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Abstract 

Using luminescent materials for temperature measuring is considered the perspective remote technique 

nowadays. Designing new materials which combine a wide operating range with satisfying relative thermal 

sensitivity (Sr) and temperature uncertainty values is still a challenge. In this paper, we study the 

luminescence properties and thermometric performance of a mixture of two phosphors. These are Ga-

modified garnets - Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr - already reported as dual-mode 

luminescent thermometers. We show a new concept to improve important thermometric parameters of 

luminescence thermometers. We prove that such a mixture offers a significantly flatter course of the relative 

thermal sensitivity vs. temperature with Sr around 1%K-1 over a broad temperature interval. Independently 

of which of the thermometric parameter (𝛥1-𝛥3) is used, temperature measurement may be easily executed 

in the broad range of temperatures, 15-675 K. At the core of our concept is the use of two phosphors of the 

same crystal structure. This allows for the equally effective excitation of the two components of the mixture, 

while both use the same activator.  

Introduction 

The research of luminescence thermometry continuous its impressive development. New materials showing 

attractive, sometimes spectacular performance in this remote temperature measuring technique are reported 
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once in a while [1–5]. The anticipated uses are diverse and aim into applications in biology, medicine, 

micro- and nano-electronics, aviation, and space research, among others [6–8]. Luminescence thermometry 

is an attractive technique of temperature sensing because the measurements are not perturbed by external 

electric or magnetic fields or stray light. Furthermore, the availability of highly sensitive detectors of 

photons allows to detect of even low-intensity luminescence. A more thorough discussion of those topics 

one may find in recently published books and reviews [2,5,8–10]. It is obvious that specific applications 

will require dedicated luminescence thermometers. Some uses - aviation, space research, nuclear power 

plants – will require good performance in a broad range of temperatures. Yet, it is a challenge to fulfill such 

requirements maintaining good sensitivity and resolution (accuracy) of measurements. 

Significant progress in measuring range, thermal sensitivity, and resolution was simultaneously attained 

when the intra-configurational 5d→4f UV luminescence of Pr3+ ion was exploited together with its 4f→4f 

emissions in bluish-green (due to the luminescence from the 3P0 level) and red (from 1D2) [11,12]. 

Moreover, the excitation employing the allowed 4f→5d absorption transition of Pr3+ permitted for efficient 

luminescence with a high signal-to-noise ratio. Such excitation allows using cheap standard excitation light 

sources without sacrificing the quality of measured spectra which transfers directly to low inaccuracies of 

temperature sensing. Using this approach, such luminescence thermometers as Y3(Al,Ga)5O12:Pr [11], 

CaSc2O4:Pr [12], Sr2GeO4:Pr [13] and Lu2(Ge,Si)O5:Pr [14], were found to offer both high relative 

sensitivity (Sr) and high resolution of temperature measurement. 

Due to the unavoidable thermal quenching of the 5d→4f luminescence, the operating range using the 

5d→4f/4f→4f luminescence intensity ratio (LIR) method [2,4] appeared limited to about 400 degree; 

occasionally up to 600 degree range but at the expense of lower accuracy. Using solely the temperature-

dependence of the 5d→4f luminescence decay time, the 300-400 degree range could be covered. 

Furthermore, the high relative sensitivity is often offered only within a quite narrow range of temperature 

while within other fractions of the operating range it is moderate at most. Getting a flatter course of Sr over 
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the whole operating range, even a few hundred degrees would be very much beneficial. It was challenging 

to look for a method to overcome this limitation and this paper presents such a possibility employing garnets 

as an illustrative example. 

It was shown that the operating range of such luminescence thermometers as Y3(Al,Ga)5O12:Pr, 

Lu2(Si,Ge)O5:Pr and Sr(Si,Ge)O4:Pr [11,14,15] could be tailored utilizing the band-gap engineering 

approach, hence, changing the Al:Ga or Si:Ge ratio. This methodology significantly broadened the 

potentiality of designing better luminescence thermometers and allowed shaping their properties by means 

of fine-control of the temperature-dependent luminescence processes. Nevertheless, the above-mentioned 

weaknesses of such thermometers have not been annulled. We believe that this work shows how to 

undermine this problem – designing a luminescence thermometer whose sensing spans a broad range of 

temperatures while offering still sufficient relative sensitivity over its whole operating range.  

Comparison of the relative sensitivity of Y3(Al,Ga)5O12:Pr [11] garnets with different Al:Ga ratio (see 

Figure 1) led us to an intriguing conclusion. We noted that a mixture of two deliberately selected phosphors 

from the family might allow getting a new and promising luminescence thermometer. Its performance could 

be then controlled by exploiting the 5d→4f/4f→4f and, possibly, 4f→4f/4f→4f LIR over a broader range 

of temperatures than in the case of the individual phosphors and, equally importantly, with more balanced 

performance.  

One may find in literature scarce examples of similar approaches [16–19]. However, in the previous cases, 

the mixed phosphors utilized different emitting ions and, in most instances, also the hosts were completely 

different materials, both in terms of their chemical compositions and crystallographic structures. This 

approach, thus, has obvious limitations such as, for example, to find an optimal excitation wavelength 

(energy) for the two different emitting centers or the restricted number of possible pairs of luminescent 

ions/phosphors that can be used. 
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In the present research, we thus followed a different strategy. Having chemically very similar phosphors 

from the Y3(Al,Ga)5O12:Pr garnet family (differing in the Al:Ga ratio only) and utilizing the same activator, 

Pr3+ ion, we could be sure that any phosphor of the family would be equally effectively excited with the 

same radiation wavelength. Furthermore, the excitation through the allowed 4f→5d transition assures 

efficient luminescence, which, in turn, attests a high resolution (low uncertainty) of temperature 

measurement [11]. Since already the single phosphors from the Y3(Al,Ga)5O12:Pr family showed interesting 

performance as thermometers [11], our approach was especially justified.  

To demonstrate the plausibility of our approach, two phosphors from the family of garnets were chosen to 

formulate the mixture: Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr (hereafter termed YAGG-mix). 

The reasoning behind our approach is clear from Figure 1. The Y3(Al3Ga2)O12:0.1%Pr was supposed to 

assure significant relative sensitivity at cryogenic temperatures, while the Y3(Al1Ga4)O12:0.1%Pr was 

chosen to secure good relative sensitivity above 300 K. It could be expected that utilizing the 5d→4f/4f→4f 

LIR, a mixture of the two carefully selected phosphors should offer an even broader operating range than 

single phosphors using the same 5d→4f/4f→4f LIR. Obviously, this could happen only at the expense of 

the maximum value of the relative sensitivity (Sm). 

Experimental section 

Materials preparation: The powders of Y3(Al3Ga2)O12:0.1mol%Pr and Y3(Al1Ga4)O12:0.1mol%Pr were 

prepared using flux-aided synthesis, as presented in [11]. The YAGG-mix was obtained by thoroughly 

mixing the two phosphors in the 2:1 weight ratio in an agate mortar. The weight ratio was chosen to analyze 

the temperature dependence of photoluminescence and thermometric performance of the individual garnets. 

Namely, the double weight of Y3(Al3Ga2)O12:0.1mol%Pr was used due to its lower sensitivity compared to 

the Y3(Al1Ga4)O12:0.1mol%Pr garnet.  

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

kinetics curves, were measured with an FLS 1000 Spectrometer from Edinburgh Instruments Inc. equipped 
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with a 450 W Xenon arc lamp for continuous excitation. The equipment was combined with a closed-cycle 

helium cryostat with a Cu holder for a sample mounting. The spectra were recorded in the 15–675 K 

temperature range with the 25 K step using a PMT-900 photomultiplier thermoelectrically cooled to -20 °C 

with a Peltier module and operating in the range 185–900 nm. The double-grating 2x 325 mm Czerny-

Tuners excitation and emission monochromators were utilized in the excitation and emission channels. The 

slits were 0.25 nm and the step was 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 (TRES) 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 kinetics curves of the 5d→4f luminescence of Pr3+. The emitted light was then recorded 

using a TCSPC technique and a high-speed low-noise F-G05 detector featuring a Hamamatsu H5773-04 

photomultiplier and covering the 230-870 nm spectral range. 

Thermometric Analysis: Detailed description of the thermometric analysis may be found in the previously 

published paper [11]. Here, we present the most important aspects of the procedure. All photoluminescence 

spectra were converted from the photon flux per constant wavelength interval function (as measured) into 

the photon flux per energy interval according to the Jacobian transformation [5,20–22]. The thermometric 

parameter, ∆, was defined as a ratio of integrated intensities of two specified luminescence bands (Ii and Ij, 

see Eq. (1)) as a function of temperature: 

Δ =
𝐼𝑖

𝐼𝑗
. 

(1) 

The relative uncertainty in Δ was determined using Eq. (2) [2]: 

𝛿Δ

Δ
= √(

𝛿𝐼1

𝐼1
)

2

+ (
𝛿𝐼2

𝐼2
)

2

, (2) 
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where 𝛿𝐼/𝐼 represents the relative uncertainty in the integrated area that is estimated using the signal-to-

noise ratio of the emission spectra. Finally, empirical 2nd-degree polynomial functions were fitted to the 

experimental data to get the 𝛿𝐼/𝐼 temperature dependence.  

The main thermometric parameters defining the thermometer performance, the relative thermal sensitivity 

(Sr), and the temperature uncertainty (𝛿T), were calculated according to the Eqs. (3) and (4), respectively 

[2,23,24] 

 

𝑆𝑟 =
1

∆
|
𝜕𝛥

𝜕𝑇
|, for intensity ratio 𝑆𝑟 =

1

𝜏
|
𝜕𝜏

𝜕𝑇
|, for lifetime (3) 

𝛿𝑇 =
1

𝑆𝑟

𝛿Δ

Δ
, for intensity ratio 𝛿𝑇 =

1

𝑆𝑟

𝛿𝜏

𝜏
, for lifetime (4) 

where 𝜏 is the decay time of the 5d→4f luminescence and 𝛿𝜏/𝜏 its relative uncertainty. The thermometers 

are out of the operating range when the difference between consecutive Δ or 𝜏 measurements in the 

acquisition of the respective calibration curve does not surpass their corresponding uncertainties 𝛿Δ or 𝛿𝜏 

[8]. To calculate 𝛿𝜏/𝜏 we fitted the experimental 𝛿𝜏/𝜏𝑚𝑎𝑥 values using polynomial functions (𝜏𝑚𝑎𝑥 is the 

maximum value of the lifetime of the YGG-mix). 

Results and discussion 

Temperature dependence of photoluminescence of the YAGG-mix 

The excitation spectra of the 606.3 nm luminescence (1D2→
3H4) (Figure 2a) taken at various temperatures 

consist of a broad band in the ultraviolet range of spectrum peaking at 278 nm - a result of the Pr3+ 

4f2→5d1f1 transition - and narrow lines of lower intensities at about 450-500 nm, which are connected with 

the 3H4→
3PJ transition of the activator. Around 580-600 nm, low-intensity lines resulting from the 3H4→

1D2 

excitation are also seen. Under 280 nm excitation, the YAGG-mix exhibits the strong broad-band 5d→4f 

luminescence in the UV and narrow emission features in the visible part of the spectra (Figure 2b, note the 
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normalization at 486.0 nm). The latter are related to the 3PJ→
3H4 radiative transitions (480-550 nm and 

above ~610 nm) and the 1D2→
3H4,5 (580-700 nm). The relative intensities of the luminescence bands 

change as the temperature increases from 15 to 675 K. 

While in the bluish-green range the emission comes exclusively from the 3PJ→
3H4 transition of Pr3+, in the 

red (600-640 nm) the luminescence is a superposition of two emissions: from 3P0 and 1D2 levels of Pr3+. 

Parity-forbidden, but spin-allowed luminescence from the 3P0 level decays much faster than the spin- and 

parity-forbidden emission from the 1D2 level. Figure 2c presents a set of the spectra resulting from the 

TRES experiment. Clearly, the slower-decaying 1D2→
3H4,5 luminescence is located in the 604-612 nm 

range of wavelengths mainly. This finding appears very useful in the thermometric analysis as presented 

and discussed in the previous papers [11,15]. 

Compared to the spectra of the single compositions analyzed previously [11], the striking difference is that 

the YAGG-mix presents the 5d→4f luminescence throughout the whole range of accessible temperatures, 

from 15 to 675 K. Furthermore, the relative intensity of the inter- and intra-configurational transitions 

change continuously spanning the whole investigated range (Figure 2c). The most intense 5d→4f 

luminescence is observed at 15 K, and with increasing temperature, its relative intensity decreases 

gradually. Bluish-green and red emissions from the 3P0 and 1D2 levels, respectively gain some intensities 

with temperature as will be seen and discussed later. Note that with increasing temperature especially the 

red luminescence from the 1D2 is getting relatively stronger, particularly above ~550 K, see Figure 2b. 

Clearly, both the bluish-green and the red emission could be registered at much higher temperatures yet – 

beyond the limit of our setup. These observations open the door for temperature reading even above 700 

K. 

Replacing Al with Ga in Y3(Al,Ga)5O12:0.1%Pr garnets significantly impacts not only the host band-gap 

but also energies of the host lattice vibrations as discussed in detail previously [11]. This affects the 

efficiency of the non-radiative relaxation processes, which are directly responsible for intensities of the 



 9 

various transitions under interest. With increasing Ga-content the available phonons become less energetic 

[11] hindering the non-radiative multiphonon relaxation, among others between the 3P0 and 1D2 luminescent 

levels of the Pr3+ ion, and this affects their intensities. 

In the YAGG-mix, the band-gap engineering appears beneficial from the point of view of luminescence 

thermometry. Its 5d→4f luminescence is observed up to 675 K. In the cryo-range from both components 

and at higher temperatures basically from the Y3(Al3Ga2)O12:0.1%Pr phosphor. In the latter case, the 

Y3(Al1Ga4)O12:0.1%Pr assures significant intensity of the 4f→4f emissions. These properties directly 

impact the capability of sensing temperature which will be seen in the thermometric analysis presented 

later. 

Figure 3a shows the temperature dependence of decay curves of the 5d→4f luminescence. In Figure 3b 

decay times derived from these data are presented. Experimental decay traces were fitted using Eq. (5). 

𝐼(𝑡) = 𝐴0 + ∑ 𝐴𝑖 × exp (−
𝑡

𝜏𝑖
)

𝑁

𝑖=1

, 

 

(5) 

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. While, 

in general, two components (N=2) were needed to get good fits, the deviation from the single-exponential 

decay was only small at all temperatures. The divergence from the single-exponential kinetics cannot 

surprise, as the two phosphors forming the YAGG-mix under investigation show individually obviously 

different dependence on their luminescence decay kinetics on temperature [11]. 

At 15 K the decay time of the 5d→4f luminescence of the YAGG-mix is 19±0.04 ns and up to about 250 

K it shortens only slightly to 18±0.07 ns. This is too little change to be useful for thermometry in this range 

of temperatures using the decay time as the thermometric parameter. The quenching temperature, T50%, the 

temperature at which the decay time drops to half of its low-temperature value, is 540 K. As expected, the 
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quenching extends over a broader range of temperatures than in the case of the individual garnet phosphors: 

Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr. This is exactly what we wanted to attain as discussed 

in the Introduction [11]. 

Thermometric performance of the YAGG-mix garnet  

The YAGG-mix presents strong photoluminescence with significant temperature-dependence of the spectra 

and decay times of the 5d→4f luminescence as discussed above. Consequently, both LIR and variation of 

the decay time of the 5d→4f emission with temperature will be evaluated as thermometric parameters of 

the YAGG-mix.  

Figure 4a presents the luminescence spectrum registered at 300 K upon 280 nm excitation in which the 

ranges of integration were marked. For all the spectra, integrated intensities of three emissions of Pr3+: 

5d→4f (Idf), 
3P0→

3H4 (I3P0), and 1D2→
3H4 (I1D2), were calculated, see Figure 4b. 

Consequently, three thermometric parameters (𝛥1-𝛥3) were defined according to Eq. (6) 

 

𝛥1 =
𝐼𝑑𝑓

𝐼1𝐷2
, 𝛥2 =

𝐼𝑑𝑓

𝐼3𝑃0
, 𝛥3 =

𝐼3𝑃0

𝐼1𝐷2
. (6) 

Temperature dependence of the 𝛥1 − 𝛥3 parameters is shown in Figure 5. The experimental data 

represented by 𝛥1 and 𝛥2 were fitted using Mott-Seitz model described by Eq. (7) [25,26] 

 

𝛥1,2 ≈
∆0

1 + ∑ 𝛼iexp (
−𝐸𝑎𝑖

𝑘𝐵𝑇
)𝑁

𝑖=1

. 
(7) 
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In Eq. (7), 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 

Mott-Seitz model with N = 3 was chosen due to the double S-shape of the experimental points and various 

rates of thermal quenching of the Pr3+ luminescence [11]. 

Obviously, the values of the parameters derived from the fits, such as activation energies, have little 

physical meaning as the experimental data come from a mixture of two phosphors. In each of them, the 

radiative and non-radiative processes depend differently on temperature. The same applies to thermal 

quenching of the 5d→4f luminescence and thus, the temperature dependence of its decay time [27]. 

Nevertheless, Eq. (7) allowed obtaining a perfect fit of the experimental data for both thermometric 

parameters, with r2=0.999, see Figure 5 and Table 1. The accomplished fits may then serve as perfect 

calibration curves for thermometric purposes.  

Finding the calibration curve for 𝛥3 (Eq. (3)) could not be attained using the Mott-Seitz model. To find the 

most accurate physical approach in this case it is necessary to solve the rate equations as reported by Suta 

[22] and Geitenbeek [28]. Yet, for the purpose of this work and taking into account that the thermometer 

under investigation is a mixture of two phosphors we considered it unfounded and redundant.  

Consequently, to fit the 𝛥3 thermometric parameter (Eq. (6)), an exponential function with A1, t1, and t2 

fitting parameters, described by Eq. (8) was used. 

 

This 

function allows obtaining an excellent fit of the experimental data, with r2 not lower than 0.999, see Figure 

5 and Table 1.  

The temperature dependence of Sr and 𝛿T for 𝛥1 − 𝛥3 is presented in Figure 6. The highest value of the Sr 

(Sm) was obtained for 𝛥1 and reached 1.65 %·K−1 at 40 K. Sm = 0.80 %·K−1 at 52 K  (for 𝛥2) and Sm = 0.80 

𝛥3 = 𝐴1𝑒𝑥𝑝 (
−𝑇1

𝑡1
) + 𝐴2𝑒𝑥𝑝 (

−𝑇2

𝑡2
) + 𝐴0. (8) 
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%·K−1 at 15 K (for 𝛥3) were obtained. The thermometric parameters are slightly lower than in the case of 

the two individual phosphors investigated previously [11], but it was expected, as mentioned in the 

Introduction. More importantly, the YAGG-mix system offers the possibility of temperature sensing, 

independently of which of the thermometric parameter (delta1 -delta3) is used, in the broad range of 

temperatures, 15-675 K.   

Using temperature dependence of the 5d→4f luminescence decay time, see Figure 3, Sr and 𝛿T were also 

calculated according to the Eqs. (3) and (4) and the results are presented in Figure 7. When the 5d→4f 

luminescence decay time is a thermometric parameter, Sr grows from 0.007 %·K−1 at 250 K to 0.6 %·K−1 

at 630 K, and the operating range covers the 250-650 K. The values of 𝛿T are low and do not exceed 0.014 

K at the Sm (at temperature as high as 630 K). One might reasonably expect that higher content of the 

Y3(Al1Ga4)O12:0.1%Pr in the mixture might extent the low-temperature limit of the operating range towards 

lower temperatures. Hence, the decay time of the 5d→4f luminescence of the YAGG-mix may be 

considered the fourth thermometric parameter of this luminescence thermometer.  

Table 2 summarizes the present findings and compares them with the thermometric performance of the two 

individual Ga-modified garnets: (Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr) [11]. For single-

composition Ga-modified garnets, Sm are higher than for the YAGG-mix when 𝛥1 is considered as a 

thermometric parameter. Namely, for the Y3(Al3Ga2)O12:0.1%Pr Sm = 2.3 %·K−1 at 345 K and for the 

Y3(Al1Ga4)O12:0.1%Pr Sm = 3.6 %·K−1 at 60 K. Taking into account 𝛥3 thermometric parameter for the 

YAGG-mix, Sm = 0.80 %·K−1 at 15 K, while for the Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr Sm 

is lower; 0.6 %·K−1 at 700 K and 0.3 %·K−1 at 520 K, respectively. Yet, the YAGG-mix presents indeed a 

flatter temperature-dependence of Sr than the individual phosphors and shows the regularly higher minimal 

value of Sr, which is an obvious advantage of this thermometer. 

For all the LIR-related thermometric parameters (𝛥1 − 𝛥3) the operating range of the YAGG-mix spans 

the 15-675 K range with still good maximal relative sensitivity showing reasonably flat course over the 



 13 

whole measuring range, as just discussed. The 𝛿T is also very satisfying for the YAGG-mix allowing to 

measure with good accuracy over such a broad range of temperatures, see Table 2 and Figure 6. The 

individual phosphors, Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr, presented even four times higher 

maximal temperature uncertainties in the case of 𝛥3, while for 𝛥1 and 𝛥2 the values for single phosphor 

and for the YAGG-mix the values were quite similar (see Table 2). This is an unexpectedly significant gain 

of the quality of temperature measurement executing the YAGG-mix.  

Conclusions 

This paper presents the temperature-dependent photoluminescence of the mixture of Y3(Al3Ga2)O12:0.1%Pr 

and Y3(Al1Ga4)O12:0.1%Pr Ga-modified garnets and its performance in luminescence thermometry. The 

YAGG-mix showed strong photoluminescence (5d→4f, 3P0→
3H4,5, and 1D2→

3H4,5) whose temperature 

dependence was utilized in temperature sensing. The presented results proved that by mixing phosphors 

possessing the same crystallographic structure and activated with the same luminescence ion (Pr3+), it is 

possible to formulate a high-quality luminescence thermometer. By deliberately selecting phosphors for the 

mixture, it is possible to significantly modify and control such luminescent properties as the relative 

intensities of particular emission bands and their thermal quenching. Using the intensity ratio of 5d→4f and 

1D2→
3H4 luminescence of Pr3+ the highest Sm=1.65 %·K−1 at 40 K was obtained. Independently on the 

thermometric parameter (𝛥1 − 𝛥3), the operating range of the mixed garnets covered a 15-675 K range 

which was limited by our setup and not by the thermal intrinsic characteristics of the phosphors. In the case 

of the single Y3(Al3Ga2)O12:0.1%Pr and Y3(Al1Ga4)O12:0.1%Pr garnets such flexibility is not offered. In 

the whole operating range, the temperature uncertainties of the YAGG-mix were either four times better or 

at similar level as for the individual Y3(Al,Ga)5O12:0.1%Pr garnets depending on the thermometric 

parameters under consideration. From this research, the most promising and prospective advantage of the 

mixed phosphors is the possibility of widening of the operating range of the luminescence thermometers 

combined with low measurement resolution when the three LIR thermometric parameters are used. 

Especially high gain of the quality of temperature measuring with YAGG-mix was achieved exploiting the 
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5d→4f luminescence decay time for which the resolution of the temperature sensing never exceeded 0.11 

K. The idea of mixing phosphors of the same crystal structure and activated with the same dopant can be 

considered as a new concept in designing novel luminescent thermometers of well-controlled performance. 
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Figures 

 
Figure 1. Relative sensitivities of Ga-modified garnets; Y3(Al3,Ga2)O12:0.1%Pr and 

Y3(Al1,Ga4)O12:0.1%Pr for 𝜟𝟏 thermometric parameter. 

 

 

 

Figure 2. (a) Excitation spectra of 606.3 nm luminescence of Pr3+ registered at various temperatures for the 

YAGG-mix. (b) Emission spectra registered under 280 nm at various temperatures (15-675 K). All the 

spectra were normalized at 486 nm (3P0 luminescence). (c) Time Resolved Emission Spectroscopy (TRES) 

registered under 280 nm excitation at 15 K for the YAGG-mix. 
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Figure 3. (a) Decay traces of 5d→4f luminescence of Pr3+. Decay traces were taken under 280 nm 

excitation in the 15-650 K range of temperature. (b) Temperature dependence of 5d→4f decay times of 

Pr3+ registered for the YAGG-mix. 

 

 

Figure 4. (a) Luminescence spectrum of the YAGG-mix registered at 300 K. Areas of integration of the 

three emissions of Pr3+ (5d→4f, 3P0→
3H4, and 1D2→

3H4) are indicated with violet, green and red color, 

respectively. (b) Temperature dependence of the integrated intensities of the three luminescence bands of 

Pr3+ in the YAGG-mix.   

 
Figure 5. Calibration curves of the YAGG-mix using 𝜟𝟏−𝟑. Solid lines represent the fits to the experimental 

data using the Mott-Seitz model for 𝜟𝟏 and 𝜟𝟐 and exponential function for 𝜟𝟑. 
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Figure 6. Temperature dependence of the (a) relative sensitivity and (b) temperature uncertainty for the 

YAGG-mix using 1-3 thermometric parameters. 

 

 
Figure 7. Relative sensitivity and temperature uncertainty for the YAGG-mix using decay time of the 

5d→4f luminescence of Pr3+ as a thermometric parameter. 
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Table 1. Fitting parameters of 𝜟𝟏 − 𝜟𝟑 experimental data 

y=(A/(1+(B*(exp(-(C/(k*x)))))+(D*(exp(-(E/(k*x)))))+(F*(exp(-(G/(k*x))))))) 

𝜟𝟏 

Parameter R2 Value 

A 

0.9999 

204±1 

B 41±2 

C 0.04±0.001 

D 4.3±0.2 

E 0.0090±2E-4 

F 34084±18068 

G 0.29±0.02 

k 8.61733E-5±0 

𝜟𝟐 

Parameter R2 Value 

A 

0.999 

9.2±0.2 

B 1701±321 

C 0.29±0.01 

D 0.18±0.03 

E 0.0011±5E-4 

F 2.5±0.1 

G 0.0114±4E-4 

k 8.61733E-5±0 

y = A1*exp(-x/t1) + A2*exp(-x/t2) + A0 

𝜟𝟑 

Parameter R2 Value 

A0 

0.999 

0±0 

A1 20±1 

t1 99±7 

A2 7±1 

t2 370±53 

 

 

  



 19 

Table 2. Comparison of thermometric parameters for Y3(Al3Ga2)O12:0.1%Pr, Y3(Al1Ga4)O12:0.1%Pr, and 

the YAGG-mix phosphors. 

Thermometric  

parameter  

Performance of luminescence thermometers  

range of Sr 

(%•K-1) 

Tm 

(K) 

range of 𝛿T  

(K) 

𝛥T 

(K) 

YAGG-mix 

𝜟𝟏 0.25-1.65 40 0.8-10 15-675 

𝜟𝟐 0.1-0.8 52 0.5-12 15-675 

𝜟𝟑 0.4-0.8 15 0.4-2.4 15-675 

𝛕 0.03-0.6 630 0.014-0.1 250-650 

Y3(Al3Ga2)O12:0.1%Pr 

𝜟𝟏 0-2.3 345 0.03-4 17-600 

𝜟𝟐 0-1.7 220 0.03-10 50-600 

𝜟𝟑 0.15-0.6 700 0.2-10 290-700 

𝛕 0.1-1.2 480 0.002-0.05 300-600 

Y3(Al1Ga4)O12:0.1%Pr 

𝜟𝟏 0-3.6 60 0.03-3 17-275 

𝜟𝟐 0.1-2.0 145 0.05-10 19-275 

𝜟𝟑 0.01-0.3 520 0.02-6 17-580 

𝛕 0.1-1.4 184 0.02-0.1 15-275 
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