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Abstract 

Rare earth-doped materials are successfully utilized as non-contact optical temperature sensors. 

Thermal sensing is usually based on the ratiometric technique between two separate emission 

lines originated from thermally-coupled levels. We study Gd2O3:Eu3+ 1 at.% and YAG: Eu3+ 4 

at.% phosphors as luminescence thermometers in 298–473 K range using both conventional 

experimental and Judd-Ofelt based theoretical approaches. Thermometric performances of 

suggested sensors were quantified through absolute and relative thermal sensitivities and 

temperature resolution. Experiment and theoretical modelling gave similar results. This proves 

the theoretical model as a simple and fast method for estimation of the Eu3+-doped thermometer 

perspectives. 
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1. Introduction 

Temperature is one of the most frequently measured physical parameters as it affects almost all 

aspects of our lives. An accurate temperature measurement is necessary for the reliable 

characterization and control of processes in various fields from biology and medicine to 

industrial production [1–3]. Direct determining of temperature is impossible, but it can be 

measured via control of various characteristics of bodies such as volume, pressure, conductivity, 

etc. that are monotonically correlated with temperature change. The known thermal sensing 

methods can be divided into three groups based on the nature of contact between the sensor and 

the object of analysis: invasive (sensor is in direct contact with the analyzed object), semi-

invasive (the object is treated to enable the remote observation) and non-invasive (remote 

observation) [4,5]. Last decade we have witnessed the rapid development of various semi- and 

non-invasive thermometry techniques due to the strong demand for accurate temperature sensing 

with sub-micron spatial and sub-degree thermal resolution in micro- and nanoelectronics as well 

as in nanomedicine [6–9]. Among these techniques, the luminescence thermometry has gained 

considerable interest because of its advantages of fast response and applicability in hostile 

environments and high electromagnetic fields [10]. Luminescence thermal sensing was 

successfully demonstrated using different types of phosphors including quantum dots, 

fluorescent dyes and proteins, polymers, metal–organic frameworks, and rare earth or transition 

metal-doped materials [11–18]. Rare earth-doped phosphors have attracted the most attention as 

optical thermometers due to their unique spectroscopic properties: narrow emission and 

excitation lines, long lifetime, large Stokes shift, and diversity of emitting wavelength [19,20]. 

Luminescence thermometry utilizes temperature-induced changes in luminescence parameters 

such as intensity (single band or ratiometric), spectral line position, bandwidth, lifetime, and 

polarization [6,21–23]. Luminescence intensity ratio (LIR) has established as the most frequently 

used sensing parameter thanks to intrinsic immunity to the external disturbances during the 
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detection process, such as the fluorescence loss, the phosphor amount, and the fluctuations of 

excitation intensity [24–26]. LIR is usually calculated between two separate emission lines 

originated from thermally coupled levels with an energy gap of 200–2000 cm-1 [27,28]. 

Nowadays, a lot of scientific groups are constantly looking for new ratiometric thermometers 

with enhanced thermometric performances. Traditional LIR analysis requires expensive 

equipment, time-consuming measurements followed by a complicated data treatment [29]. 

Taking into account a large number of rare earth ions and potential hosts for doping, it is hard to 

check all these materials from the thermometric point of view via a traditional approach. To 

solve this problem, Ciric et al. developed an extension of the Judd-Ofelt theory to the field of 

lanthanide thermometry, which allows calculating thermometric performances from the single 

emission spectrum measured at room temperature [29]. The theoretically calculated parameters 

could slightly differ from the experimentally obtained ones due to imperfections of Judd-Ofelt 

theory and spectroscopic data acquisition and treatment. However, Ciric et al. showed the 

applicability of the model for the most difficult case of Eu3+-doped Y2O3 samples, which have 

the largest discrepancy between theoretical and experimental parameters because of the widest 

energy gap among rare earth ions [29].  

Herein, we checked model applicability for various Eu3+-doped hosts as well as for different 

nature of emission transitions utilized for LIR calculation (including mixed electric + magnetic 

dipole character). 

 

2. Experimental 

Synthesis of Gd2O3:Eu3+ 1 at.% particles were carried out using the combined Pechini-foaming 

technique, which is based on the standard Pechini method. This technique was described in detail 

for rare earth-doped yttrium and lutetium oxides [30,31]. The auxiliary components were added 

to the system during the preparation of metal polymer gel. These components provide an 

intensive gas release from the entire system during the pyrolysis of metal polymer gel, 

preventing sintering of particles. After preparing a solution of citrate complexes of metals, 

potassium carbonate was added to the system, which filled the cells of polymer gel. The gel was 

calcinated at 1000 oC for 1 hour to remove organic components. The prepared particles were 

collected by centrifugation at 2800 rpm for 5 min repeated 3 times. The resulting washed 

precipitate was dried in an oven at 110 oC. 

Nanocrystalline Y3Al5O12:Eu3+ 4 at.% (YAG:Eu3+ 4 at.%) sample was prepared using the 

modified Pechini method based on additional heat treatment of the amorphous precursor in a 

molten salt [32]. Briefly, the citrate complexes of Y3+, Eu3+ and Al3+ are crosslinked with 

ethylene glycol to form a polymer gel, which was then calcinated at 850 oC for two hours. The 

obtained amorphous substance was held in the molten KCl at 1000 oC for one hour under an 

ambient atmosphere. The residual salt is removed from the system by washing in distilled water 

three times. The synthesized particles were collected by centrifugation (2800 rpm for 5 min 

repeated 3 times) and then were dried in an oven at 110 oC. 

X-ray diffraction patterns were measured with Rigaku «Miniflex II» diffractometer with CuKα-

radiation (λ = 1.5406 Å) in the 2θ range from 15o to 80o. Phase identification was performed 

using a powder diffraction database PowderDiffractionFile (PDF-2, 2011). Scanning electron 

micrograph (SEM) images were obtained using SUPRA 40VP WDS scanning electron 

microscope. Emission spectra were measured on modular fluorescence spectrometer Fluorolog-3 

with diode laser CUBE (Coherent) 384 nm as an excitation source. Temperature experiments 

were carried out on the same spectrometer equipped with optical fibers and heating stage Linkam 
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THMS 600 with a resolution of 0.1 °C. During temperature experiments, a 5 min waiting time 

was used to achieve the steady-state temperature regime before measuring. Different Eu3+ 

doping concentration in Gd2O3 and Y3Al5O12 hosts was used to study its effect on 

temperature calibration curve. 

 

3. Results and discussion 

The phase composition of the synthesized Eu3+-doped sample was studied using X-ray Powder 

Diffraction. XRD pattern of synthesized Gd2O3:Eu3+ 1 at.% NPs is presented in Fig. 1a. The 

measured diffraction pattern displayed a good match with the standard card of Gd2O3 (ICDD 01-

080-6921, space group Ia-3). No impurity line was detected. That means formation of a single 

phase sample. As Eu3+ and Gd3+ ions have very close ionic radii (109 and 108 pm, respectively), 

doping ions locate at gadolinium positions in the host, so the partial substitution does not affect 

the cubic structure. SEM image of Gd2O3:Eu3+ 1 at.% sample, shown in Fig. 1b, displays 

presence particles with diameter of 80–150 nm. 

Fig. 1c shows emission spectrum of Gd2O3:Eu3+ 1 at.% NPs measured in the spectral range of 

500–750 nm upon 384 nm excitation. The used excitation wavelength corresponds to 7F0–
5L7 

transition in the europium ions [33]. The obtained spectrum consists of 4f intra-configurational 

transitions from metastable 5D0 to lower lying 7FJ levels: 5D0–
7F0 (580 nm), 5D0–

7F1 (588, 592.5, 

595, 599 nm), 5D0–
7F2 (611.5, 613.5, 629.5 nm), 5D0–

7F3 (651, 653, 657, 661 nm), 5D0–
7F4 (687, 

693, 699.5, 706.5, 708, 711 nm) [34]. Besides luminescence bands originated from 5D0 level, the 

weak intense 5D1–
7F1 transition (533.5 and 537.5 nm) was also observed. One can see that 

emission spectrum is dominated by the forced electric dipole 5D0–
7F2 transition, while the 

magnetic dipole 5D0–
7F1 transition displays lower intensity. 

 
Fig. 1. a) XRD pattern of Gd2O3:Eu3+ 1 at.% NPs with Gd2O3 standard card (ICDD 01-080-

6921); b) SEM image of Gd2O3:Eu3+ 1 at.% sample; c) room temperature emission spectrum of 

Gd2O3:Eu3+ 1 at.% NPs (λex = 384 nm). 

 

The presence of emission bands originated from two excited thermally coupled levels 5D1 and 
5D0 makes Gd2O3:Eu3+ 1 at.% NPs suitable to provide luminescence thermal sensing using the 

ratiometric approach. Luminescence intensity ratio (LIR) between 5D1–
7F1 and 5D0–

7F1 emission 

bands can serve as a temperature-dependent parameter. Taking into account the thermal coupling 

of 5D1 and 5D0 levels, LIR behavior should be governed by Boltzmann function [35,36]. Fig. 2a 

presents emission spectra measured at different temperatures in the range of 298–473 K. One can 

see that temperature increase leads to gradual growth of 5D1–
7F1 transition intensity, whereas 

5D0–
7F1 transition intensity demonstrates monotonic decline. Such behavior is explained by a 

thermally induced population of 5D1 level. LIR was calculated using integral intensities as this 

approach allows to provide better thermometric characteristics [37]. The spectral limits of the 



4 

integrated emission were 528–546 nm and 583–602 nm for 5D1–
7F1 and 5D0–

7F1 transitions, 

respectively. The temperature dependence of LIR is shown in Fig. 2b. The experimental data 

are accurately fitted by an offset–corrected Boltzmann model with adj. R2 better than 

0.999.  

𝐿𝐼𝑅 =
𝐼5𝐷1

𝐼5𝐷0
= 𝐵 exp (−

∆𝐸

𝑘𝑇
) + 𝐶     (1) 

where B and C are temperature independent constants, ΔE is the energy gap between the two 

thermally coupled levels, and k=0.695 cm-1 K-1 is the Boltzmann constant. The offset term is 

most probably a consequence of kinetically induced failure of Boltzmann behavior and 

thus, thermal decoupling of the 5D1 and 5D0 levels. This issue was covered in detail in 

recently published papers [9,38]. 

Thermometric characteristics of synthesized NPs were estimated by a set of parameters: the 

absolute (Sa) and relative (Sr) thermal sensitivity, and the temperature resolution (δT). The 

absolute thermal sensitivity defines the absolute LIR change with temperature variation: 𝑆𝑎 =
𝑑𝐿𝐼𝑅

𝑑𝑇
. It depends on absolute LIR value, which can be affected by the manipulating calculation 

procedure, for example, change of spectral limits for calculation of the integral intensity of 

emission transition. To compare the thermometers of different nature, the relative thermal 

sensitivity 𝑆𝑟 =
1

𝐿𝐼𝑅

𝑑𝐿𝐼𝑅

𝑑𝑇
, which reflects the normalized change in LIR with temperature variation 

was introduced. The evolution of the Sr and Sa values with temperature is presented in Fig. 2c. 

One can see that the absolute thermal sensitivity monotonically increases along with 

temperature, while the relative sensitivity achieves a maximal value of 1.1 % K-1 at 398 K. The 

temperature resolution shows the accuracy of the thermal sensing using regarded material. δT 

can be obtained in several ways: from the calibration curve, from the acquisition of several 

consecutive emission spectra at a fixed temperature, and from analysis of the thermal relaxation 

process [37]. Here, the temperature resolution was calculated via the first approach: δT =
1

𝑆𝑟

𝛿𝐿𝐼𝑅

𝐿𝐼𝑅
, 

where δLIR/LIR is the relative uncertainty in the determination of the temperature obtained as a 

dispersion of three repeated measurements. δT of Gd2O3:Eu3+ 1 at.% NPs was found to be 0.8 K 

at room temperature. Noteworthy, the temperature resolution depends on the measurement 

setup and is strongly affected by the signal-to-noise ratio of the emission spectrum used for 

LIR calculation [3]. More precise estimation of minimal δT requires the acquisition of a 

larger number of emission spectra. 

 
Fig. 2. a) Emission spectra of Gd2O3:Eu3+ 1 at.% NPs obtained at different temperatures; b) LIR 

temperature evolution; c) temperature dependence of absolute and relative thermal sensitivities. 

 

Fig. 3a presents XRD patterns of the prepared YAG:Eu3+ 4 at.% powder with standard card of 

cubic YAG (JCPDS 33-0040, space group Ia-3d). All observed peaks coincide with the reference 

cubic phase with no impurity lines detected. SEM image of YAG:Eu3+ 4 at.% NPs, presented in 
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Fig. 3b, shows that powder consists of particles with diameter up to 200 nm, while the average 

size is about 100 nm. 

The emission spectrum of YAG:Eu3+ 4 at.% NPs measured in the spectral range of 500–750 nm 

upon 384 nm excitation is presented in Fig. 3c. It includes characteristic narrow bands 

corresponding to the following transitions: 5D0–
7F1 (590.5 and 596 nm), 5D0–

7F2 (609.5, 625.5, 

630, 635 nm), 5D0–
7F3 (649.5 and 655.5 nm), 5D0–

7F4 (696, 700.5, 710, 715 nm), and 5D0–
7F5 

(743.5 and 748 nm) [39]. The most prominent transition is the forced electric dipole 5D0–
7F4 

transition, whereas magnetic dipole 5D0–
7F1 transition prevails over forced electric dipole 5D0–

7F2 transition. Similar to Gd2O3:Eu3+ 1 at.% NPs, it was observed a low intense line originated 

from higher excited 5D1 level: 5D1–
7F2 transition (550.5 nm). 

 
Fig. 3. a) XRD pattern of YAG:Eu3+ 4 at.% NPs with YAG standard card (JCPDS 33-0040); b) 

SEM image of YAG:Eu3+ 4 at.% sample; c) room temperature emission spectrum of YAG:Eu3+ 

4 at.% NPs (λex = 384 nm). 

 

Fig. 4a shows the emission spectra of YAG:Eu3+ 4 at.% NPs obtained at different temperatures 

from 298 to 473 K. The same situation as in the case of Gd2O3:Eu3+ 1 at.% NPs was observed: 

the growth of temperature results in the increase of 5D1–
7F2 transition intensity along with the 

decrease of 5D0–
7F1 transition intensity. The total emission intensities of 5D1–

7F2 and 5D0–
7F1 

transitions were obtained by integrating within 547–554 nm and 584–600 nm spectral limits, 

respectively. The evolution of LIR vs 1/T is presented in Fig. 4b. Equation (1) fitted the 

experimental points with good accuracy of Adj. R2 = 0.998. Fig. 4c displays the temperature 

dependence of absolute and relative thermal sensitivities. One can see the gradual growth of Sa 

value, while Sr demonstrates a maximum of 1.0 % K-1 at 423 K. The temperature resolution of 

YAG:Eu3+ 4 at.% NPs was determined to be 2.7 K at 298 K. 

 
Fig. 4. a) Emission spectra of YAG:Eu3+ 4 at.% NPs obtained at different temperatures; b) LIR 

temperature evolution; c) temperature dependence of absolute and relative thermal sensitivities. 

 

Recently, Ćirić, et al. reported that LIR values and thermometric characteristics of rare earth-

doped thermal sensors can be calculated using the theoretical model, which is an extension of the 
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Judd-Ofelt theory [29]. The B parameter in Eq. (1) can be written using the Judd-Ofelt 

parameters, together with the approximately host-independent magnetic dipole strength values 

[38]: 

𝐵 = (
𝜈𝐻

𝜈𝐿
)
3 𝜒𝐸𝐷

𝐻 𝐷𝐸𝐷
𝐻 +𝜒𝑀𝐷

𝐻 𝐷𝑀𝐷
𝐻

𝜒𝐸𝐷
𝐿 𝐷𝐸𝐷

𝐿 +𝜒𝑀𝐷
𝐿 𝐷𝑀𝐷

𝐿      (2) 

where H and L mean transitions from high and low energy levels, ED and MD are electric and 

magnetic dipole transitions, ν is the transition barycenter energy, χ is the local field correction, 

DED and DMD are ED and MD strengths. Noteworthy, the factor (
𝝂𝑯

𝝂𝑳
)
𝟑

 should be used if single 

photon counting detection such as in a photomultiplier tube is performed, whereas the 

factor (
𝝂𝑯

𝝂𝑳
)
𝟒

 is correct in case of intensity measurements are performed in terms of incident 

power densities. The local field correction for ED-induced emission is χ𝐸𝐷 =
𝑛(𝑛2+2)2

9
, while for 

the case of MD transition χ𝑀𝐷 = 𝑛3, where 𝑛 is refractive index at transition wavelength. 

The application of this model to the case of Eu3+-doped Gd2O3 and YAG NPs and comparison of 

the theoretical and experimental results are reported below. Ratiometric thermometry of 

Gd2O3:Eu3+ 1 at.% NPs is based on LIR between 5D1–
7F1 (H) and 5D0–

7F1 (L) transitions. 5D1–

7F1 is ED transition with 𝜒𝐸𝐷
𝐻 𝐷𝐸𝐷

𝐻 + 𝜒𝑀𝐷
𝐻 𝐷𝑀𝐷

𝐻 =
𝑛(𝑛2+2)2

9
∙ 0.0026𝛺2. 5D0–

7F1 is a purely 

magnetic transition with 𝜒𝐸𝐷
𝐿 𝐷𝐸𝐷

𝐿 + 𝜒𝑀𝐷
𝐿 𝐷𝑀𝐷

𝐿 = 𝑛3 ∙ 9.6 ∙ 10−42. In the case of YAG:Eu3+ 4 at.% 

NPs LIR was calculated using 5D1–
7F2 (H) and 5D0–

7F1 (L) transitions. 5D1–
7F2 transition has 

ED+MD character with 𝜒𝐸𝐷
𝐻 𝐷𝐸𝐷

𝐻 + 𝜒𝑀𝐷
𝐻 𝐷𝑀𝐷

𝐻 =
𝑛(𝑛2+2)2

9
∙ 0.0008𝛺2 + 𝑛3 ∙ 11.2 ∙ 10−42. 

Refractive indices of Gd2O3 and YAG were taken from [40] and [41], respectively. Judd-Ofelt 

parameters and barycenter of emission transitions of Eu3+-doped NPs were obtained from room 

temperature emission spectra (Fig. 1c and 3c) using JOES software [42]. The values obtained 

using experimental and theoretical approaches are listed in Table 1. Bexp and ΔEexp were taken 

from temperature calibration curves (Fig. 2b and 4b). Bth was calculated using Eq. (2), ΔEth was 

obtained as difference between high and low energy level positions: ΔEth = νH-νL. One can see 

that Bth and Bexp display similar values taking into account that both methods carry experimental 

and theoretical errors. The same situation was observed for the determination of the energy gap 

between high and low excited levels. 

 

Table 1. Spectroscopic and Judd-Ofelt parameters with comparison between experimentally and 

theoretically obtained B and ΔE values for Gd2O3:Eu3+ 1 at.% and YAG:Eu3+ 4 at.% NPs. 

nH nL νH νL Ω2·10-20, 

сm2 

Ω4·10-20, 

сm2 

Bth Bexp ΔEth, 

сm-1 

ΔEexp, 

сm-1 

Gd2O3:Eu3+ 1 at.% NPs 

2.065 2.0753 18692 16867 6.07 5.11 5.19 6.1 1825 1715 

YAG:Eu3+ 4 at.% NPs 

1.8361 1.8323 18149 16872 1.24 3.76 1.72 2.0 1990 1808 

 

Thermometric performances and calibration curve can be constructed based on theoretically 

calculated Bth and ΔEth values. Ideally LIR behavior should be described by Boltzmann function 

without offset: 𝐿𝐼𝑅𝑡ℎ = 𝐵𝑡ℎ exp (−
∆𝐸𝑡ℎ

𝑘𝑇
). The relative thermal sensitivity depends solely on the 

energy gap between thermally-coupled energy levels and equals 𝑆𝑟 =
∆𝐸𝑡ℎ

𝑘𝑇2
, while the absolute 
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thermal sensitivity is expressed as follows: 𝑆𝑎 =
∆𝐸𝑡ℎ

𝑘𝑇2
∙ 𝐵𝑡ℎ exp (−

∆𝐸𝑡ℎ

𝑘𝑇
). Presence of offset in the 

temperature calibration curve may be caused by overlapping peaks and stray light, and it 

degraded thermometric performance of sensor [5]. Thus, theoretical Bth and ΔEth values allows to 

calculate maximum achievable thermal sensitivities for the luminescence thermometer and 

access its perspective. For example, relative thermal sensitivities of 1.7 % K-1@398K and 1.6 % 

K-1@423K were found for Gd2O3:Eu3+ 1 at.% and YAG:Eu3+ 4 at.% NPs, respectively, which 

are higher compared with the experimentally obtained values. 

 

4. Conclusion 

Eu3+-doped Gd2O3 and YAG phosphors were successfully synthesized via different 

modifications of standard Pechini technique. The applied synthesis methods allowed to obtain 

single phase weakly-agglomerated NPs. Emission spectra of studied samples consist of 

characteristic narrow lines attributed to the transitions from 5D1 and 5D0 excited levels to the 

lower 7FJ levels. The presence of emission bands originated from different excited levels with the 

energy gap not exceeding 2000 cm-1 makes it possible to provide ratiometric luminescence 

thermal sensing for moderate temperatures. Temperature was determined within a range of 

298–473 K using LIR values. Thermometric performances of suggested temperature sensors 

were estimated in terms of absolute and relative thermal sensitivities as well as temperature 

resolution. Gd2O3:Eu3+ 1 at.% NPs demonstrated the maximum relative sensitivity Sr of 1.1 % K-

1@398K and temperature resolution δT of 0.8 K@298K, while YAG:Eu3+ 4 at.% NPs presented 

Sr = 1.0 % K-1@423K and δT = 2.7 K@298K, respectively. The theoretical model using Judd-

Ofelt parameters was successfully tested on Gd2O3:Eu3+ 1 at.% and YAG:Eu3+ 4 at.% NPs 

as a tool for preliminary choice of a host material for constructing Eu3+-doped 

thermometers. Theoretically and experimentally obtained values are in a quite good agreement, 

demonstrating the possible application of the theoretical model for simple and fast estimation of 

certain ratiometric Eu3+-doped thermal sensor perspective. 
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