-noise ratio which results in very low values of uncertainties 

of temperature measuring. Furthermore, we prove that also in these garnets exploitation of the inter-

configurational 5d→4f luminescence of Pr3+ ion is very advantageous for the relative sensitivity of the 

thermometers. Using the intensity ratio of this luminescence and the 1D2 emission, a maximum relative 

sensitivity Sm = 3.6 %·K−1 at 237 K in Y3(Al1.5Ga3.5)O12:0.1%Pr and at 60 K in Y3(Al1Ga4)O12:0.1%Pr were 

obtained. It is also noteworthy that the operating range of Y3(Al4Ga1)O12:0.1%Pr, whose maximal relative 

sensitivity reaches the reasonable Sm= 2.9 %·K-1 at 261 K, spans the impressive 34–600 K range of 

temperatures. These are notable results, especially that they should be seen against the background of low-

temperature uncertainty, 𝛿T, over very broad ranges and even at high temperatures (see Figure 6b). These 

appreciated parameters place the Y3(Al,Ga)5O12:0.1%Pr garnets within the best thermometers utilizing Pr3+ 

luminescence (see Table 1 in [23]). 

The Ga:Al ratio also strongly affects the decay time of the 5d→4f luminescence, especially the range of 

temperatures within which its value is temperature-dependent. This can also be successfully utilized for 

thermometry, see Figure 4 and 7. The attained relative maximal sensitivities had reasonable values 

(0.7−1.5 %·K−1) which were, however, lower than in the case of utilization of the luminescence intensity 

ratio (Figure 5 and 6). Let us note that mostly temperature dependence of the decay times is employed for 

thermometry at moderate and higher temperatures [3]. Our Y3(Al1Ga4)O12:0.1%Pr is an exception 

permitting the measurement of the temperature through decay time in cryo-region retaining extremally low 

uncertainty, see Figure 7. This becomes possible also due to the bandgap engineering over the whole range 

of Ga:Al ratio. 
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Utilization of the two 4f→4f emissions from 3P0 and 1D2 levels (Figure S10) was also successfully 

exploited for temperature measuring broadening in some cases the achievable operating range. In the case 

of Y3Al5O12:0.1%Pr it allowed to measure temperature from 17 to 600 K and using 

Y3(Al2.5Ga2.5)O12:0.1%Pr or Y3(Al4Ga1)O12:0.1%Pr the range was further enlarged to 17-700 K. 

Altogether, the use of both the 5d→4f and 4f→4f emissions of Pr3+ brings important benefits and improves 

the quality of temperature measurement by such thermometers. A combination of the luminescence 

intensity ratio and the decay time-temperature dependence further enhances their potential. 

Our research confirms that efficient excitation of the luminescence center, taking advantage of allowed 

transitions, is greatly beneficial and should be considered when designing luminescence thermometers. 

Suitably positioned allowed transitions ought to be preferred as this improves the quality of temperature 

measuring. Broad operating range, good relative thermal sensitivity, and low uncertainty are then 

achievable. What is more, Pr3+ offers a few emissions of different temperature characteristics both in terms 

of their intensities and decay times, which opens the door to dual-mode thermometry. We have proved that 

thoughtful changes of the phosphors’ composition allow for a deliberate management of such important 

thermometric parameters as (i) operating range, (ii) maximal sensitivity, (iii) range of temperatures of 

highest thermal sensitivity, and (iv) measurement uncertainty. For each sample, the temperature readout of 

the distinct thermometric parameters is compared and the statistical analysis of the relative error between 

the calculated and the measured temperatures emphasizes the impact that the effective temperature readout 

has on the performance of the thermometers, besides the relative thermal sensitivity and temperature 

uncertainty. On the other hand, the design of the luminescence thermometers is not easy because the 

characteristics of the transitions of interest are affected by numerous parameters sensitive to the mentioned 

compositional variations. As we showed in the present research, managing the bandgap we simultaneously 

affected the phonon energies as well as the phosphor refractive index. Each of them affects the emitting 

center properties, sometimes in a profound and not always easily predictable way. 
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This paper proves important advantages the use of the 5d→4f Pr3+ luminescence may offer utilizing the 

luminescence intensity ratio. Yet, also temperature dependence of this emission decay time was found very 

useful to measure temperature with good sensitivity, low inaccuracy, and – quite surprisingly – over a broad 

range of temperatures. For Y3Al5O12:0.1%Pr it is 150-600 K. This makes the Y3(Al,Ga)5O12:0.1%Pr family 

of garnets attractive dual-mode luminescence thermometers offering measurements over wide and tunable 

temperature ranges. 

One may wonder if similar results as reported here might be expected in the nanoscale regime. In our 

opinion, assuming (i) the size of the grains does not fall below, say, 50 nm (to avoid real quantum-size 

effects) and (ii) the quality of the phosphors is high (lack of OH or other high-energy-phonons impurities), 

one might expect quite similar performance. Below 5-10 nm, when quantum effects may start playing a 

role and when the surface-to-volume ratio becomes significant, some changes, even significant, might 

occur. Consequently, as long as the sizes are not extremally small, measurements on larger crystallites are 

expected to give reasonable information also on the possible performance of nano-sized counterparts.  
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Figures 

 

 

Figure 1. (a) Scheme of bandgap modification in Y3(Al,Ga)5O12. (b) Electronic levels of the Pr3+ ion in the 

Y3(Al,Ga)5O12 phosphors signaling some specific transitions. 
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Figure 2. IR spectra of the Y3(Al,Ga)5O12:0.1%Pr powders in the range of stretching vibrations of Al-O, 

Ga-O at 300 K. 
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Figure 3. Temperature dependence of the Pr3+ luminescence upon 280 nm excitation in the range 17-700 

K for Y3(Al,Ga)5O12:0.1%Pr. 
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Figure 4. (a-g) Temperature dependence of the 5d→4f Pr3+ luminescence decay time in the 

Y3(Al,Ga)5O12:0.1%Pr series. Decay traces were measured under 280 nm excitation and luminescence was 

monitored at 308 nm. Solid lines represent the fits to the experimental data using Eq. 9 with a single- (a-f) 

or a double-barrier (g). (h) Activation energies derived from the fits as a function of the Ga content. The 

gray areas represent the limits in which the thermometers are out of their operating ranges. 
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Figure 5. Calibration curves of the Y3(Al,Ga)5O12:0.1%Pr phosphors using 1. Solid lines represent the fits 

to the experimental data using the Mott-Seitz model (Eq. (11)). The gray areas represent the limits in which 

the thermometers are out of their operating ranges. 
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Figure 6. Temperature dependence of the (a) relative sensitivity and (b) temperature uncertainty for the 

Y3(Al,Ga)5O12:0.1%Pr materials using 1. 
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Figure 7. (a) Relative thermal sensitivity and (b) temperature uncertainty for all investigated garnets using 

the decay times of the 5d→4f luminescence as the thermometric parameter. 
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Figure 8. Violin plots of the relative error at the temperature using the distinct thermometric parameters 

(1-3 and ) of all the garnets. The inset shows the boxplot and the corresponding quartiles (Q1, Q3), the 

median, and the lower and higher limits. 
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Tables 

Table 1. Maximum relative thermal sensitivity (Sm), corresponding temperature (Tm), and operating 

temperature range (T) calculated for 𝛥1, 𝛥2 and τ in the Y3(Al,Ga)5O12:0.1%Pr luminescent thermometers. 

The Ga content is denoted by x. 

x  

Δ1 Δ2 τ 

Sm 

(%K−1) 

Tm 

(K) 

T 

(K) 

Sm 

(%K−1) 

Tm 

(K) 

T 

(K) 

Sm 

(%K−1) 

Tm 

(K) 

T 

(K) 

0.0 2.4 250 33−500 2.5 600 17−600 0.8 378 150-600 

1.0 2.9 261 34−600 0.6 700 17−700 1.0 430 250-600 

2.0 2.3 345 17−600 0.6 700 290−700 1.2 480 300-600 

2.5 3.1 340 30−575 0.6 420 17−700 1.5 480 310-550 

3.0 2.5 327 75−500 

1.0 

0.4 

100 

600 

80−280 

−600 

1.2 360 250-500 

3.5 3.6 237 25−450 1.0 480 13−580 0.7 350 200-400 

4.0 3.6 60 17−275 0.3 520 17− 1.4 184 15-275 

5.0 --- --- --- 0.9 405 125− --- --- --- 
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