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1. The aim of the thesis 

The aim of this PhD thesis is to investigate the influence of the composition  

and the resulting material parameters of the host material, such as local crystal symmetry,  

crystal field strength, phonon energy, etc., on the spectroscopic properties and sensitivity  

of luminescence thermometers based on the luminescence of lanthanide and transition metal ions 

with particular emphasis on Mn4+ and Cr3+ ions of 3d3 electronic configuration. The two promising 

strategies for luminescence thermometry, i.e. based on the ratio of transition metal and lanthanide 

ions emission band intensities and transition metal ion luminescence lifetimes, were analyzed. 

Furthermore, the role of phosphor stoichiometry in the thermally dependent probability of energy 

transfer between Mn4+ or Cr3+ ions and lanthanide ions was investigated in order to improve  

the thermometric performance of thermometers based on the ratio of lanthanide ion emission 

intensities. Conducted studies allow an understanding and the modelling of the luminescent thermal 

quenching mechanism and therefore facilitate the design of on-demand highly sensitive 

luminescent thermometers operating in the ratiometric and lifetime-based approaches. 

 

2. Abstract (in English) 

Luminescence thermometry is an experimental method of remote temperature 

determination using analysis of temperature dependence of the spectroscopic properties  

of phosphors. Its great popularity, observed in recent years, is mainly caused by the possibility  

of fast and accurate temperature readout in an electrically passive manner. The main requirement 

for a luminescent thermometer is its high accuracy of temperature determination, which mainly 

depends on the brightness of the material and its sensitivity to temperature changes. Therefore, 

increasing interest in this context is devoted to the phosphors doped with transition metal ions (TM), 

especially with the ions with 3d3 electron configuration (i.e. mainly Mn4+ and Cr3+) due to their 

high luminescence brightness and the ease of optimizing their thermometric properties  

by modifying the chemical composition of the host material. Although the influence of host 

material stoichiometry on the thermal stability of Mn4+ and Cr3+ luminescence intensities  

has already been partially investigated, the lack of systematic studies enabling the selection  

of material parameters as well as the determination of their role in the thermal quenching  

of Mn4+ and Cr3+ emissions significantly hinders the design of highly sensitive luminescent 

thermometers. On the other hand, Mn4+ and Cr3+ ions can act as sensitizers for luminescent 

thermometers based on emission of other optically active ions - lanthanides (Ln3+), what means  

that TM ions can increase the relative sensitivity of luminescent thermometer. For this purpose,  

it is necessary to select such a host-TM-Ln3+ system, which will enable an effective energy transfer 

from TM ions to Ln3+ ions. The use of TM ions as sensitizers of Ln3+ emission is particularly 
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beneficial because of much higher absorption cross-section of TM ions in respect to the Ln3+, which 

enables significant enhancement of the emission brightness of this type of phosphors.  

Such use of TM ions in luminescence thermometry has not been investigated systematically so far.  

To sum up, the aim of this doctoral dissertation is to investigate the influence  

of the chemical composition and material parameters, such as the local symmetry of the crystals, 

the crystal field strength, the phonon energy etc., on the sensitivity of luminescent thermometers 

based on the ratio of the intensity of the emission bands of TM and Ln3+ ions and their luminescence 

lifetimes for transition metal ions with the 3d3 electronic configuration with special emphasis  

on Mn4+ and Cr3+ ions. Furthermore, the role of phosphor stoichiometry in the thermally dependent 

probability of the energy transfer between Mn4+ or Cr3+ ions and Ln3+ ions was investigated  

to improve the thermometric performance of thermometers based on the emission band ratio  

of lanthanide ions.  

 

3. Streszczenie (w języku polskim) 

Termometria luminescencyjna jest eksperymentalną metodą zdalnego wyznaczania 

temperatury, wykorzystującą analizę wpływu temperatury na właściwości spektroskopowe 

luminoforu. Jej duża popularność, obserwowana w ostatnich latach, wynika głównie z możliwości 

szybkiego i precyzyjnego odczytu temperatury w sposób elektrycznie pasywny. Głównym 

wymogiem, który musi spełniać termometr luminescencyjny jest jego duża dokładność 

wyznaczenia temperatury, która przede wszystkim zależy od jasności materiału (ang. brightness) 

oraz jego czułości na zmiany temperatury (ang. sensitivity). Dlatego też coraz większe 

zainteresowanie poświęcane jest, w tym kontekście, grupie jonów metali przejściowych (TM),  

a zwłaszcza jonów o konfiguracji elektronowej 3d3 (tj. przede wszystkim Mn4+ i Cr3+) ze względu 

na wysoką jasność luminescencji oraz łatwość optymalizacji ich właściwości termometrycznych 

poprzez modyfikację składu chemicznego materiału matrycy. Pomimo, iż donoszono już o wpływie 

stechiometrii matrycy na stabilność termiczną intensywności luminescencji Mn4+ i Cr3+,  

brak systematycznych badań umożliwiających dobór parametrów materiałowych, a także 

określenie ich roli w wygaszaniu temperaturowym emisji jonów Mn4+ i Cr3+ znacząco utrudnia 

świadome projektowanie wysokoczułych termometrów luminescencyjnych. Co więcej, inną rolą 

jonów Mn4+ i Cr3+ może być wzmocnienie luminescencji termometrów bazujących na emisji innych 

jonów luminescencyjnych – lantanowców (Ln3+), przyczyniając się do zwiększenia ich czułości 

wyznaczania temperatury. Do tego celu należy dobrać taki układ matryca-TM-Ln3+, który umożliwi 

efektywny transfer energii od metalu przejściowego do lantanowca. Wykorzystanie jonów metali 

przejściowych jako uczulaczy emisji jonów Ln3+ jest szczególnie korzystne, ponieważ metale 

przejściowe charakteryzują się znacznie wyższym przekrojem czynnym na absorpcję niż 
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lantanowce, co umożliwia istotne zwiększanie jasności emisji tego typu luminoforów.  

Takie wykorzystanie jonów metali przejściowych w termometrii luminescencyjnej nie zostało 

jednak dotychczas zbadane w sposób systematyczny.  

Podsumowując, celem niniejszej pracy doktorskiej jest zbadanie wpływu składu  

i wynikających z niego parametrów materiałowych matrycy, takich jak lokalna symetria kryształu,  

siła pola krystalicznego, energia fononów itp., na czułość termometrów luminescencyjnych 

bazujących na stosunku intensywności pasm emisyjnych jonów TM i Ln3+ oraz ich czasach zaniku 

luminescencji dla jonów metali przejściowych w konfiguracji elektronicznej 3d3 ze szczególnym 

uwzględnieniem jonów Mn4+ i Cr3+. Ponadto, w ramach niniejszej pracy zbadano rolę stechiometrii 

luminoforu w termicznie zależnym prawdopodobieństwie transferu energii pomiędzy jonami  

Mn4+ i Cr3+ a jonami lantanowców w celu poprawiania parametrów termometrycznych 

termometrów bazujących na stosunku intensywności emisji jonów lantanowców.  
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LFT – ligand field theory 

LIR – luminescence intensity ratio 

Ln3+ – trivalent lanthanide (ions) 

IR/NIR – infrared/near infrared 

MOF – metal-organic framework 

NTE – negative thermal expansion  

pc-LED – phosphor-converted light emitting diodes  

PEG – poly(ethylene glycol)  

PTE – positive thermal expansion  

QE – quantum efficiency 

QY – quantum yield  

SEM – scanning electron microscopy  

TEM – transmission electron microscopy  

TM – transition metal (ions) 

T-S – Tanabe-Sugano (diagram) 

UV – ultraviolet  

XPS – X-ray photoelectron spectroscopy  

XRPD – X-ray powder diffraction  

YAG – Y3Al5O12 

YGG – Y3Ga5O12 

ZPL – zero-phonon line  
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6. Descriptive introduction 

6.1. Selected processes in materials doped with luminescent centers 

Luminescence is defined as the emission of light by the matter, unrelated to heat[1]. There are 

several types of luminescence, which are categorized by the energy source that leads  

to the luminescence phenomenon with prefixes such as: chemo- (including bio-), electro- (including 

cathodo-), thermo-, mechano- or photo- luminescence[2,3]. This dissertation focuses  

on photoluminescence, which is observed following the absorption of photon by the material.  

Many groups of materials are known to exhibit photoluminescence of which the most popular 

should be mentioned: Ln3+ and TM doped inorganic crystals, metal-organic frameworks (MOFs), 

quantum dots, carbon dots, fluorescent diamonds, luminescent polymers, organic dyes[4–6].  

These materials are referred as phosphors. Inorganic crystals doped with luminescent centers have 

been of particular interest in recent years[2,7–9]. In their case, the crystal structure allows  

the spectroscopic properties of the phosphor to be understood and then modified in a controlled 

manner. In general, the properties and thus the potential applications of the materials are determined 

by the appropriate choice of host material[10–13]. Of these, an important role is played by oxides, 

which are characterized by high mechanical, chemical, photochemical, and thermal properties  

and can be synthesized by a variety of techniques allowing both nanoscopic, microscopic  

and macroscopic ('bulk') crystals to be obtained[14–17]. As mentioned, one group of luminescent 

centers that can locate as impurities in inorganic crystals are transition metal ions, among others, 

with a 3d3 electron configuration. Their spectroscopic properties are particularly susceptible  

to the host material in which they are located, and will therefore be discussed in detail in section 

6.3. Beforehand, however, the fundamental processes occurring in materials doped  

with luminescent centers will be presented. 

 

6.1.1. Absorption and emission in phosphors 

To observe the phenomenon of photoluminescence (hereinafter referred  

to as luminescence), the absorption of energy in the form of electromagnetic radiation passing 

through the material is required. If it is taken into account that the material is partially transparent, 

this means that only part of the radiation has been absorbed. Using the Bouguer-Lambert-Beer law, 

it is possible to determine the intensity I  of radiation that passes through a material[7,18,19]: 

 
( )

0

lI I e −=   (1) 

where: 0I  is the intensity of the initial radiation before the material,   is the absorption coefficient  

and l  is the thickness of the sample or the distance the radiation will travel in the medium. 
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However, it should be mentioned that Eq. 1 remains true if low intensities of the radiation are used. 

Nevertheless, this is a particularly useful correlation for identifying materials, since  

  is a characteristic property of materials. Moreover, the value of   depends on the wavelength, 

as indirectly indicated by the different colours of the materials. 

 To discuss the subsequent processes including luminescence, it may be helpful  

to graphically represent the energy absorption by the material as a result of the electron transition 

from the ground state (denoted as “0”) with energy 0E  to the excited state (“1”) with energy 1E , 

where 1 0E E  (Figure 1a)[20]. This is possible if the difference between these levels is equal  

to the energy of the photon: 

 1 0 10h E E E = − =    (2) 

where: h  is the Planck constant and   is photon’s electromagnetic frequency. On the other hand,  

if the electron is energetically in the excited state 1, the reverse process may be induced by a photon, 

i.e., an electronic transition from 1 to 0 with the release of energy in the form of other photon  

(Figure 1b). This process is the so-called induced emission. In this case, the energy of the photon  

will also be equal to the difference in energy of the levels between which the transition occurs  

and the energy of the inducing photon, according to Eq. 2. Moreover, both photons  

will be characterized by the same energy, polarization, phase and direction. 

Finally, there is a third process, so-called spontaneous emission, which requires,  

like induced emission, an electron in the excited state, but does not require a photon induction 

(Figure 1c). It can be considered as the most important of the three processes mentioned  

for this doctoral dissertation since the process of spontaneous emission is equivalent  

to luminescence[7]. After a specific time called as the lifetime of the excited state, the luminescence 

intensity decreases by an order of magnitude. 

 

Figure 1. Possible radiative processes in a two level system: the absorption – a), the induced emission – b)  

and spontaneous emission – c).  
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To describe the probability of absorption, induced emission and spontaneous emission per time 

unit, they are defined as 01W , 10W  and 10

spW , respectively[18,21]: 

 01 01 0 vW B N = −  , (3) 

 10 10 1 vW B N = −  , (4) 

 10 10 1

spW A N= −  , (5) 

where: 01B , 10B  and 10A  are the Einstein coefficients for the absorption, induced emission  

and spontaneous emission, respectively, 0N  and 1N  are the population of the ground and excited 

states, respectively and v  is the spectral volume density of the electromagnetic field energy[20].  

When comparing the three equations, it is worth noting that spontaneous emission is not dependent  

on v  compared to induced emission. Moreover, 10A  is the inverse of radiative lifetime ( R )  

of excited state: 

 
10

1

R

A


=  . (6) 

 

6.1.2. Mechanisms of radiative and nonradiative transitions  

Up to now, for simplicity, a simple two-level system is shown in Figure 1,  

for which the energy required for absorption and the energy produced during spontaneous emission 

(luminescence) were equal. Under experimental conditions, i.e. in materials, such a situation  

is only partially true at very low temperatures (in general <40K). However, even in this range,  

it can be observed experimentally that the emission band (on the emission spectrum) is shifted 

towards lower energies in respect to the absorption band (on the absorption spectrum) (Figure 2a). 

It is known as the Stokes shift. This phenomenon is most easily explained using the example  

of the optical centre in a crystal. It is known that all ions in crystals oscillate around equilibrium 

positions, resulting in different distances between the optical centre and the ions that surround it. 

Both the presence of the optical centre in the vicinity of other ions and the distance between them 

affect the formation of the energy states (this topic will be described in more detail in section 6.3.1). 

For this reason, a shift of energy states in the wavevector domain Q is presented,  

and due to the harmonic motion of the optical centre and surrounding ions, the energy states take 

the shape close to parabolas (Figure 2b). On this basis, it is possible to represent the energy 

difference between absorption and emission. At first, the absorption of the photon leads  

to the transition of the electron from the ground state to the excited state. Note that this occurs 

without any change in Q, remaining in Q0 (the equilibrium position in the ground state),  
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which is graphically represented as a vertical arrow. It stays in line with Frank-Condon principles,  

which assume that electron transition processes are much faster than crystal lattice 

vibrations[19,20]. Subsequently, a relaxation of electron to the minimum of the excited state 

parabola occurs, and therefore the electron is located in the equilibrium position of the excited state 

– Q1. Such relaxation is a nonradiative process and is associated with the emission of phonon,  

i.e. the vibrational energy quantum of the crystal lattice. From the bottom of the parabola,  

an electron transition from the excited state to the ground state takes place, resulting  

in luminescence, which, similar to absorption, happens without any change in Q, i.e. it remains 

with Q1. Finally, the electron is relaxed to the ground state minimum with Q0. The Stokes shift  

is measured as an energy difference as follows: 

 Stokes abs em abs emE E E h h = − = −   (7) 

where: absE , emE , abs  and em  are energies and frequencies of absorption and emission 

transitions, respectively.  

 

Figure 2. Representative comparison of absorption and emission band – a); schematic visualization  

of absorption and emission processes on the configurational coordinate diagram of two levels – b). 

It should be mentioned that particularly useful in the correct determination of StokesE   

is the so-called zero-phonon line (ZPL), which corresponds to the transition between ground  

and excited state without phonon participation and therefore its presence on the absorption and 

emission spectra overlap spectrally[22]. In this case, it should be expected that at sub-zero 

temperatures the absorption and emission bands will be their mirror image  

and the ZPL will be their mirror plane (see Figure 2a)[23]. For this reason, the relation 

max2( )Stokes ZPLE E E= − , where maxE  is the maximum of absorption or emission band,  

should be true[7].  
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To more accurately graphically reflect the experimental results on the configurational 

coordinate diagram, the correlation between the Stokes shift and eQ , where 1 0eQ Q Q = −  

refers to the equilibrium position offset, should be determined. In this case, the Huang-Rhys 

parameter S  was proposed, defined as follows: 

 
21

( )
2

e

M
S Q


=    (8) 

where: M  is the reduced mass of the vibrating system,   is the characteristic vibrational 

frequency and  is the reduced Planck constant (
2

h


= ) [7,19,23]. A dimensionless parameter 

S  serves to determine the difference in the electron-phonon coupling, and thus represents the offset 

between ground and excited parabolas in wavevector domain. Therefore, according to theoretical 

calculations, the relation between StokesE  and S  presents itself as: 

 (2 1)StokesE S = −  [24] (9) 

or 

 2StokesE S =  [25]. (10) 

As can be seen, the commonly used formula is not unambiguous and depends on the parameters 

taken into account when deriving it. However, Jong et al.[23] presented that Eq. 9 and Eq. 10 

represent only a theoretical approximation, while the experimental relation becomes correct for: 

 
1 1 1

( )
2 4 4

StokesE
S


= +   . (11) 

 

6.1.3. Quantum yield of luminescence and brightness 

Having introduced the concept of Stokes shift, it is possible to define quantum yield  

of luminescence (QY) in the terms of absorption and emission as follows[1,26]: 

 ( )
number of photons emitted

number of photons absorbed
 =   (12) 

This is a well-known parameter that is determined with the help of the integrating sphere.  

It is noteworthy that this parameter, although usually determined at room temperature,  

is strongly temperature dependent, according to[25]: 

 
(0)

( )

1 exp a

T
E

A
kT


 =

− 
+  

 

  (13) 
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where: (0)  is the quantum yield at T=0K, A  is dimensionless constant and aE  is the activation 

energy. However, please note that it is a popular problem in the literature to use quantum yield  

and quantum efficiency interchangeably. However, based on the work of Wong, Bünzli  

and Tanner[26], quantum efficiency (QE) is defined in terms of optical energy  

(not photons, specified in [W]) as:  

 
energy output

energy input
 =  . (14) 

This work systematizes both definitions and emphasizes that, despite the apparent similarity  

of Eq. 12 and Eq. 14, it should be noted that equality ( )  =  is only true for two-level systems,  

such as shown in Figure 1. In most cases where there are energy losses, the number of emitted  

and absorbed photons may be the same, but the values of the incoming and outgoing energies  

will differ ( ( )   ). Therefore, it is theoretically possible to obtain a system for which 

( ) 1 = , but according to the Stokes shift the energy of the emitted photons will be less than  

the energy of the absorbed photons (Figure 2b). Part of this energy will be transferred  

in the form of phonons to the crystal lattice (as heat).  

On the other hand, gaining popularity in recent years is the brightness parameter B .  

Its definition according to [1] coincides with the following formula: 

 ( ) ( )B   =    (15) 

where: ( )   is the molar absorption coefficient which is also dependent on the excitation 

wavelength. According to Ref. [26] this definition is particularly suited to solutions since measuring 

( )   is easy and relatively precise for them compared to solid samples. On the other hand,  

the alternative formula is presented as: 

 ( ) absB  =    (16) 

where: abs  is the absorption efficiency and is defined as the ratio of the number of absorbed 

photons and incident photons. According to this definition, the determination of abs  is possible 

with the help of the integrating sphere and can be used for both solutions and solid samples. 

When comparing the usefulness of determining QY and B values, we find that it depends  

on the range of applications. High QY is desirable for the design of phosphors for light emitting 

diodes (LEDs). On the other hand, a high molar absorption coefficient can compensate  

for low QY values and also provide high brightness, which is particularly considered for biomedical 

applications. Nevertheless, in both cases it should be emphasized that QY and B values  
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depend on a number of experimental parameters, such as excitation wavelength or temperature, 

which should be highlighted when reporting these parameters[26]. 

 

6.1.4. Boltzmann thermal equilibrium and Mott-Seitz model 

So far, it was shown that the emission intensity depends on the excitation wavelength.  

However, the dependence of luminescence as a function of temperature should be also considered.  

To further discuss the emission intensity, the phosphor should be treated as a multi-electron system 

operating in the time domain. At first, the emission intensity from the excited state i to the ground 

state 0 should generally be described as: 

 0 ( ) ( )i i iI T p N T=   (17) 

where: ip  is transition probability and iN  is the population of i state[27]. This equation highlights 

that only the second factor is temperature-dependent. More specifically, Collins et al.[28] described  

the proportionality of emission intensity from the following parameters: 

 0 0 0i i i iI A N   (18) 

where: 0i  and 0iA  are the angular frequency of the i→0 transition and the total spontaneous 

emission rate, respectively. The first formula taking up the correlation between the level population 

(according to Eq. 17 indirectly the emission intensity) and temperature, requires the consideration 

of two excited states from which emission can occur. If the energy difference 21E  between them 

is small (roughly from 200 to 2000 cm-1), they can be treated as “thermally coupled” according  

to Boltzmann law (Figure 3a). Then their thermodynamic equilibrium is expressed  

with the formula[6,20,21]: 

 2 21
2 2

1

exp
g E

N N
g kT

  − 
=     

  
 , (19) 

where: 2g  and 1g  are the degeneracies of 2 and 1 states when k is Boltzmann constant.  

This means that if the thermodynamic equilibrium in the two level system is not changed  

in the time interval then the number of absorption transitions is equal to the emission transitions. 

This is a particularly useful equation for thermally coupled levels, which will be described in more 

detail in section 6.5.1.  
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Figure 3. Visualization of thermally coupled excited states – a); schematic presentation  

of radiative and nonradiative depopulation of the excited state on the configurational coordinate diagram  

of two levels – b). 

On the other hand, for an optical center with a noticeable shift in wavevector domain Q  

(such as the transition metal ions), it is possible to describe the temperature dependence  

of the emission intensity by using the configurational coordinate diagram consisting  

of two parabolas (Figure 3b). Based on this, Nevill Mott and Frederick Seitz[29,30] proposed  

that the relaxation of the excited electron to the ground state can occur through two competing 

transitions. These include (1) the previously mentioned direct radiative transition resulting  

in emission (see Figure 1c) and (2) an indirect nonradiative transition, which must be thermally 

assisted[31]. Therefore, the Mott-Seitz model assumes that the total transition probability  

is the sum of the probability of radiative ( RA ) and nonradiative  

( NRA ) transitions. Using Eq. 6, this sum can be written as the inverse  

of the   lifetime as follows[32]: 

 
1 1 1

R NR  
= +  , (20) 

where: R  and NR  are the radiative and nonradiative lifetimes, respectively. It is assumed  

that R  is independent of temperature and therefore equal to (0)R  and thus 0  (the lifetime    

at T=0K), while NR  is described by the Arrhenius dependence: 

 (0) expNR NR

W

kT
 

− 
=   

 
  (21) 

where: (0)NR  is nonradiative lifetime at T=0K and W  is the activation energy of the thermal 

quenching process (here the original symbol from the Mott-Seitz model was used instead  

of E  in order to distinguish this parameter from the energy difference between the two thermally 
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coupled states). By combining the equations of Eq. 18 and Eq. 19 the Mott-Seitz equation  

is obtained[6]: 

 0 0

1 exp 1 expNR

R

A W W

A kT kT

 




= =
− −   

+  +    
   

  (22) 

where: 
NR

R

A

A
 =  is usually used as the dimensionless parameter. Importantly, since the correlation 

between the emission intensity and lifetime presents as follows[32,33]: 

 
0 0

1 


=


  (23) 

where: 0  is the emission intensity at T=0K, it is also possible to determine Eq. 22 in the intensity 

regime as follows: 

 0

1 exp

I
W

kT



=

− 
+   

 

 . (24) 

Finally, if there is more than one thermal quenching process, the above equations  

can be extended to the form[6]: 

 
0

1 exp i
ii

W

kT






=
 −  

+    
  


  (25) 

and 

 
0

1 exp i
ii

I
W

kT



=

 −  
+    

  


 . (26) 

Therefore, the Mott-Seitz model is also true when describing energy transfers between  

two optical centers. It is a particularly useful tool when analyzing thermally dependent 

mechanisms, which are fundamental to the design and development of luminescent 

thermometers, as will be discussed in more detail in section 6.5.1. 

 

6.2. Importance of Cr3+ and Mn4+ ions 

As already mentioned, the inorganic phosphors doped with TM ions with the electronic 

configuration of dn (1 ≤ n ≤ 9) are one of a group of materials that are of broad interest  

in the scientific research community. This is due to their high photo- and thermochemical  

25



stability suitable for many different applications[34]. In general, TM ions provide high absorption 

cross-section in a wide spectral range and intense emission. Additionally, the spectral location  

of their excitation and emission bands is dependent on the host material in which  

they are incorporated. This stands in contrast to the other popular luminescent centers group  

of Ln3+ ions, whose excitation and emission bands are barely susceptible to host material,  

and which the absorption capacity is weaker than TM ions[35,36].  

Among the TM ions, the best known are those with 3d3 electronic configuration including  

V2+, Cr3+, Mn4+, and Fe5+ ions[22]. They generally offer red or near infrared (NIR) emission  

(~600-1000 nm), which can be effectually excited over a wide spectral range from ultraviolet (UV) 

through blue to even reddish (from below 250 nm to even ~650 nm), providing a wide range  

of application possibilities[22,37,38]. This is due to the unique combination of the spin-doublet  

and spin-quartet states of their electronic shell, which allows to obtain both sharp and broadband 

emission depending on the host material composition[39]. It should also be noted that  

for this reason theoretical models (like crystal field and ligand field theory, which will be mentioned 

below) were developed based on materials with 3d3 ions[2,8,40]. 

When considering the four representatives of 3d3 ions, it is noticeable in the literature that  

the dominant contribution is from works devoted to Cr3+ and Mn4+, over V2+ and Fe5+ ions[41–43].  

This is due to several characteristic features of these ions. Firstly, Cr3+ and Mn4+ ions are the most 

stable representatives in terms of their electronic charge among the available options,  

i.e. Cr2+/3+/4+/5+/6+ and Mn2+/3+/4+/5+/6+. In contrast, for vanadium and iron ions, the emission  

of V3+, V4+, V5+ and Fe3+ ions were usually observed. Moreover, in the case of vanadium ions,  

often the ions at two or more oxidation states occurred in a single material[44–50].  

Indeed, V2+ emission has been already reported in a few materials to date, including one oxide 

(MgO), but Fe5+ emission has not been reported to date[51–55]. Such a trend may adversely affect 

the reproducibility of syntheses of phosphors doped with V2+ and Fe5+ ions, as well as their scaling 

up for industrial production. Moreover, from a practical point of view, it has been noted that the 

energy levels of Cr3+ and Mn4+ located in the crystal field are optimal in terms of excitation  

and expected emission[56]. This is well illustrated by Brik and Srivastava on the energy diagram 

for free 3d3 ions, where the V2+ levels are located in the lower energy range in respect  

to Cr3+ and Mn4+ ions (suggesting the emission in the NIR spectra range), and the Fe5+ levels  

in the higher range (with emission located preferentially in the UV range)[41].  

The above arguments encourage the scientific community to focus their attention  

on Cr3+ and Mn4+ ions as representatives of TM ions with 3d3 electronic configuration,  

in order to both have a good understanding of the processes that affect their luminescence,  

but also to select suitable materials for potential applications. For this reason, a number of review 

papers have been presented on both of these topics for both Cr3+ and Mn4+ ions[11,25,41–43,56,57]. 
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Although Cr3+ and Mn4+ belong to the same group of 3d3 ions, their luminescence 

characteristics differ. Mn4+ ions are characterized always by narrow emission associated  

with the 2E→4A2 transition occurring in the red spectral range, whereas Cr3+ can emit  

in both the red and NIR ranges with narrow or broad band, corresponding to 2E→4A2 and 4T2→4A2 

transitions, respectively. Due to these differences between spectroscopic properties,  

Cr3+ and Mn4+ cover a wide spectrum of applications. At first, both of these ions are historically 

known as luminescent centers in the solid-state lasers[19,58–60]. Furthermore, the possibility  

of using phosphors based on Cr3+ and Mn4+ luminescence for temperature sensing[61–64],  

but also as sensors controlling changes of pressure[65–68], gas[69–72],  

humidity[73–75], pH[76–79] or glucose[80–82], has been demonstrated in many works.  

Moreover, they can be used for anti-counterfeiting[83–85] or fingerprint detection[86–88].  

In terms of persistent luminescence, extensive applications have been presented for in vivo imaging 

for tumor targeting therapy[89–91]. Among biological applications, increasing potential has been 

also presented for Cr3+ doped materials as nanoheaters for the photothermal therapy[92–94].  

On the other hand, particularly popular concepts are presented for Cr3+ doped phosphors  

for the night vision with phosphor-converted LED (pc-LED) [95–97], while Mn4+ ions find 

application as part of the white light generating LED devices[98–100] or as red light for the efficient 

plant growth[101–104]. The potential has also been reported in the use of YAlO3 and Y3Al5O12 

doped with Mn4+ for the optical data storage[105,106] and thermoluminescence dosimetry  

of γ-radiation[107]. The listed examples are among the most effectively developed approaches  

for the practical application of phosphors doped with 3d3 ions, but do not cover all the possibilities, 

which will certainly be further investigated and developed. Additionally, it should be emphasized 

that the study of the influence of the host material composition on the spectroscopic  

and thermometric properties of Mn4+ and Cr3+ ions may not only find practical application  

for luminescence thermometry, but also give information necessary for other applications,  

e.g. about temperature stability of the intensity of NIR-emitting LED coated with Cr3+ doped 

phosphor. Therefore, it is important to recognize that investigating the influence of host material 

on the thermal performance of the Cr3+ and Mn4+ luminescence is a topical issue and relevant  

to many scientific and industrial fields. 

 

6.3. Fundamentals of 3d3 ions spectroscopy 

6.3.1. Basic postulates of the crystal field theory and ligand field theory 

A commonly used theory to relate the spectroscopic properties of TM ions and the structure  

in which they are located is the crystal field theory (CFT) proposed in 1925  

by H. Bethe and J. van Vleck. It assumes that chemical bonds are the result of electrostatic attraction 

between a positively charged metal ion, known as the central ion, and the so-called ligands, 
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surrounding it[108,109]. The ligands can be negative ions (e.g. O2-, F-, OH-), small molecules 

directed negatively towards the central ion (e.g. H2O, NH3) or larger molecules  

(e.g. ethylenediamine)[110]. In all cases, CFT treats the central ion and the ligands as point charges. 

It allows to determine the number of unpaired electrons and then construct  

energy level diagrams for a given configuration and a given symmetry (in the case of TM ions,  

these will be the Tanabe-Sugano (T-S) diagrams described in the next section). It enables a good 

assignment of the different bands in the electron spectrum to the corresponding electron transitions. 

Therefore, CFT determines the effect of the ligand field on the shape of the d orbitals.  

If the metal ion was isolated or in a spherical ligand field, its five d orbitals would correspond  

to the same energy, i.e. it would be five times degenerate[36,111]. These orbitals  

are 
xyd , 

yzd , xzd , 2 2x y
d

−
 and 2z

d . However, among the ligand fields that occur in reality, 

octahedral and tetrahedral can be distinguished. The more common type of complex  

is the octahedral, in which in the highest symmetry (point group Oh) the central ion and ligand  

are located at the center and vertices of the regular octahedron, respectively. In this case,  

the contours of the 
xyd , 

yzd , xzd  orbitals are directed between the ligands in different planes,  

but their distance from the ligands is the same[42]. Therefore, their energy increase by the same 

amount, so they remain threefold degenerate (Figure 4). Therefore, their energy level is the triplet 

state and named t2g [112,113]. On the other hand, the 2 2x y
d

−
 and 2z

d  orbitals are oriented in direct 

contact with ligands, so ligands will interact with them to the same extent, but with stronger 

repulsion interactions than the previous three orbitals[114]. For this reason, these orbitals  

are doubly degenerate and their energy state is called the doublet state and denoted as eg.  

 

Figure 4. The splitting of 3d energy levels of ion in the spherical and octahedral ligand field. 

Due to the simplified assumptions of CFT involving a point charge model  

of central ion and ligands, it is possible to determine the energy difference between eg and t2g levels, 
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which is referred as 10Dq. A tenth of this value (Dq) is called as crystal field strength  

and is a combined parameter consisting of the properties of the central ion (D) and the ligands (q), 

which are included in formulae 27 and 28, respectively[18]: 

 
2

5

35

4

Z e
D

R

 
=


,  (27) 
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where: Z – anion valence, e – the elementary charge, R – the distance between the central ion  

and ligands, 32( )R r  – the radial part of five wavefunctions of the d orbitals, r – the electron 

coordinate, k – integer which takes only k = 0, 2, 4 in the case of d electrons. Therefore,  

it can be found that Dq parameter is reduced to the following form[18,36,111]:  
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However, it should be noted that the power at R takes on a value of 5 due to the point charge model 

used and can range from 3.5 to 7.3 when a more realistic exchange charge model  

is employed[8,38,115]. Nevertheless, it can be seen from the above formula that the value  

of Dq decreases as the distance between the central ion and ligands increases. 

The use of an exchange charge over point charge model is related to the characterization  

of the bonds in the complexes as ionic-covalent, which is one of the main assumptions of ligand 

field theory (LFT) (in comparison to the ionic bonds described in CFT). Therefore, CFT contains  

some simplifications that do not allow to precisely explain all experimental observations.  

LFT is one of the more complex theories, which combines CFT with the molecular orbital  

theory[116–118]. As mentioned, the main simplification of CFT, corrected by LFT, is the neglect  

of the covalent nature of the bonds, i.e. the sharing of electrons between the central ion  

and the ligand. Confirmation of the presence of such bonds is provided by the so-called 

nephelauxetic effect, which involves a weakening of the repulsion between the electrons  

of the metal ion located in a complex in respect to the free metal ion[110].  

This is due to the substitution of the atomic orbitals hosting the electrons by larger molecular 

orbitals, formed by the superposition of the atomic orbitals of the metal (central ion)  

with those of the ligands. This allows the electrons in such an orbital to be further apart  

and therefore the repulsion between them is weaker. When considering the spectroscopic properties  

of TM ions, the nephelauxetic effect leads to a reduction in the difference between their levels  

and thus in the energy corresponding to excitation and emission transitions. However,  

since the d-d transitions in TM ions or the f-f transitions in Ln3+ ions take place within one orbital,  
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for them the nephelauxetic effect is less pronounced than in the case of the f-d transition,  

occurring for example, in Ce3+ or Eu2+ ions[36,42].  

Nevertheless, it is possible to quantitatively calculate the effect of ligand electrons  

on the d electrons of a metal ion, which was calculated by Racah based on the theory of Slater, 

Condon and Shortley[119–121]. Racah’s calculations assume that the electrons of the d ion  

repel each other to a lesser extent when the surrounding ligand electrons are present than  

if they exist as a part of free ion. On this basis, parameters A, B and C were proposed,  

called the Racah parameters. For further discussion, it is worth mentioning that B and C  

can be determined experimentally and represent the strength of Coulomb repulsion between 

electrons. Subsequently, Jörgensen developed Racah's theory and defined a parameter of the degree 

of bond covalency, so-called the nephelauxetic parameter, as[122–124]: 

 
0

B

B
 =   (30) 

where: B and B0 (under the topic of dissertation, the values of B0 = 918 cm-1 and 1160 cm-1  

for Cr3+ and Mn4+ ions, respectively can be mentioned) are Racah parameter of ion in the crystal 

field and in a free state, respectively. By design,   was intended to quantitatively represent  

the expansion of the electron density cloud of the metal in the complex. It means the more covalent 

the bond, the smaller the value of  . However, Brik et al. noted that the Racah parameter C  

was ignored in the   parameter[56,125]. This may be related with the long-held belief  

that the C/B ratio is almost constant whether the ion is in the complex or in the free state.  

Over time, this has proven to be untrue for many materials. Therefore, Brik proposed  

a new nephelauxetic ratio parameter defined as follows[18,125,126]: 
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where by analogy to the previous equation: C and C0 (C0 = 3850 cm-1 and 4303 cm-1  

for Cr3+ and Mn4+ ions, respectively) are Racah parameter of ion in the crystal field  

and in a free state. It is noted that the parameter defined in this way allows a linear correlation  

of 1  and the energy of spin-forbidden transitions to be found[18,38,56]. 

Another element that cannot be explained by CFT is the so-called spectrochemical 

series[110,127]. Based on experimental data, it orders the influence of both ligands  

(for the same central ion) and central ions (for the same ligands) on the increasing 10Dq value. 

Among the ligands, it is worth mentioning that the lowest 10Dq value is to be expected  

for I- and Br-, while it may be relevant from the point of view of phosphors that F- provides  
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lower energy splitting values than O2- and OH-. On the other hand, for one type of ligand  

the 10Dq value for Cr3+ should be lower than for Mn4+. This is related to the general principle  

that 10Dq increases with increasing charge and an atomic number of d-block metals[110,127].  

This will be confirmed later in the section 6.3.2. 

In summary, the addition of covalency parameters to the CFT, such as the Racah  

and   and 1  parameters, brings the theory significantly closer to the results  

obtained experimentally. However, many different models, including CFT and LFT, are still used 

depending on the specific problem. 

 

6.3.2. Tanabe-Sugano diagram for 3d3 ions 

When an ion with a single d electron (i.e. d1) is considered in the crystal field,  

the aforementioned energy dependence between its split levels and the 10Dq parameter  

is true[18,22,128]. However, this is the simplest model and there are many ions with the higher 

number of d electrons. Examples include Mn4+ and Cr3+ ions with 3d3 electronic configuration.  

Based on the parameters included in the CFT and LFT, i.e. 10Dq, B and C, it is possible to include  

the Coulomb and crystal field interactions to describe the energy levels for ions  

with dn configuration ( 1,9n  )[18,110]. However, the combination of the above three 

parameters and E (as the energy of different states on which electrons can be located)  

in the form of a 2D diagram, to facilitate their interpretation, would not be possible. Therefore,  

in 1954, Yukito Tanabe and Satoru Sugano presented plots of E/B ratio with Dq/B ratio  

for a fixed C/B ratio, which are known as Tanabe-Sugano (T-S) diagrams[18,42,129].  

As an example, a T-S diagram for 3d3 electronic configuration in an octahedral crystal field  

(point group Oh) for C/B=4.5 is shown in Figure 5. 
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Figure 5. Tanabe-Sugano diagram for TM ions of 3d3 electronic configuration. 

To correctly understand such a diagram, firstly the situation of three 3d electrons  

in a free state ions should be considered, which corresponds to Dq/B=0[2,3]. In this case,  

there are specific energy states of the electrons, which depend on the coupling of the spin moments 

and orbital moments of all the electrons in the ion and are called terms[18,110].  

For 3d3 ions in free state, there are 8 terms, given in Table 1. The names of the terms are denoted 

by 2S+1L, where S is the total spin quantum number when L is the total orbital angular momentum 

and are denoted in the form of letters: S, P, D, F, G etc. for L=0, 1, 2, 3, 4, respectively.  

In this case, according to Hund's rule, the 4F term is the ground state[2,3]. The energy of the atomic 

terms was calculated and given in terms of Slater-Condon-Shortley integrals, which were then 

simplified to a combination of Racah parameters A, B, C[110,119,120]. Since the T-S diagrams  

are presented in relative form to the energy of the ground state, 4F takes the 0 value,  

while the subsequent terms are defined only by the Racah parameters B and C (excluding A).  

This is a practical tool because the difference between the 4P and 4F levels depends only on B, 

which is experimentally determinable[18,119,129]. 
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Table 1. Energies of terms of 3d3 ions defined by Racah parameters[18,22]. 

atomic terms relative energies determined with Racah parameters 

4F 0  

4P 15B  

2P 9 3B C+  

2D1,2 2 220 3 193 8 4B C B BC C+  + +  

2F 24 3B C+  

2G 4 3B C+  

2H 9 3B C+  

 

For Dq/B>0, metal ions located in a crystal field are considered[8,22,38]. As presented 

earlier for atomic orbitals, the atomic terms undergo analogous splitting in the crystal field  

and new terms are formed. With reference to the previously mentioned the total orbital angular 

momentum L, the degeneracy of the level is 2L+1 which states as the maximal number of levels 

that may be split by the crystal field. In this case, energy levels in crystals are named as 2S+1X,  

where X may be A/B, E or T, which means no degeneracy, two-fold and three-fold degeneracy, 

respectively[2,3,18,110]. Thus, 4F is split into three energy levels, namely 4A2, 4T2 and 4T1,  

while 2G is split into four energy levels, namely 2E, 2T1, 2T2 and 2A1. For part of the 2G term 

originating levels, it can be seen that 2E, 2T1 and 2T2 are almost parallel to the ground state 4A2 over 

a wide range of Dq/B. This is due to their origin from the same electron configuration  

of three electrons, namely t2g
3. On the other hand, both 4T2(4F) and 4T1(4F) are characterized  

by a significant effect of Dq/B on their energy, which is related to their formation  

from t2g
2eg orbitals, when the 4T1(4P) state has an even greater increase with Dq/B value because  

it is formed from t2geg
2 orbitals[8,22,130]. This is important from a spectroscopic point  

of view since transitions between levels originating from different orbitals will be spin-allowed 

transitions (e.g. 4T2g→4A2g), when originating from the same orbitals will be spin-forbidden 

transitions (e.g. 2Eg→4A2g)[18,22,131]. 

An important aspect of T-S diagram for 3d3 electronic configuration is the influence  

of Dq/B value on the determination of the first excited state. It can be found the intersection  

of 4T2 and 2E energy levels occurs for Dq/B≈2.2. This value should not be taken rigidly as a rule,  

since depending on the C/B ratio, the energy course of excited state levels may vary 

slightly[38,125]. Nevertheless, this T-S diagram is divided into three regions: the weak crystal field 

(CF) when Dq/B<2.2, the intermediate CF when Dq/B≈2.2 and the strong CF  

with Dq/B>2.2[18,36,132,133]. This classification will be crucial in the shape of the emission 

spectrum, as described in the next section. Among 3d3 ions it is known that  
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the weak CF can be found for V2+ and sometimes Cr3+ whereas the strong CF may affect  

Fe5+, Mn4+ and sometimes Cr3+. Therefore, although Mn4+ and Cr3+ are isoelectronic,  

Mn4+ with a higher electronic charge has always strong CF with 2E as first excited state when  

Cr3+ may be located in weak, intermediate or strong CF depending on the host material[36,43,134]. 

 

6.3.3. Mechanisms of electronic transitions in 3d3 ions 

Although the T-S diagram presented in Figure 5 contains many energy levels,  

only a few are relevant for optical spectroscopy. The following electronic transitions may occur 

between these energy levels: (1) an electronic transition involving the excitation of an electron from 

the ground to the excited level by a photon delivered to the phosphor or (2) an electronic transition 

from the excited to the ground level, which involves the occurrence of luminescence  

from the phosphor. In (1), when absorption is considered, three spin-allowed transitions  

are possible: 4A2→4T2, 4A2→4T1 (4F), and 4A2→4T1 (4P). These are reflected in the absorption  

or excitation spectra by broad bands with high absorption cross-section, often covering a wide range 

from the UV spectral range to even 700 nm. At this point, it can be mentioned that interionic charge 

transfer absorption resulting from charge transfer between O2- and metal ions.  

Its position is dependent on the host material (it may be located energetically around  

the other excitation bands or in the UV spectral range) but the mechanism of absorbing  

the photon remains the same as for the energy levels of 3d3 ions. On the other hand,  

in the case of (2), emission follows nonradiative relaxation of electrons to the lowest excited state. 

As previously mentioned, the lowest excited state is determined by the CF strength.  

Figure 6 shows three possibilities for the configurational coordinate scheme of 3d3 ions,  

i.e. for the strong, intermediate and weak CF. 

 

Figure 6. Configurational coordinate diagram of 3d3 ions located in the strong – a), intermediate – b)  

and weak crystal field – c).  
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In the case of strong CF (Figure 6a), the 2E spin-doublet becomes the first excited state 

resulting in spin-forbidden 2E→4A2 transition, which results in a narrow emission band.  

Due to the same degeneracy of 2E and 4A2 energy states, the position of this emission band  

is barely dependent on the Dq/B value, but its maximum can occur in the range of 620-734 nm  

in the case of Mn4+ ions and ~680-780 nm for Cr3+ ions. The parity selection rule and the spin 

selection rule ensure that the lifetime of the 2E excited state will take values of a few milliseconds. 

In the case of intermediate CF (Dq/B~2.2), the energy difference between 4T2 and 2E states  

is relatively small as manifested by the simultaneous emission associated  

with 2E→4A2 and T2→4A2 transitions (Figure 6b). In this situation, the emission spectrum consists 

of a narrow band and a broad band, which usually partially overlap. In the third option, narrow 

emission is no longer observed since 4T2 is the first excited state (Figure 6c).  

In this case, a broadband emission related to the 4T2→4A2 transition occurs.  

It can be mentioned that the lifetime of 4T2 excited state is shorter than 2E and is of the order  

of tens of microseconds. Moreover, the position of the 4T2→4A2 band is strongly dependent  

on the Dq/B parameter and can fall in the range of ~700-1100 nm. Among the presented scenarios,  

it should be emphasized that Mn4+ ions, due to their high positive charge, can only locate  

in sites with strong CF, while Cr3+ can locate in both strong and intermediate  

or weak CF[22,39,135]. 

However, to facilitate the above classification of the crystallographic sites offered  

by the host materials, the determination of Dq/B would be useful. As mentioned earlier,  

both Dq and the Racah parameters B can be calculated from experimental data using  

the semi-empirical formulae below[18,136]: 
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where: ( )4 4

2 1E A T→  and ( )4 4

2 2E A T→  corresponds with the energy of the barycentre  

of the 4A2⟶4T1 and 4A2⟶4T2 excitation bands. In addition, with the knowledge of the position  

of the zero-phonon line (ZPL) of the emission band associated with the 2E⟶4A2 transition,  

the Racah C parameter can be calculated, which is necessary to calculate the nephelauxetic 

parameter 1 . The formula taking into account the C parameter is as follows: 
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where: ( )2 4

2E E A→  is the energy of ZPL of 2E⟶4A2 emission band.  

6.4. Correlation between the composition of the host material and spectroscopic 

properties of 3d3 ions 

The research results that have been published so far allow to select the ions which  

are most frequently substituted by Mn4+ and Cr3+. As is well known, the preferential 

crystallographic site for 3d3 ions is the 6-fold coordinated octahedral site. Among the ions  

that can be found with this coordination are: B3+, Al3+, Ga3+, In3+, Si4+, Ge4+, Sn4+, Mg2+, Sc3+, Ti3+, 

Ti4+, Zr4+ and Hf4+. As shown in Figures 5 and 6, the main factor determining the spectroscopic 

properties of 3d3 ions is the crystal field. A comparison of the effective ionic radii (EIR)[137]  

allows one to predict that Al3+ with EIR=53.5 pm in the host material will generally determine 

stronger CF than Ga3+ with EIR=62 pm, since host material with Al3+ should more effectively 

compress the dopant of 3d3 ions. Furthermore, the system and space group  

in which the host material crystallizes plays a crucial role. Therefore, the comparison of EIR values 

should be considered as a practical tool at the initial stage of material design and used mainly when 

considering host material with the same symmetry. Then, the distance between the metal ion located 

in the octahedral site and the surrounding ligands (denoted R(M-L) or simply R) is considered  

as a more universal structural parameter that can lead to the determination of a correlation  

with luminescence properties. Firstly, according to the work of Grinberg et al.[57],  

if the 
1ga  one-dimensional symmetrical mode is assumed as the only considered local vibration 

mode in 3d3 ions, then the configurational coordinate 
1gaQ  will be equal to the average distance 

between the metal ion and ligands: 

 ( )1
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1
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6ga ii
Q R R

=
= =  . (36) 

This is due to the large impact of crystal field Dq, which is a source of the electron-lattice coupling  

to the a1g mode, according to Eq. 29. This assumption makes it possible to determine approximately 

eQ  and subsequently the Huang-Rhys parameter S  according to Eq. 8.  

So far, Brik et al. have presented that there is no direct correlation of R with energy of 2E→4A2 

transition and with B parameter in some Mn4+-doped host materials[138]. However,  

the relation 
5Dq R−  from Eq. 29 presents great potential for determining the relationship  

of a structural parameter with many optical parameters. The average distance R is a parameter 

available for all structures recorded in the crystallographic databases. On the other hand,  

the parameter Dq allows a theoretical determination of the position of the 4T2 energy state. 
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Nevertheless, no dataset with a good fit of this relationship has been presented so far.  

This is probably due to the relatively small number of host materials doped with Mn4+ or Cr3+ ions 

for which low-temperature excitation and emission spectra have been measured (temperatures  

of ~10K or lower are preferred, but ~80K could also be considered).  

The low-temperature measurement reduces the influence of nonradiative processes  

that may interfere with the correct interpretation of the energies that correspond to vibronic modes 

and ZPL of excitation and emission bands. 

 

6.5. Luminescence thermometry 

The purpose of luminescence thermometry is to measure temperature.  

Temperature, according to the Oxford dictionary - a measure of the heat content of an object  

or substance[139], is one of the most important thermodynamic parameters that affects our daily 

lives at every turn. There are a number of devices and methods that make it possible to measure 

temperature. However, luminescence thermometry techniques allow the temperature  

to be determined using optical methods in a remote manner. Of the known methods,  

the thermographic infrared (IR) camera offers similar possibilities. However, its application  

is limited to the surface of the first object. Moreover, a correct temperature readout  

with an IR camera requires knowledge of the target's emissivity, which is usually difficult to verify, 

especially in the case of biological tissues. On the other hand, to obtain the spatial resolution  

which is available for digital cameras, much more expensive IR cameras should be considered. 

Luminescent thermometry overcomes these limitations, making it potentially applicable  

for in vivo temperature imaging and may be combined with the photothermal therapy  

in biomedicine[140–142]. Furthermore, it transcends IR camera applications  

and can serve as temperature measurement for fluid or gas flows by using thermographic tracer 

particles in the automotive and aerospace industry[143–145]. Therefore, it is a technique around 

which the scientific interest is growing and many novel strategies and approaches  

are developed. The main categories within which different luminescent thermometers  

are distinguished are (1) the material from which it is made and its application; (2) the temperature-

dependent parameter that determines their mode of operation and (3) the temperature range  

in which the phosphor material finds its practical use. In the case of materials, all luminescent 

materials listed in the Introduction of section 6.1 show an influence of temperature on their optical 

properties and therefore are the subject of research. The numerous temperature-dependent 

parameters that have been proposed so far in the literature can be divided into two main groups: 

steady-state methods, which include: emission intensity, band position, bandwidth, spectral shape 

with representative luminescence intensity ratio (LIR), dual-excited single emission band  

and polarization and time-resolved methods: emission decay time, emission rise time,  
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time-resolved single emission and polarization lifetime[146]. LIR and lifetime approaches  

as the most promising temperature-dependent parameters will be discussed in detail  

in subsection 6.5.2. Among the temperature ranges which find great interest  

in luminescent thermometry, the physiological range (298-318 K) can be mentioned first  

and foremost, due to its potential for medical applications. However, in addition to this,  

the temperature ranges relevant to industry and fundamental studies should also be mentioned:  

the cryogenic range and temperatures above physiological temperatures  

(high-temperature engineering, metallurgy, aerospace engineering). The aforementioned 

possibilities outline a number of variables that can be considered in the design  

of materials for luminescence thermometry, which states why increasing commitment  

is put into the development of this technique. 

 

6.5.1. Thermally dependent mechanisms for luminescent thermometers 

As shown above in Eqs. 13, 17, 19, 21-22, 24-26 luminescent processes are susceptible  

on temperature. So far, it was mentioned that thermally dependent mechanisms occur  

within a ion (intraionic) or require interactions between a pair of ions (interionic)  

but also can result from structural changes in the host material. The popularly occurring term 

exp( )
E

kT


 in these formulae generally indicates an effect of thermal quenching on the emission 

and lifetime of excited state of luminescent centers. Such mechanisms comprise thermal quenching. 

However, it has also been reported that there are several processes that,  

with increasing temperature, have a positive effect on luminescence[5,146,147].  

Moreover, there is also the possibility that there are two competing processes that negate each other 

or that all temperature-dependent processes are not activated in a certain range of low temperatures, 

in which case the terms of ‘zero thermal quenching’ is sometimes used.  

The most relevant of both types of processes are presented below. 

The very first process that have been already mentioned is the energy transfer between 

thermally coupled states of one ion. The probability of its occurrence depends  

on the energy difference between two states, according to the Boltzmann distribution (Eq. 19).  

It is typically observed in Ln3+ ions such as: Er3+, Nd3+, Pr3+, Dy3+[148]. On the other hand,  

energy transfer between the two excited states of the dopant ion is also one of the processes 

consisting of thermal quenching in TM ions. According to the configurational coordinate diagram 

for 3d3 ion located in strong CF (Figure 6a), two processes can be considered as participating  

in the thermal quenching of 2E→4A2 luminescence. This is (1) the energy transfer between  

the 2E and 4T2 levels, for which the energy difference, i.e. the activation energy 1E ,  
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is determined in terms of a Boltzmann distribution. On the other hand, this process  

is followed by (2) energy transfer from 4T2 to 4A2, which leads to nonradiative depopulation  

of excited states and therefore thermal quenching of luminescence. In this case,  

the activation energy 2E  is determined according to the Mott-Seitz equation (Eq. 22),  

where 2E W = . In this case, if 1 2E E    these processes will be activated  

in the order as listed[5,6]. Then it should resulted in a lower thermal quenching rate after exceeding 

1E  and a much steeper rate above 2E . However, if 1 2E E   , then both processes  

should be activated at once, when the phonon energy equals 2E  is reached. Due to the greater 

variability of the position of the 4T2 parabola as a function of Dq/B in respect to 2E,  

the 1 2E E    relationship is expected to be more likely for values of Dq/B values closer to ~2.2. 

In the case of the intermediate CF (Figure 6b), the energy transfer between  

2E and 4T2 mainly determine the thermal quenching of 2E→4A2 transition,  

since the additional pumping of the 4T2 level can be followed independently  

of temperature by the radiative 4T2→4A2 transition. Therefore, the emission from the 2E level should 

quench thermally faster than 4T2, while the thermalization corresponding to 2E  will directly 

affect the quenching of the broadband emission corresponding to the 4T2→4A2 transition[130,149].  

In the third option, when weak CF is considered (Figure 6c), energy transfer corresponding  

with 2E  is the only possible intraionic energy transfer process of 3d3 ions. In addition,  

depending on the host material, one should keep in mind the different energetical position  

of the ligand→TM charge transfer (CT) state, which can affect the thermal quenching  

of TM emission by crossing the CT state with TM ground state. Actually, a correlation between  

the quenching temperature and the energy of the F-→Mn4+ CT state was found by Dorenbos[150], 

while several other works have confirmed the influence of the CT state on thermal quenching  

in Mn4+-doped oxides[2,43,151,152]. 

Additional temperature-dependent processes may take place when two different 

luminescent centers in the host material are considered. Therefore, if there is a relatively small 

energy mismatch between the energy levels of two dopants, the phonon-assisted energy transfer 

occurs between them as the temperature increases[153,154]. In such a system, the ion from  

which the energy is transferred is called the sensitizer (or donor) and the ion receiving the energy 

is the activator (acceptor). This process associated with host vibrations has been described 

theoretically by the Miyakawa-Dexter model[154,155]: 

 0

0( ) (0)PAT PATW W e
 −

=   (37) 
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where: (0)PATW  - transfer probability excluding the energy mismatch 0  between the excited states  

of ions and   - electron–phonon coupling parameter. Energy transfers can play the role  

of an additional depopulation or pumping channel. In the former case, the higher-energy excited 

state of the activator provides an additional depopulation channel of the excited state  

of the sensitizer, which is activated when the temperature necessary to provide phonon energy equal 

to the energy mismatch 0  is reached. Therefore, it is expected from both the lifetime  

of excited state and emission intensity to have a faster thermal quenching rate in respect  

to the system without activator, thus improving their thermometric performance[156,157].  

On the other hand, energy transfer can have a positive effect on activator luminescence.  

This effect is called sensitization a representative example of which may be the TM→Ln3+ system 

as sensitizer→activator[147]. TM ions are used to improve the brightness of Ln3+ emission  

due to the higher absorption cross section of TM ions, which contributes  

to more efficient absorption of the excitation radiation. Furthermore, the phonon-assisted  

TM→Ln3+ energy transfer is susceptible to temperature changes, which also leads  

to the improvement of thermometric properties of Ln3+-based luminescent thermometers. 

Nevertheless, in both cases it is important to bear in mind the possibility of a parasitic process,  

the so-called back energy transfer. This can have a negative or positive impact on the experimental 

results. Defining whether the observed luminescence changes as a function of temperature  

are associated with the energy transfer or back energy transfer is possible with analysis  

of the lifetimes of excited states of sensitizer and activator. 

Additionally, it can be mentioned that thermally dependent mechanisms that are not related  

to luminescent processes, but have a direct impact on them. A representative example  

of such a mechanism is the structural phase transition. The luminescence properties of dopants  

are susceptible to the host material including chemical composition and crystal symmetry. 

Therefore, if an increase in temperature leads to a phase change, this can lead to a symmetry 

breaking that affects the spectroscopic properties of the dopant. This effect has so far been applied  

to Ln3+ ions, whose crystal field splitting determines the number of Stark sublevels,  

as well as the probabilities of radiative transitions, which clearly affects the shape  

of the luminescence spectrum. Among the phase transitions, one should mention first order phase 

transitions, which are characterized by the reversibility of the process,  

and second order phase transitions, which are not reversible. The first group can find applications 

as high-sensitivity luminescent thermometers, while in the second case thermal history markers  

are sought[147,158–160]. 

As mentioned at the beginning of this chapter, thermally dependent mechanisms  

are not always synonymous with thermal quenching since temperature can also activate or enhance 
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processes that positively influence spectroscopic properties. One such example  

is the thermally induced mixing of the wavefunctions of excited states reported  

i.e. for Mn4+ and Cr3+ ions[57,161,162]. It results from a relaxation of the selection rules, usually 

occurring in the low temperature range (below 200K). The other mechanism is described as excited 

state absorption (ESA)[147]. ESA involves the selection of an excitation wavelength  

that is not energetically matched to the effective excitation of electrons located on the ground state. 

Instead, excitation is matched to effective absorption from the higher state which is thermally 

coupled with the ground state. Therefore, to occur the ESA process, thermalization of the higher 

state is necessary. As a result, in contrast to the conventional absorption, the emission signal 

increases at higher temperature, while in low temperature the signal is at noise level.  

This approach was presented for e.g.: Eu3+, Tb3+, Nd3+, Pr3+[163–166]. At the end, another 

mechanism related to the change in structure that affects the spectroscopic properties of phosphors 

can be mentioned. In most materials the interionic distance increases at elevated temperatures, 

which is so-called as positive thermal expansion (PTE). However, there is a group of materials  

for which the opposite effect of negative thermal expansion (NTE) is observed[147,167].  

This means that host lattice shrinkage occurs with the increase of temperature. In such a case,  

by using two dopants, i.e. a sensitizer and an activator, it is possible to reduce the distance  

between them as the temperature increases. As a result, the efficiency  

of energy transfer between them improves and the intensity signal is improved.  

Among the ion pairs for which this mechanism has been confirmed are Yb3+-Er3+, Yb3+-Tm3+  

and Yb3+-Ho3+[168–170]. 

To sum up, there are many optical and structural processes that are susceptible  

to temperature and can be used for thermometry. It is particularly important to consider  

all of the above-mentioned possibilities in the characterization of materials in order to correctly 

attribute the mechanisms that are responsible for changes in luminescence with temperature.  

It is worth noting that measurements in the function of temperature can also be a powerful tool  

in understanding the nature of a given process, since they convey additional information  

not manifested when measured at a given temperature. Finally, the intentional employment  

of several combined processes in a function of temperature can lead to improvements  

in the thermometric properties of a material, with the aim of creating a more accurate  

luminescence thermometer. 
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6.5.2. Thermometric parameters in luminescent thermometry 

Temperature dependent parameters 

There are actually many spectroscopic parameters that are temperature-dependent  

as mentioned in the Introduction of this section. However, few of these can find real application  

in temperature determination as a thermometer. It is affected by a requirement that a thermometer 

does not demand recalibration after a change in excitation and detection setup. Therefore,  

for example, the simplest approach of detecting the intensity of a single emission band  

with temperature changes is not a recommended route to designing luminescent thermometers.  

So far, strategies that found the greatest potential are the ones based on the luminescence intensity 

ratio (LIR) and lifetime of the excited state (τ). In the first case, a simple formula  

for the LIR parameter should be given: 

 
2

1

I
LIR

I
=  . (38) 

where: 1I and 2I  are integral intensities of two spectral ranges (usually emission bands).  

Using the ratio takes the advantage of its independence from the emission signal, which limits  

the use of the single emission intensity. It was found that such a ratio can be determined 

theoretically when the emission originating from two thermally coupled excited states  

is considered. One can use the representation of the band intensity according  

to the Boltzmann distribution (Eq. 19) to determine a parameter as follows: 
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which can be simplified to: 
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where:  
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Therefore, by transforming the equation Eq. 40, the temperature T  can be determined[6]: 
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The parameters used in Eq. 39-42 refers to: 20  and 10  – the angular frequency  

of the 2→0 and 1→0 transitions, respectively, 20A  and 10A  – the total spontaneous emission rates,  

2g  and 1g  – the degeneracies of 2 and 1 states, k  – Boltzmann constant  

and 21E  – activation energy. Such a temperature determination applies to primary luminescent 

thermometers, for which recurrent interest is observed currently[148].  

However, it should be borne in mind that the requirement to consider two energy states, from which 

the radiative electronic transitions come, as thermally coupled is an energy difference  

21E  between them ranging from 200 to 2000 cm-1. The advantage of thermometers  

based on the emission originating from such states is that they do not need to be calibrated 

experimentally, but due to the limitation of 21E , their thermal resolution will be limited  

to some maximum. However, it should be noted that another approach is to determine the LIR value  

for two emission bands that are not thermally coupled with simply Eq. 38. This approach  

is used for phosphors doped and co-doped with TM ions. In this case, the thermal performance  

of emission intensity of two bands should be describable by Eq. 24 or Eq. 26, depending  

on the number of processes affecting the luminescence. Therefore,  

Eq. 26 for the LIR can be extended as follows: 
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On the other hand, among the time-resolved methods, the most common  

is the measurement of emission decay time. According to the theory given in section 6.1.4.,  

the lifetime   consists of the components derived from the radiative R  and nonradiative transition 

NR . They are combined in the form of Eq. 22. However, to facilitate the interpretation  

of experimental data of luminescent decay profiles of emission from the excited state, it is necessary 

to calculate lifetime values. The single exponential equation takes the following form: 

 0( ) exp
t

I t I


 
=  − 

 
 , (44) 

where: 0I  is the initial intensity at time t = 0. However, due to the frequent occurrence  

of two or more intra- and interionic processes in phosphors, the single exponential equation may 

not reflect well the resulting luminescence decay curve. For this reason, other models  
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have been proposed that take into account the impact of multi-exponential decays.  

One example is the stretched exponential function, also known as the Kohlrausch–Williams–Watts 

function[171–174]: 
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where:   - the characteristic time constant, and β - the heterogeneity parameter (0 < β < 1).  

However, since materials with up to two optical centres are most often analysed,  

the use of a bi-exponential function is a popular solution: 
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where: 1 , 2  are the decay parameters and 1A , 2A are amplitudes. Using these parameters,  

the average lifetime is determined as: 
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Parameters evaluating thermometric performance of luminescence thermometer 

The determination of the dependence of the parameters listed above on temperature  

is intended to verify their applicative potential in luminescence thermometry[6,146,175].  

To check the temperature range over which a given parameter varies most,  

absolute thermal sensitivity is used: 
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where:   - a temperature-dependent parameter. However, it should be noted  

that the unit of such a parameter depends on  , making it impossible to compare SA values  

for thermometers of different nature. The parameter that allows this is the widely used  

relative thermal sensitivity: 
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A popular practice in articles is to present the highest RS  value (denoted e.g. as maxRS )  

and the temperature at which it was obtained ( max( )RT S ). However, it is assumed that temperature 

readout is reliable when 11%RS K −  [176]. This is one of the criteria that define  

the temperature range within which the thermometer can be used, the so-called temperature 
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operating range[176,177]. The second parameter is the temperature determination uncertainty  

(or temperature resolution), defined as follows: 
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Satisfactory thermal uncertainty was considered to be 0.1T K  [176].  

However, it should be mentioned that T  is a parameter dependent on measurement conditions 

and experimental setup and thus should not be considered as a feature of the luminescence 

thermometer as shown by van Swieten et al.[178]. Nevertheless, T  is a useful qualitative tool 

since its minimum value corresponds to the highest SR value and a strong luminescence signal[148]. 

Therefore, it allows the estimation of the temperature range in which the thermometric properties 

of the phosphor will be most promising. 

 

Other parameters assessing the applicability of the thermometer  

The above-mentioned formulae are considered to be a part of standard analysis  

in fundamental studies for luminescence thermometry, as a consequence of the continuous 

development of a field. However, there are also other parameters used for comparing thermometric 

materials that are dedicated to verify their performance in the form of a proof-of-concept 

experiment, approaching a specified application. For example, accuracy describes  

how close the measurement result is to the actual temperature value. It is usually defined as mean 

signed or unsigned (absolute) deviation[148]. This parameter is mainly determined for fluorescent 

polymers, quantum dots and nanodiamonds, since their size is included in the calculations[6]. 

In order to make the improvement from temperature sensing to temperature imaging  

(or temperature mapping), temperature measurement takes place with a change in a spatial position  

(at least one variable direction). This is an important step toward the applicability  

of the thermometer for dynamic temperature measurements. The spatial resolution is defined  

as the minimum distance between points, which present a change of temperature  

larger than T  with the formula of [6,146]: 
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where: xT  is the maximum temperature gradient. Furthermore, the dynamic character  

of temperature measurements should take into account the change as a function of time.  

The temporal resolution is a similar parameter to 𝛿𝑥 referring to the minimal time interval instead 

of minimum distance. It is defined as: 
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where: /T t   is a maximum change of temperature per unit of time. By combining  

the two parameters in spatiotemporal resolution, it is important to emphasize that photoluminescent 

thermometry is a competitive method to currently known techniques for determining temperature 

in a noncontact way. As presented by Brites et al.[6,179] thermometric phosphors  

can show better t  than the examples from the scanning thermal microscopy  

and Raman spectroscopy, and better x  than thermoreflectance. 

Repeatability and reproducibility are apparently similar parameters.  

However, repeatability refers to the ability of the phosphor to repeat the result  

under the same experimental conditions and is defined by the formula[5]: 
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where: c  and ( )T  is the mean value of   and   measured at each temperature, respectively. 

Reproducibility, on the other hand, refers to obtaining the same calibration curve, but under 

different conditions (different measuring system, different location, different operator)[146]. 

 

6.5.3. The general correlation between the structural and thermometric 

parameters 

The search for a correlation of the structural properties with thermometric properties  

of 3d3-doped phosphors is even more difficult than with spectroscopic ones (section 6.4.).  

Although determining the relationship between the SR or T  of luminescent thermometers  

and the structural parameters would directly allow the design of a phosphor tailored  

to an on-demand application, this is not possible due to the multitude of processes that affect  

their values. However, a few general rules can be identified that can serve as a guide with material 

design. Firstly, a promising parameter is the activation energy - both that of the Boltzmann 

distribution ( 21E  from Eq. 19) and the Mott-Seitz model (W  from Eq. 22).  

From these, it is possible to estimate in which host material the greater splitting of energy levels 

occurs. When considering 3d3 ions, the activation energy denoted as W  in the Mott-Seitz model 

responsible for the thermal quenching process is particularly relevant. When defining the difference 

between the 4T2 and 2E state, it should be related to CF in the form of the Dq/B parameter,  

which is already in general correlation with the metal-ligand distance R (
5Dq R− ).  

However, the correct determination of W  could be difficult for many host materials  

that belong to different crystallographic systems, and also when 3d3 ions locate  
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in more than one crystallographic site. Another parameter determining thermometric properties 

that is often determined is the quenching temperature T1/2, defined as the temperature 

at which τ or emission intensity reaches 50% of its initial value. So far, Senden et al.[43] have noted 

a promising correlation between T1/2 and the 4A2→4T2 band energy for Mn4+. 

In this case, Mn4+ ions in different host materials provide results that are easier to interpret in respect 

to Cr3+ since it is always in a strong CF, i.e. the 2E parabola is always located above 4T2. 

The correlation can be justified within the activation energy W, i.e. if parabola 2E is barely 

susceptible to a change in Dq/B, then mainly the position of parabola 4T2 should determine 

the thermal quenching rate. In such a case, however, it must be assumed that the differences 

between the phonon energies for different matrices are negligible, which is not true in general. 

In addition, to obtain such a relationship it was necessary to take into account the energetic position 

of CT, which in some host materials (more precisely F-→Mn4+ CT in fluorides) determined lower 

values of the T1/2 parameter than expected. This is indeed a promising result, which encourages 

the search for further correlations. Unfortunately, in the abovementioned work a correlation 

between T1/2 and metal-ligand distance R was not obtained. Particularly problematic 

may be the determination of the desired correlation for oxides, which, despite the great interest 

of the scientific community, are characterized by a smaller change in R value with a large scatter 

in T1/2 value, which may result in an increased risk of misinterpretation. Finally, as in section 6.4, 

it should be mentioned that the creation of a reliable database is hampered by the relatively small 

number of papers reporting the temperature dependence of Mn4+ luminescence on low temperatures 

(<100K, and even less starting at ~10K). Unfortunately, it prevents correct interpretation since T1/2 

should be determined from either the thermal evolution of τ value or the emission intensity, which 

values are stable over a certain temperature range. In spite of this, the high interest 

in Mn4+-based phosphors may provide in next years an adequate database to precisely define 

all the processes responsible for the thermal quenching of Mn4+ luminescence 

and then define the correlation between the structural and thermometric parameters.  

6.5.4. Application of luminescent thermometers based on 3d3 ions 

luminescence 

Due to the wide range of luminescent materials being investigated for luminescence 

thermometry applications, inorganic crystals doped with 3d3 ions represent only a fraction 

of the potential possibilities. Despite this, a few of the most attractive solutions can be mentioned. 

The first application of luminescent thermometry based on 3d3 ions was reported by Weinstein 

in 1986 for an Al2O3:Cr3+ crystal known as ruby[180]. Even then, ruby was a well-known pressure 

indicator used in manometry. However, using the ratio of the intensities of R1 and R2 lines 

for the ratiometric approach, the temperature can also be determined according 
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to the Arrhenius equation (Eq. 19). This fact was used to control the temperature change  

in the cryobaric diamond anvil cell (DAC) while varying the set pressure.  

It was observed that in the range of 10-100K, it is possible to determine the temperature accurately, 

working in the pressure range from 0 to 120 kbar. 

On another note, 3d3 ions were found to be attractive for temperature determination  

using lifetime-based methods. Fernicola et al. presented an optical-electrical setup for temperature 

determination, at the end of which a fiber optic temperature probe with the Y3Al5O12:Cr3+ crystal  

as a temperature sensor was placed[181]. Using it, 2E excited-state lifetimes were measured,  

which, after calibration, allowed to determine the temperature in the range of 273-573K  

(0-300°C) with a readout error not exceeding 0.5 K and a repeatability  

in the range of 0.04-0.12 K. In other work, the luminescence decay profiles of the 2E excited state 

of Cr3+ in YAl3(BO3)4 served as a thermographic parameter for temperature imaging[182]. 

Microcrystalline powder was dispersed in hydrogel and laid down as a homogeneous layer. 

Subsequently, imaging with a time-gated charge-coupled device (CCD) camera showed  

a clear reduction in lifetime in the range of 298-323K (5-50°C). An interesting solution  

was also presented for the Mg4FGeO6:Mn4+ phosphor, for which the figure of merit was the rise 

time measured after a long excitation pulse (> 1 ms) instead of the conventional approach  

of luminescence decay profiles measured after a short excitation pulse (roughly < 10 ns)[61].  

On this basis, it was observed that the time at which signal saturation occurs, resulting  

from the excitation of all electrons in the sample to the 2E level, increases when the temperature 

elevates. This is expected since, with increasing temperature, the 2E level is depopulated faster  

and faster, and consequently more time is required to fully occupy the excited state.  

To confirm the applicability of the proposed method, the authors mixed phosphor powder  

with hydroxypropyl cellulose binder and sprayed it on the copper plate, followed  

by a demonstration with the jet impingement cooling. With the change in temperature as a function 

of time, they were able to determine the temperature gradient based on the rise time of Mn4+ ions. 

A third approach confirming the applicability of 3d3 ions in temperature determination,  

finding wider interest after the publication of the article [P8] forming part of this doctoral 

dissertation, is the use of the phenomenon of luminescence thermochromism.  

Luminescence thermochromism manifests itself by changing the colour of the material as a function 

of temperature. To make this phenomenon possible, 3d3 doped phosphors use the intense red 

luminescence of 3d3 ions (Mn4+ so far), which is highly susceptible to temperature changes,  

and the luminescence from Ln3+ ions, which should change slightly with temperature.  

As a result, at lower temperature the color of the phosphor is red due to the dominant influence  

of Mn4+ emission, while with increasing temperature the intensity of Mn4+ band quenches  

when the luminescence of Ln3+ ions remains. So far, the most significant color changes  
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have been observed for Mn4+, Tb3+ co-doped systems providing green luminescence after complete 

thermal quenching of Mn4+ emission. This has been confirmed in CaGdAlO4:Mn4+, Tb3+  

between 298 and 473K[63] and Na4Mg(WO4)3:Mn4+, Tb3+ phosphor between 350 and 450K[62]. 

In contrast, Sm3+ ions used as a co-dopant in LaGaO3:Mn4+, Sm3+ phosphor provided a color change 

in luminescence from deep red at 293K to bright orange at 573K[64].  

Nevertheless, for this powder, mixing with polydimethylsiloxane (PDMS) led to the formation  

of a transparent elastomer film. The use of powders exhibiting luminescence thermochromism 

could find practical and simple applications in everyday life, as proposed by Ramalho et al.[183], 

who summarized so far presented research on determining temperature with a smartphone camera. 

They suggested that with thermochromic phosphors embedded in a polymer composite  

or coated onto surface, it would be possible to create a mobile application with an uploaded 

calibration curve that converts the detected color to temperature. Therefore, designing materials 

whose colour change occurs at different temperature ranges would allow such a method  

to be universally applicable. Interest in luminescent thermometers based on 3d3 ions luminescence 

continues to grow, so further work confirming their practical application should be expected  

in the coming years. 
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7. Experimental methods used in the doctoral dissertation 

7.1. Synthesis  

The significant influence of the host material on the spectroscopic and thermometric parameters  

of materials doped with TM ions of 3d3 configuration makes it easy to obtain phosphors exhibiting 

different properties tailored to different applications. Therefore, it was desirable to design  

and produce materials belonging to different families, with different compositions  

and stoichiometry. All the obtained materials used in a doctoral dissertation  

are summarized in Table 2.  

Table 2. Materials used in doctoral dissertation. 

Publication 

number 
Samples composition 

P1 Y3Al5-xGaxO12:1% Cr3+/4+ (x=0, 1, 2, 3, 4, 5) 

P2 MgTiO3:x% Cr3+ (x=0.1, 0.2, 0.5, 1, 2, 5) 

P2 MgTiO3:0.1% Cr3+, y% Nd3+ (y = 0.1, 0.5, 1, 2, 5) 

P3 Y3Al5O12:1% Tb3+, 1% Eu3+, x% Cr3+ (x= 0, 0.1, 0.5, 1, 2, 3, 5, 10) 

P3 Y3Al5O12:1% Tb3+, 1% Eu3+, x% Mn4+ (x= 0.1, 0.5, 1, 5, 10, 20) 

P4, P6 Y3Al5O12:1% Nd3+, 1% Er3+, x% Cr3+/4+ (x= 0, 1, 2, 5, 10, 15, 20) 

P5, P6 GdScO3:1% Nd3+, 1% Er3+, x% Cr3+ (x = 0, 0.5, 1, 2, 5, 10, 15, 20) 

P6 Y3Al2Ga3O12:1% Nd3+, 1% Er3+, x% Cr3+ (x=0, 15) 

P6 LaScO3:1% Nd3+, 1% Er3+, x% Cr3+ (x=0, 15) 

P6 LaGaO3:1% Nd3+, 1% Er3+, x% Cr3+ (x=0, 15) 

P7 CaGa4O7:0.01% Mn2+, y% Cr3+ (y=0.01, 0.05, 0.1, 0.5) 

P8 Sr4Al14O25:0.1% Mn4+, x% Tb3+ (x=1, 5, 10, 20) 

P9, P10 SrTiO3:0.1% Mn4+ 

P9 Sr2TiO4:0.1% Mn4+ 

P9 Sr3Ti2O7:0.1% Mn4+ 

P10 
SrTiO3:0.1% Mn4+, 1% Ln3+ (Ln3+ = Lu3+, Tm3+, Er3+, Ho3+, Dy3+, Eu3+, 

La3+) 

 

Oxide materials from different groups was prepared with solid state [P1, P4, P5][184,185]  

and modified Pechini method [P2, P3, P6-P10][186,187]. These are well-known methods  

for the synthesis of inorganic oxide materials, which provides the nano- and microcrystalline 

powder phosphors, convenient to analyze their properties and search for correlation  

in the field of fundamental studies. The universal steps of the phosphors preparation procedure  

are shown in Figure 7. The methods differ in the preparation of the precursor mixture prior  
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to annealing. For the solid state method, stoichiometric amounts of precursors (irrespective  

of the initial form of oxides or salts) were mixed in n-hexane and ground well in an agate mortar 

three times until the n-hexane evaporated (Figure 7a). Then, the mixture was pre-annealed  

in air at 1273K for 24 h and the grounding step was repeated, ensuring a more homogeneous  

ion distribution of host material[188]. It was followed by a final annealing process  

at 1873K for 24 h in air. Finally, the resulting material was well ground in an agate mortar.  

For the Pechini method, on the other hand, these steps are replaced by mixing the precursors  

in water (Figure 7b). For this purpose, all precursors soluble in water (except Ln3+ oxides)  

were used and mixed in a stoichiometric ratio. Ln3+ oxides were diluted in a water solution  

of ultrapure nitric acid. After recrystallization three times, water-soluble lanthanide nitrates  

were obtained and added to an aqueous solution of the remaining salts. Then, the solution  

was mixed with a 6-fold excess of citric acid in respect to the metal ions.  

Afterwards, the poly(ethylene glycol) (PEG-200) was added to the solution and mixed together. 

Finally, the obtained solution was dried at 363K for 1 week to form a resin.  

Citric acid plays the role of a carboxylic acid chelating agent to complex metal ions,  

when the presence of PEG-200 allows the chelates to start polymerization to form a resin  

when the mixture is heated[189,190]. A special case worth singling out for the Pechini method  

is the synthesis of titanates (Figure 7c). In this case, it was necessary to mix of 2,4-pentanedione 

with titanium(IV) n-butoxide Ti(OC4H9)4 solution in ratio of 1:1 in a separate beaker  

to stabilize Ti precursor. Then the mixture was added to the remaining aqueous solutions last.  

The synthesis was then continued by successively adding citric acid and PEG-200.  

After this, it was dried to remove excess water. Finally, resin was annealed in air with different 

conditions and created powder was ground well in an agate mortar. 
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Figure 7. Schematic route of synthesis: solid-state method – a); modified Pechini method – b)  

and additional step for Ti3+/Ti4+ precursors – c). 

 

[P2] To obtain silica coated MgTiO3:Cr3+, Nd3+ nanoparticles, a modified ultrasound-

assisted Stöber method was used [191,192]. The following starting materials were used as reagents:  

NH3·H2O (28% solution, CHEMPUR), tetraethyl orthosilicate (TEOS; ≥99.0%, Sigma-Aldrich), 

ethanol (EtOH; 96% solution; POL-AURA). Specifically, an ethanolic suspension  

of MgTiO3:Cr3+, Nd3+ nanoparticles (30 mg of powder in 23 cm3 of EtOH) was placed  

in an ultrasound bath for 2 h, to obtain well-dispersed nanoparticles, without aggregates.  

After this time, an ammonia solution (0.55 cm3/7 cm3 of distilled H2O) was added to the dispersed 

nanoparticles and left for 15 min under continuous stirring. Meanwhile, a solution of TEOS  

in ethanol (0.75 cm3/7.5 cm3 EtOH) was prepared and added dropwise. The mixture prepared  

in this way was again placed in an ultrasound bath for 90 minutes. After this time, the obtained 

MgTiO3:Cr3+, Nd3+ @SiO2 were collected by centrifugation (12000 rpm, 5 min) and washed  

with ethanol 3 times. The purified NPs were redispersed in ethanol or dried, for further analysis. 

[P7] To prepare a flexible film with thermometric phosphor, the CaGa4O7 powder doped  

with 0.01% Mn2+ and 0.1% Cr3+ ions was selected. In the first step, 500.0 mg of crystalline powder 

was mixed with 5 ml of chloroform (pure P.A., POCH SA, Poland) and left for 15 minutes  

in an ultrasonic bath. Then, 10.000 g of colourless silicone (Ceresit CS 20, 100% neutral, alkoxy 

type sanitary silicone) was added gradually under vigorous stirring of the solution.  
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The solution was stirred for additional 30 minutes after complete addition of the silicone.  

Finally, the resulting mixture was poured into a gingerbread cookie-shaped mould attached  

to a glass surface and left to cure for 24 h at room temperature in air. After this time, the composite 

film was separated from the glass surface using a bookbinding cutter  

and used for the proof-of-concept experiment without further processing. The resulting gingerbread 

cookie-shaped film had dimensions of 64 mm x 49 mm x 1 mm. The film was stored in air  

at room temperature and covered to prevent dust deposition. 

 

7.2. Characterization and proof-of-concept setup 

Structural and morphological characterization 

[P1-P10] All of the synthesized materials were examined by XRPD measurements carried  

out on PANalitycal X’Pert diffractometer, equipped with an Anton Paar TCU 1000 N  

temperature control unit, using Ni-filtered Cu-Kα radiation (V = 40 kV, I = 30 mA).  

[P8] The ICP-EOS measurements were taken using a Thermo Scientific  

ICAP 7000 spectrometer with a charge injection device detector. 

[P3, P8, P9, P10] TEM images were taken using FEI TITAN Cubed G2 60–300 

microscope equipped with two spherical aberration correction devices, a monochromator  

and a set of four EDS detectors. The samples were applied to a lacey copper mesh in a mechanical 

manner. Studies were performed in a conventional TEM procedure with 300 keV parallel beam 

electron energy. Images were digitally recorded using the Gatan Ultrascan 1000XP.  

The microstructure and morphology of the samples were tested using a Philips CM-20 SuperTwin 

TEM microscope operating at 160kV. The sizes were determined manually using ImageJ software 

by measuring the longest linear size (Feret diameter) of each particle. 

[P4, P5] SEM images were taken with a Field Emission Scanning Electron Microscope  

(FEI Nova NanoSEM 230) equipped with an energy-dispersive spectrometer  

(EDAX Genesis XM4). The sample was ground in a mortar and dispersed in methanol  

and then a drop of the suspension was placed on the carbon stub and dried. 

[P4] XPS has been used for surface chemical composition analysis.  

The non-monochromatized X-ray Mg Ka excitation source was used. All measurements have been 

performed using an AES/XPS system EA10 (Leybold-Heraeus GmbH, Cologne, Germany).  

The overall resolution of the spectrometer during the measurements was 0.96 eV  

as a full width of half maximum (FWHM) of the Ag 3d5/2 line. During measurements  

the pressure was kept in the 10-9 mbar range. All acquired spectra were calibrated to adventitious 

carbon C1s at 285 eV. After subtraction of the Shirley-type background, the core-level spectra  
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were decomposed into main components with mixed Gaussian–Lorentzian lines (70% G + 30% L 

for majority of photo-peaks) by a non-linear least squares curve-fitting procedure, using CasaXPS 

software. The atomic concentration was determined based on XPS spectra analysis,  

taking into account the presence of individual elements O, C, Y, Al, N and Cr. 

 

Spectroscopic characterization 

[P1-P10] The temperature of the sample was controlled using a THMS 600 heating-cooling 

stage from Linkam (0.1 K temperature stability and 0.1 K set point resolution).  

[P1-P8, P10] The emission spectra were measured using different laser diodes  

as an excitation source (266 nm, 445 nm, 668 nm, 808 nm) and a Silver-Nova Super Range TEC 

spectrometer from Stellarnet (1 nm spectral resolution), a NIRQUEST spectrometer from Ocean 

Optics (1.5 nm spectral resolution) or the FLS1000 Fluorescence spectrometer with a R928P side 

window photomultiplier tube from Hamamatsu and R5509-72 photomultiplier tube from 

Hamamatsu in nitrogen-flow cooled housing as a detector. Thermal dependencies of the integral 

intensities of the emission bands to calculate LIR were fitted using the Mott–Seitz model (Eq. 22). 

[P1-P8, P10] The excitation spectra were recorded using the FLS1000 Fluorescence 

spectrometer with a R928P side window photomultiplier tube from Hamamatsu  

and R5509-72 photomultiplier tube from Hamamatsu in nitrogen-flow cooled housing as a detector 

for visible and near infrared range detection, respectively with a 450 W Xenon lamp. 

[P2-P5, P8, P10] The luminescence decay profiles were recorded using the FLS1000 

Fluorescence spectrometer with a R928P side window photomultiplier tube from Hamamatsu  

and R5509-72 photomultiplier tube from Hamamatsu in nitrogen-flow cooled housing as a detector  

for visible and near infrared range detection, respectively with a Xenon μFlash lamp or different 

pulsed work laser diodes (445 nm, 668 nm, 808 nm) as excitation sources. The average lifetimes 

of the excited states were calculated with the use of double exponential function according  

to the procedure described in Eq. 46-47. 

[P9] The excitation and emission spectra were measured using a double-grating FLS1000 

spectrometer from Edinburg Instruments Ltd equipped with a 450 W Xenon lamp  

and a 60 W Xenon flash lamp as excitation sources for continuous and pulse excitation, 

respectively, and a Hamamatsu R928P high-gain photomultiplier detector cooled to 253K  

with a Peltier plate. The sample was mounted on the copper holder of a closed-cycle helium cryostat 

(Lake Shore Cryotronics, Inc.) using Silver Adhesive 503 glue from Electron Microscopy Sciences. 
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[P7] The Raman spectra were recorded at room temperature using an InVia confocal 

microscope from Renishaw supplied with a silicon CCD camera as a detector, employing the 488 

nm excitation line and under a 20x objective with a spatial resolution below 1 mm. 

[P8] The luminescence quantum yield of the synthesized nanocrystalline powders  

was measured using a FLS980 Fluorescence spectrometer from Edinburgh Instruments equipped 

with an integrating sphere, with a 450 W xenon lamp as an excitation source  

and a R928P side window photomultiplier tube from Hamamatsu as a detector.  

The luminescence QY of the synthesized nanocrystalline powders was measured  

using the abovementioned system equipped with an integrating sphere  

and Al2O3 powder as a reference. 

[P4] To quantify the enhancement in Nd3+ emission offered by Cr3+ sensitization,  

the luminescence emission was quantified from suspensions of particles in water. For each sample,  

10 mg of the phosphor powder was dispersed in 20 mL deionized water, yielding a standard 

dispersion with a concentration of 500 mg L-1. An ultrasonic homogenizer  

(Bandelin Sonopuls HD 2200) was used to disperse and break agglomerated particles. The stirred 

suspensions were illuminated by a white LED (Thorlabs MCWHL5), focused using a 85 mm 

objective lens (Zeiss 85 mm f/1.4) and a f = +75 mm plano-convex lens to yield an intensity  

of 930 mW cm-2 in the measurement region. A visible 315–710 nm band-pass filter (Schott KG3) 

was positioned between the LED and the beaker to block any IR light. For visualization,  

images of 1064 nm emission were captured using a CMOS camera (Basler acA1300–200 mm), 

equipped with a 50 mm objective lens (Nikon 50 mm f/1.4) and an IR long-pass filter  

(Schott RG 1000) to block the scattered light from the LED beam. For quantitative spectroscopic 

measurements, the luminescence was collected from the dispersions using  

a 50 mm objective lens (Nikon 50 mm f/4) and focused onto the entrance slit of a monochromator 

(Spectrapro: HRS-300, Princeton Instruments), and detected using a non-amplified silicon 

photodiode (Thorlabs DET1002A). The grating (100 grooves per mm blazed at 450 nm)  

was centered at 1065 nm with the entrance and exit slit set to provide a bandwidth (FWHM)  

of 60 nm. For low-noise interference-free detection, the LED was modulated at 8 Hz and the current 

from the photodiode amplified using a lock-in amplifier (Stanford Research Systems SR510)  

and temporally filtered. To account for potential differences in dispersion stability,  

prior to luminescence measurements, the particle suspensions were illuminated by a 375 nm diode 

laser (PhoxX-Omicron Lasers), and the scattered light from the particles recorded  

using the monochromator at 375 nm and the photodiode. The amplitude of the scattered light  

was read from the lock-in amplifier. Variations in particle scattering between  

the dispersions of various samples were within a factor of 2.6, and to compare luminescence signals  

for the same amount of particles in the probe volume, the measured luminescence emission  
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was corrected by dividing by its normalized scattering intensity. To convert measured amplifier 

voltage to photons per s per mg, the various components of the systems were taken into 

consideration following the procedure from Ref. [193]. 

 [P5] To verify the increase of the emission brightness of GdScO3:Nd3+, Er3+  

when co-doping with Cr3+, a spectroscopic study of liquid dispersions of the particles  

was performed. The experimental approach is similar to that outlined in [P4].  

The particles were dispersed in deionized water at a concentration of 500 mg L-1  

and placed in a borosilicate beaker. These dispersions were probed with two different light sources, 

namely a white LED (Thorlabs MCWHL5), with an emission spectrum which consisted  

of two bands: a narrow band with a center wavelength around 460 nm  

and a 20 nm full width at half maximum (FWHM) and a broad band with a center wavelength  

of 580 nm with a FWHM of 130 nm; and a blue LED (Thorlabs M455L3) centered  

at 455 nm with a 20 nm FWHM. The LED emission was focused by an 85mm objective lens  

(Zeiss 85mmf/1.4) and a f = +75mm plano-convex lens onto the center of the beaker,  

with a power density of 860 and 960 W/cm2, for the blue and white LED respectively.  

The difference between the two LEDs do not allow IR radiation from the white LED was blocked 

by a visible band pass filter (Schott KG3). The luminescence from the stirred dispersions  

was collected by a 50mm objective lens (Nikon 50mmf/4) and imaged onto the entrance slit  

of a monochromator (Spectrapro: HRS-300, Princeton Instruments) with a grating (100 grooves 

per mm blazed at 450 nm). To reject the LED illumination, a an IR long-pass filter  

(Schott RG 1000) was used. A non-amplified silicon photodiode (Thorlabs DET1002A) was placed  

at the exit slit of the monochromator to collect the 1064 nm emission with a 60 nm bandwidth 

(FWHM). The photodiode current was further amplified using a lock-in amplifier  

(Stanford Research Systems SR510) referenced at 8 Hz, at the same modulation frequency  

of the excitation source. To account for difference in dispersion stability, Mie scattering 

measurements were also performed before and after the luminescence measurements.  

For this, the particles were illuminated with a 375 nm diode laser (PhoxX-Omicron Lasers),  

and the scattered intensity was recorded with the same system for a monochromator center 

wavelength of 375 nm. For these measurements, both filters were removed and the LED  

were turned off. The comparison of brightness of the luminescent thermometers  

was performed based on the ratio of collected luminescence signal and Mie scattering signal  

for each dispersion. To evaluate possible signal leakage between the excitation source  

and the detection and luminescence from the beaker to the nonluminescent Al2O3 particles 

(Phosphor Technology) with 3 μm average particle size were dispersed in water and illuminated 

with the white and blue LED, while the emission at 1064 nm was recorded. The signal detected  

at 1064 nm for aluminium oxide particles was used as a background for luminescence intensities 
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and subtracted. To account for the contribution of the beaker wall to the scattering signal  

when illuminated at 375 nm, a background signal was also recorded with the beaker filled  

with deionized water in the absence of phosphor particles. 

 

Cytotoxicity characterization 

[P2] The cell lines used in the study included murine fibroblasts 3T3 Swiss Albino,  

murine macrophages RAW 264.7 (ATCC, Rockville, MD, USA) and canine kidney epithelium line 

MDCK (Sigma-Aldrich, Steinheim, Germany). All cell lines were cultured in RPMI-1640 medium 

(Institute of Immunology and Experimental Therapy, Wrocław, Poland) supplemented  

with 10% foetal bovine serum (FBS, Sigma, USA), L-glutamine (Sigma, UK) and antibiotics 

(streptomycin and penicillin, Sigma, Germany). For the cytotoxicity assessment, cells were seeded 

in 96-well-plates (TTP, Switzerland) at a density of 3×103 (3T3 , Swiss Albino),  

10×103 (RAW 264.7) or 2×103 (MDCK) cells per well and pre-incubated at 310K (37°C) overnight 

in a humidified atmosphere of 5% CO2. After that, dispersions of silica-coated and uncoated 

MgTiO3:Cr3+, Nd3+ were added. Nanoparticles were suspended in 80% ethanol and bath-sonicated 

at room temperature for up to 5 min. Next, the stock dispersions were further diluted  

in sterile 80% ethanol and dispersions in complete culture medium were prepared  

so that the concentration of ethanol was 1% for all nanoparticle dilutions  

(this concentration was found to be well-tolerated by cells in preliminary experiments).  

In parallel, the highest nanoparticle concentrations were centrifuged at 30 000 g for 1 h  

and the particle-free supernatants were used as a diluent control (to exclude any possible particle-

unrelated effects due to the presence of soluble compounds). Cells were exposed to increasing 

concentrations (1, 5, 10, 20, 40 µg/ml) of the dispersions for 48 h (5% CO2, 310K).  

After that, the MTT assay was carried out. The test is based on the enzymatic reduction  

of the tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide]  

in living, metabolically active cells. The metabolite, purple-coloured formazan is measured 

colourimetrically. Preliminary experiment showed no interference of the nanoparticles with MTT 

in a cell-free system at concentrations used in this study. After 3.5 h of incubation, cells were lysed 

with a dedicated buffer (225 mL dimethylformamide, 67.5 g sodium dodecyl sulphate,  

275 mL distilled water) and optical density (OD) was measured after further 24 hours  

using a spectrophotometric microplate reader (Tecan Spark 10M, Switzerland) at the wavelength 

of 570 nm (reference 630 nm). The OD of control cells was taken as 100%.  

The results were obtained from at least 3 independent experiments and viability values were 

compared between the control and nanoparticle-exposed cells as well as between both types  

of nanoparticles using Student’s t test (P≤0.05 was considered statistically significant).  
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Additionally, shortly before MTT addition, pictures were taken using an inverted light microscope 

coupled with a dedicated camera (Axiovert, Zeiss, Germany). 

[P7] Cytotoxicity tests were carried out on murine fibroblast (3T3/Swiss Albino)  

and macrophage (J774.E) cell lines. The choice of the in vitro model was based  

on the fact that 3T3 cells are a standard model to screen for cytotoxicity of biomaterials  

as fibroblasts are the main cellular component of connective tissues [194,195]. On the other hand, 

under in vivo conditions, macrophages form the primary line of defence to foreign bodies e.g. 

implants or biomaterials [196,197]. Thus they are responsible for the distribution and clearance  

of nanoparticles and their agglomerates. Cells were cultured in RPMI-1640 medium  

(Institute of Immunology and Experimental Therapy, Wrocław, Poland) supplemented  

with 10% fetal bovine serum (FBS, Sigma, USA), L-glutamine (Sigma, UK) and antibiotic 

(streptomycin and penicillin, Sigma, Germany). For the cytotoxicity assessment, cells were seeded 

in 96-well-plates (TTP, Switzerland) at a density of 6×103 (3T3) or 8×103 (J774.E) cells per well 

and pre-incubated at 37°C overnight in a humidified atmosphere of 5% CO2.  

After that, nanoparticle dispersions were added. Nanoparticles were suspended in 0.05% BSA 

water solution and bath-sonicated at room temperature for up to 5 min. Next, the stock solutions 

were further diluted in 0.05% BSA and dispersions in complete culture medium were prepared.  

In parallel, the highest nanoparticle concentrations were centrifuged at 30 000×g for 2 h  

and the particle-free supernatants were used as a diluent control (to exclude any possible particle-

unrelated effects due to the presence of soluble compounds). Cells were exposed to the dispersions 

for 48 h (5% CO2, 37°C). After that, the MTT assay was carried out. The test is based  

on the enzymatic reduction of the tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazoliumbromide] in living, metabolically active cells. The metabolite, purple-coloured 

formazan is measured colourimetrically, using a multiwell plate reader. Preliminary experiment 

showed no interference of the nanoparticles with MTT or formazan in a cell-free system  

at concentrations used in this study. After 4 h of incubation, cells were lysed and optical density 

(OD) was measured after 24 hours using a spectrophotometric microplate reader  

(Tecan Spark 10M, Switzerland) at the wavelength of 570 nm (reference 630 nm).  

The OD of control cells was taken as 100%. Cell viability was determined as follows: % viability 

= (mean OD in the test wells/mean OD for control wells)×100. The results were obtained  

from at least 3 independent experiments. 
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Proof-of-concept setups 

[P7] In the thermal imaging experiment involving luminescence thermometry  

the CaGa4O7:Mn2+, Cr3+/silicone composite film was placed on a heating plate with a centrally 

located single heater and excited with 254 nm excitation light of a Hg lamp. Digital images were 

taken with a Canon EOS 400D camera with an EFS 60 mm macro lens with an integration time  

of 20 s, a spatial resolution of 14.3 lp/mm. The pairs of colour images of the composite film were 

taken with one of two optical filters placed in front of macro lens of digital camera: 1) a long pass 

filter at 650 nm (Thorlabs FELH650); 2) a short pass filter at 650 nm (Thorlabs FESH650).  

In addition, a long pass filter at 550 nm (Thorlabs FELH650) was used in both cases to exclude  

the effect of excitation light scattering on the blue channel of the colour images. The RGB images 

were converted to 32-bit type emission maps in the ImageJ 1.8.0 software. Then, the resulting 

images were divided by each other using OriginLab 2022 software to obtain the LIR images  

(
650

650

FESH
LIR

FELH
= ). No smoothing was applied to the images. The 2-dimensional LIR maps were 

converted to 8 temperature maps using a calibration curve. The calibration curve was obtained  

by placing a small 5x8 cm rectangle of 1 mm in thickness film in the centre of the heating plate  

and taking a series of optical images as a function of temperature.  

The image pairs were processed according to the procedure described above, while the temperature  

of the film was controlled by a FLIR T590 thermal camera. The emissivity of the composite film  

was evaluated by comparing the temperature of the powder placed on a fixed-temperature heating 

plate (313K monitored by the IR camera) with that of a Scotch 130C tape  

with a standardised emissivity (0.95). 

[P8] The digital images were taken using a Canon EOS 400D camera with a EFS 60 mm 

macro lens using a 1s integration time, 14.3 lp/mm spatial resolution. After capturing colour images  

of the quartz cuvette filled with Sr4Al14O25:Mn4+,Tb3+ powder the emission maps for red and green 

channels (RGB) were extracted using IrfanView 64 4.51 software. After that obtained pictures  

were divided by each other using OriginLab 2019 Software in order to obtain LIR profiles along  

the quartz tube. No smoothing was applied to the image. LIR profiles were converted  

into temperature profiles using the calibration curve. To obtain this calibration curve,  

the Sr4Al14O25:Mn4+,Tb3+ powder was placed on the heating plate and LIR was calculated  

using the above-described procedure as a function of temperature. The temperature of the powder 

was controlled by the thermovision camera. The emissivity of the Sr4Al14O25:Mn4+,Tb3+ powder 

was estimated by the comparison of the temperature of the powder placed on the heating plate  

of constant temperature (40°C monitored by IR camera) with the temperature of the Scotch 130C 

tape of standardized emissivity (0.95). The emissivity of the quartz tube has been estimated using 

the same procedure. 
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8. Results and discussion 

8.1. Influence of the structure of the host material on the Cr3+ ions luminescence  

with different roles 

8.1.1. Cr3+ for ratiometric approach [P1, P2] 

In [P1], the effect of Al3+/Ga3+ ions ratio in Y3Al5-xGaxO12 on the spectroscopic properties  

of chromium ions was investigated. Other authors have reported the occurrence  

of Cr3+ and/or Cr4+ in garnet structures, which preferentially locate in octahedral and tetrahedral 

sites. The presence of Cr3+ in garnets is by far the more widely known, due to the fact its ionic 

charge match with Al3+/Ga3+ ions. Nevertheless, stabilization of Cr4+ is also possible,  

most often using a charge compensation strategy or doping with high concentration of chromium 

ions, which results in saturation of the octahedral site with Cr3+ ions and the appearance  

of co-existing Cr4+ ions (the latter approach was presented in [P4]). However, [P1] presents  

the stabilization of both Cr3+ and Cr4+ at a total dopant concentration  

of 1% by annealing at high temperature (1873K) as an oxidizing conditions. 

Moreover, when considering the solid-solution series of Y3Al5-xGaxO12,  

several dependencies of the spectroscopic and structural properties were observed.  

Firstly, the position of the 2E→4A2 emission band maximum of Cr3+ shifts sublinearly  

with increasing Ga3+ content from 687.4 nm to 690.2 nm. A similar correlation was observed  

for the excitation bands, i.e. the position of bands corresponding to 4A2→4T1(4F) and 4A2→4T2 

electronic transitions shifts from 429.2 nm (23300 cm-1) to 437.2 nm (22870 cm-1)  

and from 593.5 nm (16850 cm-1) to nm 608.2 (16440 cm-1), respectively, when Ga3+ ions gradually 

replace Al3+ ions. Using empirical equations taking into account the spectral position  

of the excitation bands, it was calculated that Dq/B slightly decreases from 2.649 for Y3Al5O12  

to 2.578 for Y3Ga5O12. This is expected since the larger ionic radii of Ga3+ ions in respect  

to Al3+ ions lead to a weakening of the crystal field strength. On the other hand, the spin-allowed 

3B2→3B1 emission band of Cr4+ ions was found to have a shift from 1330 nm to 1384 nm  

as the Ga3+ content increases. This gives a shift of ∼54 nm in respect to the 2.8 nm observed  

for the emission band of the 2E→4A2 transition. Nevertheless, it should be mentioned  

that the λexc=445 nm popularly used for excitation of Cr3+ ions, is suitable for simultaneous 

excitation of Cr4+ ions. This is particularly beneficial for the LIR-based thermometry approach. 

Two strategies were proposed for the ratiometric approach: (I) LIR1 defined  

as the ratio of two spectral bands comprising the vibronic bands 3B2→3B1 emission band of Cr4+ 

ions and (II) LIR2 defined as the ratio of 2E→4A2 emission band of Cr3+ ions and 3B2→3B1 emission 

band of Cr4+ ions. In the first case, it should be mentioned that a luminescence thermometer based 
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on the ratio of vibronic bands of Cr4+ ions has been proposed for the first time.  

The advantage of such a thermometer is that it significantly reduces the influence of the dispersive 

character of the photon extinction by the environment in which the phosphor could be found  

(like glass or biological tissue) on wavelength, thus ensuring a small deviation of the temperature 

readout from the calibration curve determined under laboratory conditions. For LIR1 approach,  

the maximal obtained SR value was 0.64%K-1 at 283K for Y3Al3Ga2O12. On the other hand,  

for LIR2, the emission bands are well separated, but a detector operating over a wide spectral range 

is required. In this case, |SRmax|=2.04%K-1 at 373K for Y3AlGa4O12:Cr3+, Cr4+ phosphor  

was achieved. It follows that the approach using both Cr3+ and Cr4+ (LIR2) is more favorable  

than the approach with vibronic states of Cr4+ (LIR1). Moreover, in the case of LIR2  

the host material composition (Al3+/Ga3+ ratio) played an important role in determining  

the temperature range in which SR>1%K-1 (between 230-460K). An important aspect  

when analyzing the thermometric properties is the determination of the activation energy ΔE.  

For Cr3+ ions in Y3Al5-xGaxO12 series, ΔE was found to decrease quasi-linearly  

from ΔE=∼730 cm-1 to ΔE=∼430 cm-1 as Ga3+ increases from Y3Al5O12 to Y3Ga5O12.  

This is in agreement with the weakening of the crystal field, as it determines the energy mismatch 

between the 2E and 4T2 states. However, the correlation between Dq/B and ΔE was not found  

to be linear, what is correlated with the fact the shift in the wavevector coefficient domain  

was not taken into account. On the other hand, ΔE=∼400 cm-1 was determined for Cr4+  

in most of the materials with a prominent slightly higher ∼460 cm-1 for Y3Al3Ga2O12.  

Nevertheless, in both cases of Cr3+ and Cr4+, the ΔE values do not find a correlation  

with the obtained values of the T1/2 parameter. When considering Cr3+ ions, the highest T1/2=309 K 

and 259 K were observed for Y3Al5O12 and Y3Ga5O12, respectively.  

In contrast, the T1/2 values for the solid solutions range from 246 to 198 K as the Ga3+ content 

increases from 1/5 to 4/5. This may suggest a correlation with the point symmetry of the octahedral 

Cr3+ site. In this case, the local symmetry of the octahedra should depend on the first coordination 

zone, which consists of Al3+/Ga3+ tetrahedra. Therefore, when 100% of Al3+ or Ga3+ is in tetrahedra, 

the symmetry should be highest. However, the lowest symmetry should be achieved  

for only one other ion in six tetrahedra. Therefore, the lowest T1/2 was obtained for x=4,  

for which an Al3+ site content of 16.1 % was calculated based on Rietveld refinement.  

This value is close to the 16.(6)% corresponding to the statistical distribution of Al3+ and Ga3+ ions 

in a ratio of 1
6 : 5

6 . The analogous situation corresponds to the T1/2 obtained for Cr4+ ions  

at λexc=668 nm. The highest T1/2 values were obtained for Y3Al5O12 and Y3Ga5O12,  

while among the mixed solid solutions, the lowest T1/2 was achieved for x=2.  

In order to obtain the lowest tetrahedral symmetry where Cr4+ ions are located, it is necessary  

that statistically only one of the surrounding octahedra differs, which is 25% of all octahedra ( 1
4 ).  
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Such a situation was calculated for x=2.1, which is the closest value to x=2. On this basis,  

it has been confirmed that the host material has a significant influence on the spectroscopic  

and thermometric properties of luminescent centers, but a number of mechanisms often allow  

only for determination of the closest correlation. Therefore, only a thorough analysis  

will allow an understanding of all the overlapping processes separately. 

As noted, relative sensitivity can be improved when the thermometric parameter changes 

more rapidly. To achieve this, the activation of additional temperature-dependent processes,  

such as energy transfers, is beneficial. The Cr3+→Cr4+ ET was indeed observed in Y3Al5-xGaxO12 

structures. However, in these materials, the control of ET efficiency was hampered by the shared 

concentration value of Cr3+ and Cr4+ ions. Therefore, the influence of Cr3+ and Nd3+ concentrations 

on thermometric performance of Cr3+ luminescence was studied in MgTiO3 host material in [P2]. 

In contrast to Y3Al5-xGaxO12 structures, which provide strong CF for Cr3+ ions, Cr3+ ions are located 

in intermediate CF when are a dopant of MgTiO3 structure. This allows simultaneous detection  

of emission from 2E→4A2 and 4T2→4A2 transitions. In MgTiO3:Cr3+ it is represented  

by a sharp emission band with the maximum at 733.5 nm and a broad emission band centered 

around 835 nm, respectively. Interestingly, a sharp emission band around 697 nm is additionally 

observed in the emission spectrum of MgTiO3:Cr3+, which has been attributed  

to the 2E→2T2 electronic transition of Ti3+ ions. This is a result of the stabilization of Ti3+ ions  

in the X2+Ti4+O3 structure by doping with Cr3+ ions, which locally form Cr3+-Ti3+ pairs.  

This is possible since Cr3+ ions substitute positions of Mg2+ ions, and Mg2+ and Ti4+ octahedra form 

alternating layers in the MgTiO3 structure. Confirmation of this hypothesis is provided  

by the similar shape of emission band observed for MgTiO3 doped with optically inactive La3+ ions. 

In addition, by comparing the excitation spectra monitored at λem=697 nm and λem=835 nm  

it can be found that the broad band around 340 nm consists of two overlapped bands corresponding 

with 4A2→4T1 transition of Cr3+ ions and O2-→Ti4+ charge transfer, respectively. Apart from this 

band, no other excitation band is observed for Ti3+ emission, whereas for Cr3+ ions a second 

characteristic band corresponding to 4A2→4T2 was detected. Using the position of Cr3+ excitation 

bands, the Dq/B=1.86 parameter was determined for 0.1% of Cr3+ ions. Once the origin  

of the emission bands was correctly identified, their thermal evolution was investigated.  

In the case of the Cr3+ 2E→4A2 emission band, the intensity decreases starting at 83K.  

It can be generally assumed that the shape of the intensity-temperature curve is weakly dependent  

on the Cr3+ concentration. Therefore, T1/2 covers the range of 243-263K, when ~12% of the initial 

value was found at ~403K. On the other hand, the emission intensity of 4T2→4A2 band remains 

almost constant between 83 and 143K. Above 143K, the signal decreases and the quenching rate is 

faster when Cr3+ increases. Therefore, T1/2 equals 331 K, 295 K and 213K for 0.1%, 0.2%  

and 0.5% Cr3+, respectively. For spectral ranges including 4T2→4A2 and 2E→4A2, 
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  was determined. The highest |SR| values were 0.97%K-1  

at 450K, 0.65%K-1 at 490K and 0.77%K-1 at 218 K for 0.1%, 0.2% and 0.5% Cr3+, respectively. For 

this reason, 0.1% of Cr3+ concentration was chosen as the most promising  

for further investigation. Subsequently, co-doping with Nd3+ ions was proposed to improve  

the thermometric properties of MgTiO3:Cr3+ phosphors. It is worth noting that in MgTiO3  

it is impossible to separate Stark components of Nd3+ bands and the bands are extraordinarily broad 

in respect to Nd3+ in other host materials. This is due to the low local symmetry of polyhedra 

occupied by Nd3+ ions. The Nd3+ emission bands overlap spectrally with the Cr3+ broad band,  

but are more pronounced for Nd3+ concentrations higher than 0.5%. In addition, they are better 

detectable above 463K, when Cr3+ emission decreases significantly. By comparing different 

spectral ranges with the complex spectra of MgTiO3:Cr3+, Nd3+ phosphors, two ranges were 

selected, based on which 
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was proposed. In this case, it can be clearly seen that an increase in Nd3+ concentration leads  

to a shift in temperature of the thermal quenching of the spectral range from denominator toward 

lower temperatures. Meanwhile, thermal quenching of Ti3+ band is roughly similar  

for all Nd3+ concentrations. Therefore, the temperature at which the LIR assumes its highest values 

also shifts to lower temperatures as the Nd3+ concentration increases. It resulted in two temperature 

ranges in which the highest LIR changes with inverse monotonicities. Thus a two local SR maxima 

with the positive and negative sign could be determined. In the first regime, the SRmax=1.00%K-1  

at 203K was obtained for MgTiO3:0.1% Cr3+, 0.1% Nd3+ phosphors. On the other hand, 

SR=0.87%K-1 at 483K was achieved for 2% Nd3+. It follows that Nd3+ ions have a positive effect  

on the thermometric performance of LIR-based thermometer. Moreover, Cr3+, Nd3+ doped materials 

can cover a wide temperature range with satisfactory relative sensitivity, but require selection  

of appropriate dopant concentration depending on the applicative temperature range. 

Contribution of the author’s work in [P1]: 

the conceptualization, synthesis of microcrystalline phosphors, structural characterization  

of materials, conduction of spectroscopic measurements: the excitation spectra and thermal 

evolution of the emission spectra, analysis and interpretation of data, preparation of original draft 

of paper 

63



8.1.2. Cr3+ for lifetime based approach [P2] 

In order to determine the optimal temperature-dependent parameter  

in [P2] in MgTiO3:Cr3+, Nd3+ phosphors, the effect of co-dopants concentration on the thermal 

evolution of lifetime of 4T2 excited state of Cr3+ ions was also investigated. The lifetime  

of 4T2 excited state of Cr3+ ions was chosen as a figure of merit because of higher intensity  

of 4T2→4A2 band in respect to 2E→4A2 band. Moreover, the broad band related to 4T2→4A2 

transition enables the selection of a spectral range that is not overlapped with other emission bands. 

In a first step, the effect of Cr3+ concentration on τavr values in MgTiO3:Cr3+ materials  

was investigated. In the case of 0.1% Cr3+, it was found that τavr=23.8 μs remains at the same value 

in the range from 83K to 183K. Above this temperature, thermal quenching occurs resulting  

in reaching τavr=6.67 μs at 383K. On the other hand, thermal evolution  

of τavr in both 0.2% and 0.5% contrast with 0.1% Cr3+ concentration. Initially, an increase in lifetime  

to τavr=34.9 μs at 83K was detected for 0.2% Cr3+ ions. In this case, the lifetime shortening starts 

above ~123K. However, it is important to highlight the change in quenching rate in the range  

of 243-283K, which indicates the occurrence of an additional depopulation channel.  

This would imply that the elongation of lifetimes below 200K is the effect of Cr3+→Ti3+ ET.  

For 0.5% Cr3+ ions, the value of τavr=23.8 μs at 83K is similar to 0.1% Cr3+,  

but the shape of its thermal evolution is the same as that of the MgTiO3:0.2% Cr3+ phosphor.  

This maintains the occurrence of Cr3+→Ti3+ ET, but the simultaneous increase  

in Cr3+ and Ti3+ concentration may result in a shortening of lifetimes of the 2E state of the Ti3+ ions, 

and thus 4T2 of the Cr3+ ions. Nevertheless, by comparing the thermal evolution of SR values  

for materials solely doped with Cr3+, one process occurring for 0.1% Cr3+ results  

in a single maximum in the SR vs temperature plot, i.e. SRmax=1.13%K-1 at 323K.  

However, it was found that the two depopulation processes for the 0.2% and 0.5% Cr3+ ions resulted  

in two local maxima of SR values. Therefore, SR=0.93%K-1 at 183K and SRmax=1.55%K-1 at 383K 

were found for MgTiO3:0.2% Cr3+ while SR=0.50%K-1 at 203K and SRmax=1.67%K-1 at 403K  

were noted for 0.5% Cr3+ ion concentration. Due to the bias of the presented studies towards 

bioapplication, despite the higher SR values for 0.5% Cr3+ concentration, the 0.1% Cr3+ was chosen 

for further optimization due to the highest SR achieved in the physiological temperature range. 

When co-doping MgTiO3:0.1% Cr3+ with 0.1% Nd3+ ions, the lifetime of Ti3+ ions was found  

to increase from τavr=2.31 ms to 3.05 ms. This is a similar observation to that for increasing  

Cr3+ concentration from 0.1% to 0.2%. However, for  concentrations of Nd3+ higher than 0.1% 

(with 0.1% Cr3+), a gradual shortening of the Ti3+ lifetime was observed. Considering the lifetimes 

of the 4T2 state of Cr3+ ions, for Nd3+ concentrations in the range of 0.1%-2%, a general increase  

in the lifetime value was obtained. The highest values at 83K equal to τavr=38.3 μs were noticed  

for 0.1% Nd3+ content. However, as the temperature increased to 183K, an even higher value  
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of τavr=50.9 μs was reached. Above this value, a gradual shortening was observed  

up to τavr=23.4 μs at 363K. For 0.5% and 1% Nd3+ ions, the increase in lifetime in the range  

of 183K was not observed. For 2% of Nd3+ ions, the increase in Cr3+ lifetimes occurs similarly  

to that for 0.1% Nd3+. This may indicate the greatest lattice distortion at 2% Nd3+ doping in respect 

to lower Nd3+ concentrations, which affects the rise of Cr3+ lifetime values. Nevertheless, this effect 

did not have a beneficial effect on the thermometric performance of τavr-based luminescence 

thermometer. Therefore, the highest values were achieved for 0.5% and 1% Nd3+ ions,  

namely SRmax=1.75%K-1 at 413K and 1.90%K-1 at 543K, respectively. On the other hand,  

the 2% Nd3+ concentration showed the best SR values in the physiological temperature range 

achieving 0.85-1.18%K-1 over 303-343K. For this reason, the MgTiO3:0.1% Cr3+, 2% Nd3+ 

phosphor was selected as the most promising for bioapplications. Finally, among LIR1, LIR2  

and τavr as potential thermometric parameters of MgTiO3:Cr3+, Nd3+ phosphor it was found  

that the latter has the greatest application potential due to its highest relative sensitivity,  

as well as it does not require to match appropriate filters to the extract selected spectral ranges  

of ratiometric approach. 

Contribution of the author’s work in [P2]: 

the conceptualization, synthesis of nanocrystalline phosphors, structural and morphological 

characterization of materials, conduction of spectroscopic measurements: the excitation spectra, 

thermal evolution of the emission spectra and thermal evolution of the luminescent decay profiles, 

analysis and interpretation of data, preparation of original draft of paper 

8.1.3. Cr3+ as a sensitizer in Ln3+-based luminescent thermometers  

[P3, P4, P5, P6] 

In addition to above mentioned conventional approaches using Cr3+ ion luminescence  

as a temperature-dependent parameter, Cr3+ can play the role of a sensitizer for luminescent 

thermometers. This is motivated by the desire to improve the sensitivity and brightness  

of thermometers based on Ln3+ luminescence, which possess well-defined and spectrally separated 

emission bands. It is known that TM ions like Cr3+ ions have a higher and broader absorption cross 

section and their luminescence exhibits stronger dependence on temperature in respect to Ln3+ ions. 

In addition, the occurrence of sensitizer-to-Ln3+ energy transfer can occur with the assistance  

of phonon and therefore this process is also dependent on temperature. For the first time  

the confirmation of that strategy was presented in [P3] for the pair of Tb3+ and Eu3+ ions in Y3Al5O12 

(YAG) structure. In the case of Tb3+ and Eu3+ ions, emission bands are associated  

with the 5D4→7FJ and 5D0→7FJ transitions, respectively. They are thermally stable over  

a wide temperature range due to the high energy separation between 5D4/5D0 states and the closest 

lower excited states (14700 cm-1 and 12200 cm-1 for Tb3+ and Eu3+, respectively), making it difficult 
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to activate the multiphonon depopulation process. Therefore, the phonon assisted energy transfer 

between 5D4 state of Tb3+ and 5D0 of Eu3+ ions may be the only thermally dependent process 

occurring in YAG:Tb3+, Eu3+ over wide temperature range. The occurrence of Eu3+→Tb3+ energy 

transfer was confirmed by the presence of excitation bands from Eu3+ ions on the excitation spectra 

of Tb3+ ions. To confirm low sensitivity to temperature changes, a calculation  

of 
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 was proposed. Indeed, LIR variation as a function  

of temperature led to SRmax=0.09%K-1 at 193K.  

To improve the thermometric performance of YAG:Tb3+, Eu3+ phosphor,  

co-doping with different concentrations of Cr3+ ions has been proposed. Firstly, by analyzing  

the excitation spectra for the Cr3+ ion emission, a O2-→Eu3+ charge transfer band can be detected, 

indicating the presence of Eu3+→Cr3+ energy transfer (ET). Furthermore, several narrow excitation 

bands were assigned to the electron transitions: 7F0→5H7, 7F0→5G5 and 7F0→5D3 of the Tb3+ ions, 

confirming the Tb3+→Cr3+ ET. On the other hand, a broad band associated  

with the 4A2→4T1 transition of Cr3+ ions was found, which contribution increases with increasing 

temperature, suggesting that the probability of the Cr3+→Eu3+ ET process occurrence  

is temperature-dependent. Moreover, the average lifetimes of both 5D4 (Tb3+) and 5D0 (Eu3+) 

decrease with increasing Cr3+ concentration, similarly as the 2E (Cr3+) lifetimes, which may indicate 

Cr3+→Ln3+ and Ln3+→Cr3+ ET. Next, the thermal evolution of the Tb3+ and Eu3+ emission intensities 

was analyzed as a function of Cr3+ concentration. Due to the numerous energy transfer processes 

occurring in the investigated system, their comparison is complex. However, it can be assumed  

that the comparison of LIR values determined within the same spectral ranges provides  

an opportunity to highlight new processes which probability of occurrence increases  

with Cr3+ concentration. Therefore, it was found that the shape of LIR vs temperature plot remains 

similar in the range of 0-2% of Cr3+ concentration. Further changes are observed  

for 3% and 5% Cr3+ ions, resulting in improved relative sensitivity. As a result, SRmax=0.16%K-1  

at 373K is achieved for YAG:1% Tb3+, 1% Eu3+, 5% Cr3+ phosphor. This represents an enhancement 

of SR value by 200% compared to SR=0.0075%K-1 obtained for unco-doped with Cr3+ ions 

counterpart. In summary, above the critical concentration of Cr3+ ions, the higher Cr3+ content  

the more spectacular sensitization. However, at the same time, an increase in Cr3+ ions 

concentration is associated with an increase in the probability of the back Ln3+→Cr3+ energy 

transfer, which manifests itself in the reduction of the Ln3+ emission intensity.  

In turn, it does not have a favorable effect on the temperature determination uncertainty δT,  

which, despite being reduced with an improvement in SR value, increases with a decrease  

in signal intensity. Therefore, δT=~3K was obtained for both 3% and 5% of Cr3+ ions.  

Higher concentrations of Cr3+ ions in YAG:Tb3+, Eu3+ were not analyzed due to the increasing 
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contribution of Cr3+ absorption overlapping spectrally with Tb3+ and Eu3+ emission.  

Therefore, a pair of other Ln3+ ions which emission is shifted towards the NIR spectral range,  

i.e. Nd3+ and Er3+, were proposed in a subsequent paper.  

In [P4], the YAG structure was retained, which has Al3+ and Y3+ crystallographic sites 

suitable for Cr3+ and Ln3+ ions, respectively, as well as provides good physicochemical parameters. 

However, in [P4] a solid state method with high annealing temperature (second annealing at 1873K, 

24h, the same route as in [P1]) was used in respect to Pechini method used in [P3] (annealing  

at 1373K, 12h). This arrangement was aimed at obtaining microcrystals with a smaller  

surface-to-volume ratio than in the case of the nanosized particles. It reduced the influence  

of defects on the surface, which would decrease the brightness of samples.  

However, it should be borne in mind that brightness still may be limited by structural changes 

resulting from high concentrations of dopants. More importantly, due to the larger grain size,  

the difference in luminescence resulting from additional energy transfers should be more 

pronounced than in nanoparticles, due to the higher quantitative content of dopants  

in one extracted grain.  

In contrast to the Tb3+-Eu3+ pair, the Nd3+-Er3+ system (undoped with Cr3+)  

can be excited directly through λexc=445 nm, due to the weak absorption band associated  

with the 4I9/2→(2P1/2, 2D5/2) electronic transition of Nd3+ ions. In the case of Nd3+,  

nonradiative transitions to the 4F3/2 metastable state are followed by radiative depopulations  

of 4F3/2→4I9/2, 4F3/2→4I11/2 and 4F3/2→4I13/2, resulting in the generation of three characteristic 

emission bands at 880 nm, 1064 nm and 1350 nm. Due to the relatively small energy mismatch 

between the 4F3/2 state of Nd3+ and the 4I11/2 state of Er3+, an Nd3+→Er3+ energy transfer can occur, 

which also allows the detection of an emission band at 1550 nm associated with the 4I13/2→4I15/2 

electronic transition of Er3+ ions. Nd3+→Er3+ ET is a temperature-dependent process,  

which guarantees that the intensity of Nd3+ emission gradually decreases with temperature, 

reducing the initial intensity observed at 123K to 40% at 573K. On the contrary, Er3+ emission  

is less temperature-dependent, reaching at 573K 66% of its initial intensity at 123K.  

However, when Cr3+ ions are used as a co-dopant in the YAG:Nd3+, Er3+ phosphor, several 

beneficial effects are observed from a spectroscopic and thermometric point of view.  

When comparing the excitation spectra monitored at Nd3+ emission, among the numerous Nd3+ 

excitation bands, some narrow bands corresponding to electron transitions of Er3+ were found,  

i.e. 4I15/2→4F7/2, 4I15/2→2H11/2, 4I15/2→4S3/2 and 4I15/2→4I9/2. This suggests the Er3+→Nd3+ ET.  

In addition, two broad bands of 4A2→4T1 and 4A2→4T2 electronic transitions were found  

when doping with Cr3+ ions, confirming Cr3+→Nd3+ ET. Similar Cr3+ bands, with increasing 

contribution when the Cr3+ concentration increases, were detected in the excitation spectra detected 

for Er3+ emission, indicating the occurrence of Cr3+→Er3+ ET. Therefore, it can be concluded  
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that a significantly higher absorption cross section of Cr3+ ions at λexc=445 nm leads  

to an enhancement of the Nd3+ and Er3+ emission signal. To estimate an enhancement, a contribution 

parameter was calculated that represents the intensity of signal integrated in the spectral range  

in which the 4A2→4T1 excitation band of Cr3+ ions can be found. In this case the 4I9/2→4F7/2 

excitation band of Nd3+ ions was used as reference. Thus, it was confirmed that, for co-doping  

with 20% Cr3+ ions, the 4A2→4T1 band provides almost 50 times higher absorption at 445 nm with 

respect to the 4I9/2→(2P1/2, 2D5/2) band of Nd3+ ions. Furthermore, a comparison of the absolute 

emission intensity of the 1064 nm band (4F3/2→4I11/2 transition of Nd3+ ions) in dilute particle 

dispersions upon excitation with a white LED was presented in collaboration with prof. B. Fond 

(Otto-von-Guericke University Magdeburg). The brightness was found to increase quasi-linearly 

with Cr3+ concentration, reaching a ~30-fold increase in intensity for 20% Cr3+ with respect  

to the undoped with Cr3+ ions counterpart. It confirms the positive effect of Cr3+ ions  

on Ln3+ luminescence, which is one of the assumptions of the sensitization mechanism.  

On the other hand, in order to verify if the occurring ETs have a significant effect  

on the improvement of SR values, the thermal evolution of the emission intensity of Nd3+ and Er3+ 

was investigated. For both Nd3+ and Er3+ ions, an inhibition of thermal quenching was observed  

for Cr3+ concentrations in the 1-5% range. This suggests an influence of Cr3+→Nd3+/Er3+ ETs  

which counteract thermal quenching of Ln3+ emission. However, for 10% and 20% Cr3+ ions,  

the Nd3+ emission bands thermally quench even more efficiently than for the counterpart undoped 

with Cr3+ ions. In the same temperature range the intensity of Er3+ increases, reaching almost  

3 times the intensity at 573K with respect to the value at 123K. Such a drastic change between  

the thermal performance of Nd3+ and Er3+ emission when Cr3+ doping increases from 5% to 10% 

suggests the activation of new processes. With reference to [P1], the occurrence of Cr4+ ions  

in tetrahedral sites available in the YAG structure should be considered. Therefore,  

it can be concluded that when a concentration of Cr3+/4+ ions is higher than 5%, the ET processes 

involving Cr4+ starts to be noticeable. Therefore, the Nd3+→Cr4+→Er3+ ET should be highlighted,  

which, due to the favorable energy position of the 3B2 state, acts as the energy bridge  

between Nd3+ and Er3+ ions improving the efficiency of the phonon assisted energy transfer hitherto 

observed between Ln3+ ions. The occurrence of such a process is most probable since the sharp 

decrease in the intensity of Nd3+ emission in 10% and 20% Cr3+ co-doped samples occurs  

in a similar temperature range as the enhancement of 4I13/2→4I15/2 emission of Er3+ ions.  

The effective thermal quenching of Nd3+ emission band could also be explained  

by Nd3+→Cr3+ BET. However, the enhancement of the emission intensity of Er3+ ions cannot  

be explained in any other way than through the crucial importance of Cr4+ ions. Using the inverse 

monotonicity of Nd3+ and Er3+ emission intensities as a function of temperature, 
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 was determined. Consistent with the thermal evolution  

of two bands discussed above, the shape of the LIR vs temperature was similar for Cr3+/4+ 

concentration in the 0-2% range. Above this value it improved progressively, reaching  

the best results for 20% of Cr3+/4+ ions. These results translated into the SR values.  

For Nd3+/Er3+ ratiometric thermometer co-doped with 20% of Cr3+/4+ ions, SRmax=1.67%K-1  

at 300K was achieved, which in comparison to SRmax=0.25%K-1 at 468 K obtained without Cr3+/4+ 

ions co-doping indicates sensitivity enhancement of ~670%. 

The aim of the work [P5] was to prove that Cr4+ ions correspond with the occurrence  

of additional ET processes favoring the sensitization process in YAG:Nd3+, Er3+, Cr3+/4+,  

however, doping with Cr3+ is sufficient to observe the sensitization mechanism and this approach 

can be used universally for many host materials. For this reason, the GdScO3:Nd3+, Er3+, Cr3+ 

system was chosen, in which, due to the lack of tetrahedral sites, there is no possibility  

of the occurrence of Cr4+ ions. Due to the small effect of the crystal field on the position  

of Ln3+ energy states, as in the YAG host material, the interionic Nd3+→Er3+ and Er3+→Nd3+ ETs 

were confirmed in GdScO3 unco-doped with Cr3+ ions by comparing excitation spectra.  

Next, the possibility of Cr3+→Ln3+ ETs was verified. It was confirmed by the effective excitation 

of both Nd3+ and Er3+ emission at λexc=445 nm, which corresponds well with 4A2→4T1(4F) electronic 

transition of Cr3+ ions. Furthermore, bands associated with 4A2→4T1(4P), 4A2→4T1(4F), 

4A2→4T2(4F) and 4A2→2E electronic transitions of Cr3+ ions were observed in excitation spectra 

monitored for Nd3+ and Er3+ emission in samples with Cr3+ concentrations of 0.5% to 20%.  

In analogy to [P4], the contribution parameter was used to perform the increasing influence  

of the Cr3+ absorption bands in the excitation spectra of Nd3+ and Er3+ ions.  

At 2% Cr3+ concentration, the 4A2→4T1 band of Cr3+ ions was found to be 31 and 23 times more 

intense than the excitation bands corresponding to the 4I9/2→4G7/2 transition of Nd3+ ions  

and 4I15/2→2H11/2 of Er3+ ions, respectively. These values increased to 64 and 41 times for phosphor 

doped with 20% Cr3+. The following step was to evaluate the brightness enhancement factor.  

In contrast to YAG:Nd3+, Er3+, Cr3+/4+ phosphors the absolute emission intensity of Nd3+ ions  

(1064 nm) did not appear to increase linearly with the concentration of Cr3+ in the GdScO3 host 

material. The best result was obtained for 15% of Cr3+ concentration, which corresponds to ~12  

and ~25 times improvement of the brightness with white and blue LED excitation, respectively.  

The highest concentration of 20% Cr3+ presented similar absolute intensity values as 2% and 5%  

of Cr3+. The decrease in brightness from 15% to 20% Cr3+ concentration may be related  

to the increasing contributions of Cr3+→Cr3+, Cr3+→Nd3+, Cr3+→defects ETs and Nd3+→Cr3+ BET, 

which, despite a higher absorption cross section, adversely affect the quantum efficiency  

for the Nd3+ emission. 
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Besides brightness, thermometric parameters of GdScO3:Nd3+, Er3+, Cr3+  

were also evaluated. In the case of Cr3+ unco-doped counterpart, Nd3+ emission intensity decreases 

gradually with increasing temperature, which is expected due to Nd3+→Er3+ ET.  

However, Er3+ intensity increases, reaching at 463K 3 times higher intensity than at 83K.  

This demonstrates the greater efficiency of the Nd3+→Er3+ ET than that found in YAG:Nd3+, Er3+, 

where the introduction of Cr4+ with 3B2 excited state as an energy bridge between Ln3+ excited states 

was necessary to achieve the increase in Er3+ emission intensity. However, despite the inverse 

monotonicity, which is beneficial from a thermometric point of view, this provides a quasi-linear 

reduction of the LIR value as a function of temperature. Therefore, the resulting SR remains almost 

constant at ~0.30%K-1 over a wide range of 83-483K. However, even co-doping  

with 0.5% Cr3+ ions affects the thermal evolution of Ln3+ bands. Both Nd3+ and Er3+ emission 

remains almost constant up to ~350K, resulting disadvantageously in a decline of SR over  

the entire temperature range. However, with increasing Cr3+ concentration the contribution  

of energy transfers related with Cr3+ ions gains in importance. Therefore, the most favorable  

LIR changes were obtained for more than 10% of Cr3+ ions, where both Nd3+ and Er3+ emission 

signals were intensively decreasing starting at 83K. As a result, for 15% of Cr3+ the SR value 

exceeded 0.5%K-1 in the range of 225-380K with SRmax=0.96%K-1 at 300K. On the other hand,  

the SRmax for 20% Cr3+ was slightly lower (0.87%K-1 at 295K), but the SR>0.5%K-1 was maintained 

over a wider range of 195-390K. In summary, for 15% Cr3+ an improvement in sensitivity  

by ~280% was obtained. Therefore, it can be concluded that the presence of Cr3+ ions  

has a beneficial effect on Ln3+-based luminescent thermometers and no co-existence of Cr4+ ions  

is required to effectively implement a sensitization mechanism. Nevertheless, comparing the SRmax 

values and the percentage improvement in sensitivity in respect to Cr3+ unco-doped counterpart,  

it has to be acknowledged that Cr4+ ions may have had a significant role in achieving better results 

for the YAG structure than GdScO3. 

The final step in investigating the mechanism of sensitization was to compare five 

representative host materials doped with fixed ions concentrations of 1%Nd3+, 1% Er3+  

and 0%/15% Cr3+ as presented in [P6]. The aim was to find correlations between spectroscopic  

or even structural properties that improve sensitivity in different host materials. For this purpose, 

YAG, GdScO3, Y3Al2Ga3O12 (YAGG), LaGaO3 and LaScO3 host materials were used. At first,  

it was determined that, according to the average distance between the metal ion, in which position 

Cr3+ ions may locate and their ligands Ravr(Cr3+-O2-), the investigated host materials are arranged 

in the following order: YAG<YAGG<LaGaO3<GdScO3<LaScO3. Therefore, a fine correlation 

between Dq/B and Ravr
-5 was determined, since it was found that both 4A2→4T1 and 4A2→4T2 

excitation bands shift towards shorter energies with increasing Ravr value. Investigated host 

materials are characterized by Dq/B>2.4 values, which allows them to be classified as intermediate 
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or strong CF. Furthermore, the position of the 2E excited state was determined for the investigated 

host materials from literature. This was not possible directly for the 15% Cr3+ concentration  

due to concentration quenching. Nevertheless, despite less pronounced changes in the position  

of the 2E state in respect to 4T1 and 4T2, it was found that as Ravr increases, the energy of the 2E state 

decreases progressively. This is the expected effect, according to the T-S diagram for 3d3 electronic 

configuration. Significantly, due to the small effect of CF on the emission of Ln3+ ions in respect 

to Cr3+ ions, it can be assumed that the position of the Cr3+ bands affects the energy mismatch 

between Cr3+ and Ln3+ ions, which is directly related with the probability of Cr3+→Ln3+ ET.  

Due to the much shorter time of the intraionic nonradiative transition than the interionic ET,  

it is expected that the lowest excited state of Cr3+ ions is responsible for the transfer to Ln3+ ions. 

In the case of intermediate and strong CF, the lowest excited state  

is 2E state. On the other hand, comparing the position of energy states of Nd3+ and Er3+ ions,  

it is noted that the first closest Ln3+ level underneath 2E state is overlapping Stark components  

of the 4F7/2, 4S3/2 levels of Nd3+ ions. Therefore, the 2E and 4F7/2, 4S3/2 levels are expected  

to play a dominant role in the ETs between Cr3+ and Ln3+ ions. Therefore, the energy difference 

(denoted simply as ΔE) between them was determined for the investigated host materials.  

Based on this, it was estimated that the ΔE for YAG and YAGG would be in the range  

of ~850-950 cm-1, for LaGaO3 it would be ~450 cm-1, while for GdScO3 and LaScO3 in the order 

of ~40 cm-1. The order presented in such way is consistent with the increasing value of Ravr. 

Subsequently, by investigating the thermal evolution of emission spectra, it was confirmed  

that in all host materials doping with 15% Cr3+ leads to a faster rate of thermal quenching of Nd3+  

and Er3+ bands in respect to solely Nd3+, Er3+ doped counterparts. However, the abundance  

of nonradiative processes occurring in doubly and triply doped systems and their different 

contribution to the thermal evolution of emission spectra depending on the considered host material 

makes it significantly difficult to find a correlation between spectroscopic and structural 

parameters. For this reason, the determination of 
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was proposed. Thus, it was assumed that using thermal evolution of LIR, it is possible to include 

all processes occurring in Nd3++Er3+ system. Thus, a comparison of LIR vs temperature plots  

in materials undoped and co-doped with Cr3+ should represent the influence of processes related 

only to Cr3+↔Ln3+ interaction. However, sorting the host materials into Nd3+, Er3+-co-doped  

and Nd3+, Er3+, Cr3+-co-doped groups, no correlation was found. Therefore, it was assumed  

that when the LIR value reaches 50% of its initial value (at 123K), all nonradiative processes  

are already taken into account. Therefore, the ΔT1/2 parameter was defined as the difference between  

T1/2(LIR) for 0% Cr3+ and 15% Cr3+. Indeed, it was found that ΔT1/2 decreases with Ravr(Cr3+-O2-) 

value. These parameters are not directly related, but such a correlation is justified due to the shifting 
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position of the 2E states of Cr3+ ions. Moreover, to confirm that the host material directly affects 

the dynamics of the LIR change, the correlation of ΔT1/2 with Dq/B was noticed. However,  

the most accurate correlation is presented for ΔT1/2 and ΔE, since ΔE takes into account both  

the effect of host material on Cr3+ ions, but also Ln3+ ions. This result confirms that it is possible  

to predict the influence of host material on thermometric properties related to such a complex 

mechanism as sensitization of Ln3+-based thermometers by Cr3+ ions. Finally, SR values  

were calculated for the obtained LIR values. As expected, both SRmax and temperature  

at which it occurs do not fit into a correlation with any of the parameters mentioned above. 

Nevertheless, for all investigated host materials an improvement in sensitivity was obtained after 

co-doping with 15% Cr3+ ions. The highest SRmax=1.11%K-1 was obtained for YAG:Nd3+, Er3+, Cr3+.  

On the other hand, the most spectacular sensitivity enhancement of 543% was obtained  

for the LaGaO3 host material. In this case, it should be noted that the processes  

in the solely Nd3+-Er3+ system play an important role in the determination of the relative sensitivity 

before sensitization. Nevertheless, the proposed mechanism can be considered universal for host 

materials that have crystallographic sites suitable for Cr3+ ions and related research should be further 

developed to lead to even better thermometric properties. 

Contribution of the author’s work in [P3]: 

synthesis of nanocrystalline phosphors, structural and morphological characterization of materials, 

conduction of spectroscopic measurements: the excitation spectra, thermal evolution  

of the emission spectra and thermal evolution of the luminescent decay profiles, analysis  

and interpretation of data, preparation of original draft of paper 

Contribution of the author’s work in [P4]: 

synthesis of microcrystalline phosphors, structural and morphological characterization of materials, 

conduction of spectroscopic measurements: the excitation spectra, thermal evolution  

of the emission spectra and thermal evolution of the luminescent decay profiles, analysis  

and interpretation of data, preparation of original draft of paper 
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Contribution of the author’s work in [P5]: 

structural characterization of materials, conduction of spectroscopic measurements: the excitation 

spectra, thermal evolution of the emission spectra and thermal evolution of the luminescent decay 

profiles, analysis and interpretation of data, preparation of original draft of paper 

Contribution of the author’s work in [P6]: 

synthesis of YAG:Nd3+, Er3+, 0%/15% Cr3+ microcrystalline phosphors, structural characterization  

of materials, conduction of spectroscopic measurements: thermal evolution of the emission spectra  

of LaGaO3 and LaScO3 doped with Nd3+, Er3+, 15% Cr3+, analysis and interpretation of data, 

preparation of original draft of paper 

8.1.4. Cr3+ as a luminescent reference [P7] 

As presented above, the emission bands of Cr3+ ions show pronounced susceptibility  

to temperature. For this reason, they are widely known as temperature probe for ratiometric 

thermometry when temperature insensitive emission bands originating from other centers  

(usually Ln3+ ions) play the role of luminescent reference. Such a system provides relatively good 

relative sensitivity. However, in [P7] a particular CaGa4O7:Mn2+ phosphor was presented,  

which luminescence is enhanced with increasing temperature in the range from 83 to ~583K. 

Therefore, for this system the Cr3+ ions band was chosen as a luminescent reference since its inverse 

monotonicity of emission signal in a function of temperature with respect to the Mn2+ band  

is advantageous from a thermometric point of view. The unique spectral characteristic features  

of Mn2+ ions in CaGa4O7 are a result of the structural properties of the host material.  

In this case, it was found that the localization of Mn2+ ions in the 5-fold coordinated trigonal 

bipyramid of Ca2+ ions is more probable than in the tetrahedral sites of Ga3+ ions. This is supported 

by both the electronic charge match between Mn2+ and Ca2+ ions, as well as the smaller difference 

between their effective ionic radii compared to Mn2+/Ga3+ ions. Despite substitution of 5-fold 

coordinated Ca2+ ions, Mn2+ ions form distorted octahedra, and thus may manifest luminescence.  

Such an interpretation is in agreement with previous reports from literature, according  

to which the emission of CaGa4O7:Mn2+ with a maximum at 578 nm is spectrally closer  

to the reported >600 nm range in octahedral coordination than the green emission range  

for tetrahedral coordination of Mn2+ sites. Additionally, as a curiosity, it is worth mentioning  

that in CaGa4O7 doped with 0.01% to 2% of Mn2+ ions, a narrow band at 652 nm with side band  

at 665 nm corresponding with Mn4+ ions was observed. This may indicate that a small fraction  

of the manganese ions stabilizes on the 4+ oxidation state substituting Ca2+ ions in a 1:2 ratio  

to compensate the electrical charge. Nevertheless, the aforementioned intriguing thermal 

performance of 4T1→6A1 emission band of Mn2+ ions should be highlighted. The thermally induced 
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enhancement of its intensity is observed for Mn2+ concentration in the range of 0.01% to 5%. 

However, the increase in intensity by factor of 14.0 at 550K for 0.05% Mn2+ is reduced gradually 

to a factor of 7.5 for 5% of dopant. To understand the mechanism of emission enhancement  

as a function of temperature, the thermal evolution of the excited state lifetimes  

of Mn2+ was analyzed. It was found that the average decay time remains almost constant  

in the range of 123-323K. It increases slightly up to 363K and then gradually shortens to 543K. 

The simultaneous increase in intensity up to 503K and the shortening of lifetimes above 363K 

suggests a thermally activated population of a higher emissive state from which the radiative 

transition becomes symmetry-allowed. However, further studies with the electron paramagnetic 

resonance (EPR) method should be conducted to confirm this interpretation. Given the beneficial 

thermometric properties of the thermal enhancement of the Mn2+ emission intensity,  

the need to find an internal reference was noted. For this purpose, Ln3+ ions are usually used,  

which emission intensity remains barely temperature dependent over a wide temperature range,  

and the spectral position of their emission bands is well known.  

However, in the case of CaGa4O7:Mn2+ phosphor, thermally induced quenching of Cr3+ emission 

allowed the use of the opposite trend with increasing temperature to obtain the highest relative 

sensitivity. The emission spectra of CaGa4O7:Mn2+, Cr3+ were enriched by a broad band  

in the range of 680-900 nm with local maxima at 691.0 nm and 696.5 nm. These can be attributed  

to 2E→4A2 (narrow bands) and 4T2→4A2 (broad band) electronic transitions of Cr3+ ions.  

The occurrence of emission from both transitions indicates intermediate CF of Cr3+ octahedra,  

what was also confirmed by Dq/B calculation. Subsequently, the effect of Cr3+ co-doping  

on the average lifetime of Mn2+ ions was investigated. The shortening of τavr(Mn2+) value indicates 

process of Mn2+→Cr3+ ET. Considering two emission bands of Cr3+ ions, two LIR values defined 

as: 
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decrease to 52-56% of initial value at 243K was observed for 0.01%, 0.05% and 0.5% of Cr3+ ions, 

when for 0.1% the almost constant value was found in range of 123-223K. Above 243K a sharp 

increase was noted for all concentrations, with maximal LIR1=15.7, 23.1, 49.6 and 14.3 at 583K, 

respectively, which is associated with an increase in the intensity of Mn2+ emission. Above 583K, 

there is a decrease in LIR1, which is the effect of thermal quenching of both Mn2+ and Cr3+ emission. 

On the other hand, it was found that thermal changes of LIR2 are less rapid than LIR1  

and thus the maximal values of LIR2 are lower than LIR1. This suggests worse temperature 

uncertainty than for LIR1. Such a result is caused by the shift of the highest signal intensity  

of 4T2→4A2 emission towards higher temperatures of 603K versus 563K for the 2E→4A2 

counterpart. It stays in the same temperature range in which the greatest thermal enhancement  

of Mn2+ emission occurs, which inhibits the steeper increase in LIR2 value. For this reason,  

74



LIR1 was selected as a more representative thermally dependent parameter and the relative 

sensitivities were determined for it. The highest values of SRmax=2.08%K-1 at 403K were obtained 

for 0.05% Cr3+. However, for 0.01% and 0.05% Cr3+ ions SR>1%K-1 maintained in the range  

of 283-523K. For Cr3+ concentration in the range 0.01%-0.5%, δT<0.16 K was obtained in the range 

of 303-503K, and the lowest value of δT=~0.08K was obtained for 0.01% and 0.05% Cr3+ ions. 

Due to the opposite temperature evolution of LIR1 above 583K, the useful temperature range  

for CaGa4O7:0.01 % Mn2+, 0.05 % Cr3+ should be limited to 263-543K. Due to the promising 

thermal properties of the CaGa4O7:Mn2+, Cr3+ phosphor, a 1 mm thick composite film was prepared 

from the phosphor powder and colorless sanitary silicone for the thermal imaging experiment. 

Confirming the possibility to cut and form any shape of such material, the film was cut to the shape 

of a gingerbread man. The experiment involved placing the composite film on a heating plate  

to induce a temperature gradient along its length and excite it with λexc=254 nm.  

For each set, two images of the luminescence of Mn2+ and Cr3+ emissions were taken using optical 

filters: short-pass at 650 nm and long-pass at 650 nm, respectively,  

in front of the camera. Excitation light scattering was excluded by an additional long-pass filter  

at 550 nm. Dividing the two images by each other, the LIR parameter was determined.  

The LIR calibration curve as a function of temperature was determined using a thermal imaging 

camera. Its shape in the range between 300 and 500K was found to be similar to that of LIR1.  

The obtained results can be quantitatively compared by comparing the 2D thermal map prepared 

with luminescence thermometry and the image from the IR camera. The selectivity  

of the luminescence thermometry technique should be emphasized, as thermal imaging  

with the CaGa4O7:Mn2+, Cr3+ phosphor is limited only to the spatial region in which the film  

is placed. In addition, taking two images with a digital camera provides higher resolution  

in respect to an IR camera. Fundamental studies on CaGa4O7:Mn2+, Cr3+ phosphors, supported  

by proof-of-concept temperature imaging experiment, confirm their applicative potential  

in luminescence thermometry. 

Contribution of the author’s work in [P7]: 

synthesis of microcrystalline phosphors for proof-of-concept experiment, structural  

and morphological characterization of materials, preparation of a composite film  

for proof-of-concept experiment, preparation of proof-of-concept experiment setup and conduction 

of measurements on it, analysis and interpretation of data, preparation of original draft of paper 
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8.2. Influence of the structure of the host material on the Mn4+ ions luminescence 

with different roles 

8.2.1. Mn4+ for ratiometric approach [P8, P9] 

Belonging to the same 3d3 electronic configuration as Cr3+ ions, Mn4+ ions also show  

a significant temperature dependence of luminescence. For this reason, this subchapter describes  

Mn4+ ions as luminescent centers for ratiometric approaches in four different host materials.  

Firstly, in [P8] Sr4Al14O25 phosphor doped with Mn4+ and Tb3+ ions was investigated. Sr4Al14O25  

is an interesting host material for Mn4+ doping due to the three octahedral sites (Al4, Al5, and Al6) 

into which Mn4+ ions can locate. Based on the literature, it is known that the more covalent Al4  

and Al5 sites, rather than the Al6 sites, are the more preferred by Mn4+ ions. Moreover, previous 

works reported that a constant Mn4+ dopant concentration of 0.1% should provide the most intense 

emission of Mn4+ ions in Sr4Al14O25. Therefore, this concentration was adopted in [P8]. 

Nevertheless, the effect of annealing temperature on the luminescent properties of Sr4Al14O25:Mn4+ 

phosphor was verified. It was found that for annealing temperature above 1273K,  

it is possible to obtain well-crystallized particles with the absence  

of an amorphous phase. Thus for this annealing temperature, the emission spectra  

had the characteristic shape for Mn4+ ions, i.e. a narrow emission band at 652 nm with broad 

sideband around 664 nm, both corresponding with 2E→4A2 electronic transition.  

Due to the preference of Mn4+ ions to locate in the two crystallographic sites in Sr4Al14O25,  

the Dq/B parameter was calculated to be 3.06 and 3.23 for Mn4+
 located in two sites.  

In addition, an activation energy of ΔE=~2470 cm-1 was determined. Subsequently, Tb3+ ions  

was selected as co-dopant due to emission bands that are not spectrally overlapped  

with Mn4+ 2E→4A2 band. The most intense band of Tb3+ ions at 545 nm originates  

from 5D4→7F5, providing a green luminescence color. Excitation spectra performed for both Tb3+  

and Mn4+ ions in co-doped system did not show the presence of additional excitation bands, 

indicating the absence of Mn4+→Tb3+ and Tb3+→Mn4+ ETs. It indicates that both Mn4+ and Tb3+ 

ions are excited directly with λexc=266 nm. On the other hand, it was observed  

that Tb3+ concentration affects the contribution of Tb3+ and Mn4+ luminescence in the emission 

spectra of Sr4Al14O25:Mn4+, Tb3+ phosphor. At room temperature, an increase in the intensity  

of Tb3+ emission occurs from 1% to 10% Tb3+. For 20% Tb3+ a decrease in their intensity occurred 

in respect to Mn4+, which may be related to concentration quenching explained in the terms  

of structural changes in the host material or by energy migration towards the surface quenchers.  

When considering the thermal evolution of the emission spectra of Mn4+, Tb3+ doped 

materials, it can be seen that the 2E→4A2 emission band is gradually quenched up to about 483K. 

However, for 10% and 20% Tb3+ concentrations, the thermal quenching rate of the Mn4+ band 

76



increases above 423K in respect to lower Tb3+ concentrations. Meanwhile, the Tb3+ emission 

intensity remains almost temperature-independent in the range of 123-573K due to the large energy 

difference between the 5D4 and 7F0 excited states (>14000 cm-1), which hinders the multiphonon 

relaxation in this temperature range. For further analysis, 
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was defined as thermometric parameter. Irrespective of Tb3+ concentration, the LIR value changed 

only slightly from 123K to 323K. Above 323K, a sharp decrease in LIR value was noticed 

associated with thermal quenching of Mn4+ ions. It stays in agreement with the obtained SR values,  

which below 323K do not exceed SR=0.5%K-1. However for 5% of Tb3+ concentration, SR>2%K-1 

maintained in the range of 353-503K with SRmax=2.8%K-1 at 423K. Moreover, in addition  

to the satisfactory relative sensitivity, it should be noted that, emission color shifts from bright red 

at 273K to green at 573K. This aspect was used to verify the applicative potential  

of Sr4Al14O25:Mn4+, Tb3+ phosphor as thermochromic luminescent material. For this purpose,  

a quartz tube was filled with powder and its bottom was placed on a heating plate. When the heating 

was turned on, the temperature gradient along the quartz tube deepened as a function of time,  

which was represented as a change in luminescence color from red to green. Digital camera images 

were taken at 5s intervals. After experiment, the intensities of red and green channels from RGB 

images were divided by each other. In this way, 2D LIR maps were created from which LIR profiles 

were extracted. With the help of the calibration curve, calculated by determining the LIR at different 

controlled temperatures, it was possible to convert the LIR profiles into temperature profiles.  

This experiment confirms the feasibility of using Mn4+, Tb3+-doped phosphor for noncontact 

temperature imaging with a simple digital camera. 

In contrast to Sr4Al14O25 host material representing one of the higher Dq/B noted  

for Mn4+ ions, a strategy proposed in [P9] leads to lower CF obtained in SrTiO3:Mn4+ by modifying 

its perovskite structure. SrTiO3 has so far been recognized as the host material in which the lowest 

Dq/B was obtained among Mn4+ doped phosphors, and consequently the most shifted emission band 

towards longer wavelengths (with a maximum at 724 nm). Therefore it was found that among the 

perovskite structures, there are also other host materials, the so-called Ruddlesden-Popper 

structures, which general formula is as follows: Srn+1TinO3n+1. Among these, Sr2TiO4, Sr3Ti2O7  

are the two representatives with the lowest n value (1 and 2, respectively) and were possible  

to be synthesized in powder form. In general, the n number refers to the number of layers  

of Ti-O surrounded by Sr-O double layers. For SrTiO3, n=∞ is assumed due to the lack  

of the Sr-O double layered slabs. Due to the same electronic charge and similar effective ionic radii, 

Mn4+ ions are expected to locate in 6-fold coordinated Ti4+ sites. For this reason, it was assumed 

that the average Ti-O distance (Ravr) should be crucial for changes  

in the optical properties of R-P structures doped with Mn4+ ions. The Ravr values were found  
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in the following order: 1.9556 Å, 1.9517 Å and 1.9271 Å for Sr2TiO4, SrTiO3 and Sr3Ti2O7, 

respectively. Moreover, excitation and emission spectra performed at 13K for three host materials 

were compared at first among experimental studies. The emission bands corresponding  

with 2E→4A2 transition adopted maxima at 728.5 nm (~13727 cm-1), 733.2 nm (~13639 cm-1)  

and 733.6 nm (~13631 cm-1) for Sr2TiO4, SrTiO3 and Sr3Ti2O7, respectively,  

which stays in agreement with the order of decreasing Ravr value. The barycenters of 4A2→4T1  

and 4A2→4T2 excitation bands are arranged in the same order. In addition, it should be emphasized 

that the experimental data were supported by theoretical studies, which confirm the energies  

of 4T1, 4T2 and 2E levels. When describing the emission spectrum of Sr3Ti2O7:Mn4+ phosphor,  

an additional broad band observed around 850 nm should be mentioned, which has been attributed 

to the 2E→2T2 transition of Ti3+ ions. Its presence results from the oxygen vacancies occurring  

in the structure.  

Nevertheless, in fact the spectral position of the maximum of 2E→4A2 band of Mn4+ ions  

in Sr3Ti2O7 host material is the most redshifted position reported so far.  

To highlight this, the nephelauxetic parameter β1 was calculated using Racah parameters  

of R-P materials. Subsequently, a quasi-linear correlation with the energy of 2E state was presented 

for R-P materials and other representative host materials from literature. Indeed, Sr2TiO4, SrTiO3 

and Sr3Ti2O7 host materials present the lowest β1 and E(2E) values reported so far for Mn4+ doped 

phosphors. On the other hand, it can be noted that so far in the literature the maximum of emission 

band of SrTiO3:Mn4+ was determined at ~724 nm. This is related to the higher measurement 

temperature, i.e. 80K compared to 13K. Indeed, in the case of the three R-P materials, the maximum 

of 2E→4A2 band shifts when the temperature elevates. This is the related with taking the highest 

impact on the emission band shape by the emission from the higher vibronic levels of 4A2 state  

in accordance with their thermal promotion. Therefore, for Sr3Ti2O7:Mn4+ the record emission band 

maximum reaches values of 733.7-734.2 nm in 13-110K range, which is associated  

with the vibronic ν3 state. In the range of 120-180K the greatest influence is adopted by the ν4 state 

with a value of ~728.9 nm, and above 190K shifts to 724.6 nm associated with the ν6 vibronic state. 

Due to the variable maximum, the thermal evolution of the emission band covering the broad 

spectral range 670-760 nm was first investigated. In Sr2TiO4 and SrTiO3 materials, thermal 

quenching was found to occur above 250 and 230K, respectively. In the case of Sr3Ti2O7:Mn4+ 

phosphor, the same process started above 120K, but correct interpretation may be hampered  

by overlap with the broad band emission of Ti3+ and the occurrence of Ti3+→Mn4+ ET. 

Nevertheless, the determined ΔE=2362 cm-1, 2041 cm-1 and 1867 cm-1, for Sr2TiO4, SrTiO3  

and Sr3Ti2O7 doped with Mn4+ ions, respectively, suggest that the energy difference between  

the bottom of the 2E parabola and its intersection with the 4T2 parabola corresponds to the Ravr value. 

It can also be noted that the obtained values are lower than for Sr4Al14O25:Mn4+.  
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As shown above, the thermal changes of the different spectral regions  

of the Mn4+ emission band can vary considerably between them. On this basis, the 730-745 nm 

spectral range was selected, where the Mn4+ band was quenched most rapidly. On the other hand, 

it was found that in the range located energetically above the ZPL of Mn4+ emission,  

i.e. 690-705 nm, the intensity increases significantly with increasing temperature.  

Using two spectral bands with opposite thermal evolution of intensity, the LIR was determined  

as follows: 
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. Due to the intense increase in signal intensity 

in the 690-705 nm range, LIR values reached an increase to the value in the range of 48-92 at 100K 

depending on the host material. However, the largest changes were obtained for Sr3Ti2O7,  

which finally reached LIR=977 at 300K. Therefore, the SRmax calculated  

for the LIR for Sr3Ti2O7:Mn4+ phosphor was 10.37%K-1 at 40K and did not decline below  

3.73%K-1 in the range 13-100K. As a result, δT takes values in the range of 0.05-0.12 K between 

13 and 200K. However, such large changes in LIR values below 100K result in a flattening  

of the LIR vs temperature plot above 100K and at 290K the SR value was less than 0.1%K-1. 

Therefore, the useful range of a thermometer should be limited to 13-200K. A comparison  

of the results obtained for different host materials in [P8] and [P9] confirms the important influence 

of the composition of host material on the spectroscopic and thermometric properties  

of the luminescent thermometer. Moreover, the selection of a suitable approach makes it possible 

to create a promising luminescent thermometer that can operate in really different temperature 

ranges. 

Contribution of the author’s work in [P8]: 

synthesis of nanocrystalline phosphors, structural and morphological characterization of materials, 

conduction of spectroscopic measurements: luminescence quantum yields, the excitation spectra, 

thermal evolution of the emission spectra and thermal evolution of the luminescent decay profiles, 

preparation of proof-of-concept experiment setup and conduction of measurements on it, analysis  

and interpretation of data, preparation of original draft of paper 

8.2.2. Mn4+ for lifetime based approach [P9, P10] 

Previous literature has reported that a relatively small ΔE in the SrTiO3:Mn4+ phosphor 

results in an abrupt change in the lifetime of the 2E state of Mn4+ ions and thus good SR  

of lifetime-based luminescent thermometer. In papers [P9] and [P10], two strategies were proposed 

to improve the sensitivity of this thermometer. Following the discussion carried out in [P9]  

on the influence of host material composition on the thermal evolution of emission spectra  

of SrTiO3:Mn4+, Sr2TiO4:Mn4+ and Sr3Ti2O7:Mn4+, it was proposed to analyze the change  
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in 2E excited state lifetime as a function of temperature. Similar to the LIR approach,  

it was found that τavr do not form a correlation with Ravr values of host materials, which is related, 

among other things, to additional depopulation channels such as ETs or spectral overlap  

of Mn4+ and Ti3+ emission bands. In Sr2TiO4:Mn4+, an almost linear shortening of τavr from 1.30 ms 

was recorded in the 13-240K range, while above 240K the quenching rate increased to 340K.  

For SrTiO3 2E state lifetime was τavr=0.54 ms at 13K and was almost doubled to 80K reaching  

1.02 ms. Thereafter, it started to slowly quench, and in the 140-340K range its values were similar 

to Sr2TiO4:Mn4+. In contrast, in Sr3Ti2O7 a slight elongation from 0.69 ms to 0.75 ms was noted  

in the range of 13-40K, followed by shortening to 0.54 ms at 140K. Another elongation  

was obtained in the range of 140-180K, to become progressively quenched from 180 to 300K, 

similar to the other R-P materials. The elongation of τavr above 140K  

may be related to the increasing contribution of lifetime of 2E state originating from Ti3+ ions,  

which emission band overlaps spectrally with the Mn4+ band. This was experimentally confirmed  

by performing the thermal evolution of lifetimes with increasing wavelength from 724.5 nm  

to 850.0 nm, shifting from the Mn4+ band maximum to the Ti3+ counterpart. Nevertheless,  

τavr of Mn4+ excited state was treated as a thermometric parameter and SR was determined for them.  

For SrTiO3, Sr2TiO4 and Sr3Ti2O7, SRmax=3.04%K-1, 3.70%K-1 and 4.68%K-1 were obtained  

in the range of 280-290K, respectively. However, it should be emphasized that the sharp reduction 

in lifetimes and the significant reduction in Mn4+ intensity will prevent the determination  

of lifetimes above 320K. According to SRmax, δTmin reaches ~0.10K for SrTiO3:Mn4+  

and Sr2TiO4:Mn4+ around 270-280K, while the lowest δT=0.013K at 280K was obtained  

for the Sr3Ti2O7:Mn4+ phosphor. 

The aim of [P10] was to investigate the effect of selected Ln3+ (Ln = Lu, Tm, Er, Ho, Dy, 

Eu, La) on the rate of thermal quenching of lifetime of 2E(Mn4+) excited state in SrTiO3.  

As mentioned, the 2E→4A2 band maximum in SrTiO3:Mn4+ is at ~724 nm above 80K. The higher 

vibrational states of 2E parabola are gradually occupied with increasing temperature,  

until the temperature at which thermal energy exceeds ΔE and nonradiative process becomes  

the second depopulation channel of the 2E level (after radiative one). However, when Ln3+ ions  

are present as co-dopants in the host material, two additional processes may occur.  

First is the Mn4+→Ln3+ ET, which can occur with the assistance of phonon. However,  

similar to what was presented for the MgTiO3:Cr3+, Nd3+ phosphor in [P2], the presence  

of Ln3+ ions in the SrTiO3 structure leads to the stabilization of Ti3+ ions that are optically active. 

For this reason, another process to be considered is Mn4+→Ti3+ ET. The occurrence of this process 

was confirmed by the difference between thermal evolution of emission spectra of SrTiO3 doped 

with Mn4+ ions and co-doped with Mn4+ and optically inactive La3+/Lu3+ ions. Moreover,  

this was confirmed by the similar shortening of the 2E state lifetime of Mn4+ at 123K when doping 
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with both La3+/Lu3+ and other optically active Ln3+ ions. As a representative example,  

the shortening from τavr=1.72 ms at 123K for SrTiO3:Mn4+ to 0.53 ms for SrTiO3:Mn4+, Tm3+ 

phosphor can be pointed.  

Comparing the effect of different Ln3+ ions on the thermal evolution of 2E lifetimes  

may be too complex due to the similar shape of the curves. However, the calculation  

of SA and SR values allows a quantitative comparison of Mn4+, Ln3+ doped phosphors.  

In the first case, the highest SAmax=14.93 μsK-1 at 273K was obtained for SrTiO3 doped singly  

with Mn4+ ions. This is related to the fact that shorter τavr values for co-doped materials result  

in lower SA values. On the other hand, the SR confirm an improvement in the variability  

of τavr as a thermometric parameter. The best SRmax=5.19%K-1 at 298K was achieved  

for SrTiO3:Mn4+,Tm3+, resulting in a 145% improvement in sensitivity in respect to SR=3.57%K-1 

at 318K for singly Mn4+ doped counterpart. Improvements in sensitivity were also obtained  

when SrTiO3:Mn4+ was doped with Er3+, Eu3+, Dy3+, Ho3+ and Lu3+ ions. Only for the La3+ co-doped 

system a lower SR value was obtained, which is related to the lower slope of the τavr(T) dependence. 

However, due to the improved sensitivity, a lower δTmin=0.020K for SrTiO3:Mn4+, Tm3+ in respect 

to δT=0.034 K for SrTiO3:Mn4+ phosphor was also achieved. The approach presented in [P10] 

confirms that Mn4+→Ln3+ ET can significantly improve thermometric properties  

in Mn4+ lifetime-based strategy. 

Contribution of the author’s work in [P9]: 

the conceptualization, synthesis of nano-/microcrystalline phosphors, structural and morphological 

characterization of materials, conduction of spectroscopic measurements: the excitation  

and emission spectra, analysis and interpretation of data, preparation of original draft of paper 

Contribution of the author’s work in [P10]: 

synthesis of nanocrystalline phosphors, structural and morphological characterization of materials, 

conduction of spectroscopic measurements: the excitation spectra, thermal evolution  

of the emission spectra and thermal evolution of the luminescent decay profiles, analysis  

and interpretation of data, preparation of original draft of paper 

8.2.3. Mn4+ as a sensitizer in Ln3+-based luminescent thermometers [P3] 

In the case of Mn4+ ions, as for Cr3+ ions, it has also been proposed that the higher 

absorption cross section and higher temperature susceptibility of the luminescence with respect  

to Ln3+ ions may be beneficial for Ln3+-based ratiometric thermometry. Therefore, the effect  

of Mn4+ concentration on the thermometric performance of Y3Al5O12:Tb3+, Eu3+ phosphors  

was investigated in [P3]. Comparing the emission spectra of phosphors, it can be seen  
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that the 2E→4A2 emission band of Mn4+ ions is no longer detectable  

above 2% of Mn4+ concentration, suggesting the occurrence of the Mn4+→Ln3+ ET.  

Excitation spectra detected for Mn4+ emission consist of, among others,  

the narrow bands originating from 7F0→5L7, 7F0→5L6, 7F0→5D3 electronic transitions of Eu3+, 

confirming the Mn4+→Eu3+ ET. The probability of this process is increasing effectively,  

since above 5% Mn4+ additional Eu3+ excitation bands (7F0→5D2) appear on the Mn4+ excitation 

spectra. Moreover, the shortening of lifetimes of 2E(Mn4+) excited state when Mn4+ increases 

suggests an increase in the probability of Mn4+→Ln3+ ET. On the other hand, lifetimes  

of Tb3+ and Eu3+ also shorten with increasing Mn4+ concentration. This may be related  

to a Ln3+→Mn4+ back energy transfer, which further affects thermometric performance  

on the YAG:Tb3+, Eu3+, Mn4+ phosphors. The increasing impact of the coexisting ETs and BETs 

between Mn4+ and Tb3+/Eu3+ ions resulted in a gradual increase in SR value with increase  

of Mn4+ concentration, until reaching SRmax=0.28%K-1 at 268K. This represents an improvement  

in SR value by over 300% in respect to counterpart unco-doped with Mn4+ ions. Nevertheless, 

δTmin=4K was obtained due to the relatively small SR. 

When comparing the potential of Mn4+ and Cr3+ ions for the sensitization approach,  

it was noted that Cr3+ ions are generally characterized by a higher absorption cross section in respect 

to Mn4+ ions. More importantly, since Cr3+ may be located in both strong, intermediate  

and weak CF depending on the host material provides a wider energy range in which excited states 

of Cr3+ can be found in respect to Mn4+ ions. This allows a more flexible design of the energy 

mismatch between excited states of Cr3+ and Ln3+ ions and thus temperature at which ET activates. 

For the above reasons, Cr3+ ions are a more versatile representative of TM ions for developing  

a sensitization strategy. 

9. Conclusions 

The main objective of the doctoral dissertation was to investigate the effect of host material  

on the spectroscopic and thermometric properties of phosphors doped with 3d3 ions,  

i.e. Mn4+ and Cr3+. For this purpose, a series of materials that are suitable for doping with  

Cr3+ and Mn4+ ions were selected (Table 3). The selected materials were synthesized using solid 

state and Pechini methods, resulting in micro- and nanoscopic size of particles. Considering  

the Dq/B parameter, it is known that Mn4+ ions are always situated in strong CF. However,  

in the case of Cr3+ ions the selected host materials provided both strong and intermediate CF.  

The above-mentioned variables highlight the wide range of structural and spectroscopic properties 

(two optical centers located in the different host materials with different CF) that were taken into 

account within the doctoral dissertation.  
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At first, it should be emphasized that fundamental studies devoted to the study  

of the luminescence of 3d3 and Ln3+ ions as a function of temperature have proved to be a useful 

tool in the analysis of the structure of host material. In [P1], it was confirmed that high annealing 

temperature is a sufficient factor to achieve stabilization of Cr3+ and Cr4+ in Y3Al5-xGaxO12 garnets, 

without additional electrical charge compensation. Furthermore, by analyzing the distribution  

of Al3+ and Ga3+ ions in octahedral and tetrahedral sites as a function of Ga3+ content,  

it was suggested that the lowest symmetry should be expected for x=4 (Y3AlGa4O12)  

and x=2 (Y3Al3Ga2O12) in the case of octahedra and tetrahedra, respectively. This is related to the 

presence of only one other ion in the first coordination sphere. This phenomenon was correlated 

with the T1/2 value of Cr3+ and Cr4+ emission, which was the lowest  

for x=4 and x=2, respectively. In [P2] and [P10] confronting the difference between effective ionic 

radii led to the finding that Cr3+ ions in MgTiO3 locate in crystallographic positions of Mg2+,  

while Mn4+ ions in SrTiO3 locate in positions of Ti4+ ions. Additionally, in MgTiO3  

the exceptionally low symmetry of the Mg2+ site led to the observation of broad emission bands  

of Nd3+ ions, which is in contrast to most host materials, including SrTiO3, where the shape  

of emission bands of Ln3+ typically consisted in numerous Stark compounds. On the other hand, 

both works confirmed the stabilization of Ti3+ ions located near Ln3+ or Cr3+ ions in X2+Ti4+O3 

perovskites. This has important implications for the thermometric performance of phosphors  

since 2E excited state of Ti3+ ions can provide an additional depopulation channel for the excited 

state of Cr3+, Mn4+ or Ln3+ ions. In [P7] in CaGa4O7 spectroscopic studies confirmed the formation 

of Cr3+ distorted octahedra at the 5-fold coordinated sites of Ca2+ cations. Furthermore,  

in addition to the dominant presence of Mn2+ ions in CaGa4O7 doped with manganese ions, 

luminescence of Mn4+ ions was observed. This suggests that a small fraction of Mn4+ ions 

substitutes Ca2+ in a 1:2 ratio to compensate for the electrical charge and forms even stronger 

distorted octahedra. This is another example, after Ti3+ in MgTiO3:Cr3+, MgTiO3:Ln3+  

and SrTiO3:Ln3+, confirming the occurrence of an additional unintentional luminescent centers  

that affects the spectroscopic properties of the remaining dopants. 

Furthermore, to demonstrate the versatility of TM ions with 3d3 electronic configuration,  

their potential in luminescence thermometry based on three strategies was analyzed: (1) ratiometric  

and (2) lifetime-based approaches considering the luminescence of 3d3 ions as a figure of merit,  

but also (3) the sensitization of Ln3+ ratiometric-based thermometers by 3d3 ions.  

These three approaches are summarized within Table 4, 5 and 6, respectively. The ratiometric 

approach considered emission bands of 3d3 ions associated with both 2E→4A2 [P1, P8, P9]  

and 4T2→4A2 [P2, P7] (Table 4). The emission maximum for Mn4+ ions in the selected host 

materials is reached between 652.5 and 734.2 nm, while for Cr3+ the emission from the 2E level  

was detected in the range from 687.4 nm to 733.5 nm, and from 4T2 in the range  
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from 716 to 835 nm. For this approach, the highest |SRmax|=10.37%K-1 at 43K and the associated 

lowest δTmin=0.05K were obtained for Sr3Ti2O7:0.1% Mn4+ (Figure 8a). However, it is also worth 

noting the |SRmax|=1.98%K-1 at 303K calculated for Y3Ga5O12:1% Cr3+/4+,  

as well as |SRmax|=2.80%K-1 at 423K for Sr4Al14O25:0.1% Mn4+, 5% Tb3+. This indicates the wide 

temperature range over which the proposed luminescent thermometers can operate.  

This is an expected effect due to the broad values range of T1/2 reaching from 60 to 488K. 

Satisfactory SRmax values exceeding 1.00%K-1 obtained for most materials are the result of enhanced 

thermal quenching of 3d3 ions through additional phonon assisted energy transfers. 

A strategy using the lifetime of 3d3 ions excited state as a figure of merit has mostly focused  

on the 2E level of Mn4+ [P9, P10], but in [P2] the lifetime of 4T2 of Cr3+ ions was also used  

(Table 5). This is related to the greater application potential of luminescence decay profiles of 2E, 

which are in general two orders of magnitude longer than those of 4T2 state (for example 1.30 ms  

for Sr2TiO4:0.1% Mn4+ in respect to 23.8 μs for MgTiO3:0.1% Cr3+). Longer lifetimes  

also encourage the inclusion of additional processes of ETs, which will provide more rapid changes 

in lifetimes as a function of temperature and thus greater SR values. On the other hand,  

the use of the 4T2 state allows a spectral shift of both excitation and emission towards shorter 

wavelengths, more suitable for bioapplications. This concept has been proposed for Cr3+ in MgTiO3 

host material. However, SRmax>1.00%K-1 was achieved for both lifetimes of 2E and 4T2.  

The highest result obtained for SrTiO3:0.1% Mn4+, 1% Tm3+ equal to 5.19%K-1 at 298K  

(Figure 8b). Furthermore, all maximum SR values were achieved close to the physiological 

temperature range, i.e. from 280 to 383K. Therefore, SR(300K) even reached 5.16%K-1. 

Finally, Table 6 summarizes the phosphors used to demonstrate the sensitization strategy  

of Ln3+ ratiometric thermometers by 3d3 ions. Using phonon assisted energy transfers occurring 

between TM and Ln3+ ions, it has been demonstrated that enhancement of relative sensitivity  

in Tb3+-Eu3+ pair as well as Nd3+-Er3+ is possible. For the first pair of ions it was demonstrated  

in YAG using Cr3+ and Mn4+ ions achieving 180% and 310% improvement in sensitivity, 

respectively. Additionally, co-doping with Cr3+ allowed the excitation wavelength to be shifted 

from 266 nm to 445 nm for simultaneous effective detection of Tb3+ and Eu3+ emission,  

which is beneficial from an application point of view. Further studies on the sensitization 

mechanism were continued with Cr3+ ions as a sensitizer, which generally show a higher absorption 

cross-section than Mn4+, as well as a greater effect of the sensitization process on the host material 

since their absorption bands can shift more as the CF changes from strong to weak.  

For the Nd3+-Er3+ pair, YAG:1% Nd3+, 1% Er3+, 20% Cr3+/4+ proved to be the representative 

material, which SRmax=1.67%K-1 at 300K in respect to 0.25%K-1 for counterpart without sensitizer 

(Figure 8c). This results in a sensitivity improvement of more than 660%. In this case, Cr4+ ions 

played an important role as an energy bridge between Nd3+ and Er3+ ions. However, an even higher 
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value of 540% was achieved for LaGaO3:1% Nd3+, 1% Er3+, 15% Cr3+,  

in which Cr4+ ions could not be located due to the lack of tetragonal sites. This confirms  

the exclusive beneficial effect of Cr3+ ions as a sensitizer. On the other hand,  

in YAG:Nd3+, Er3+, Cr3+/4+ phosphor it was confirmed that a much higher absorption cross-section 

of Cr3+ ions in respect to Ln3+ ions leads to an enhancement of brightness of the phosphor.  

The factor of ~30 for the brightness improvement was achieved  

for YAG:1% Nd3+, 1% Er3+, 20% Cr3+/4+ in respect to the Cr3+/4+ unco-doped counterpart.  

This is particularly significant since brightness is a parameter that, at the same time as relative 

sensitivity SR, is responsible for improving temperature determination uncertainty.  

It can be said that improving brightness plays as important a role in sensitization approach  

as improving SR. Finally, a comparison of thermal evolution of LIR=Nd3+/Er3+ in five host materials 

co-doped and unco-doped with Cr3+ ions allowed us to determine the dependence  

of ΔT1/2 on the energy difference occurring between the first excited state of Cr3+ ions  

and the nearest excited state of Nd3+ ions, i.e. 4F7/2, 4S3/2 levels. This suggests that there is a dominant 

thermally induced energy transfer between these levels. This also allows  

a preliminary prediction of the performance of this process in the new host materials,  

since the trend between ΔT1/2 and Dq/B has also been determined. 

 

Figure 8. Comparison of SRmax values obtained for representative thermometers  

for ratiometric –a), lifetime – b) and sensitization approaches – c). 

 The presented approaches demonstrate the versatility of 3d3 ions as optically active centers  

in phosphors but also find their role in many strategies used in luminescence thermometry.  

The highest SR value among the presented materials is presented by the Sr3Ti2O7:0.1% Mn4+ based  

LIR-based approach with SR=10.37%K-1. On the other hand, the lifetime based strategy  

in SrTiO3:0.1% Mn4+, 1% Tm3+ phosphor provided the highest SR=5.19%K-1 in the around-room 

temperature range (298K). In this case, however, it should be remembered that the applicability  

of the luminescent thermometer depends on many factors, i.e. temperature operating range,  

but also excitation and emission spectral range, spatial and temporal resolution, the size and shape  

of particles, stability in different solutions, toxicity, etc. From this point of view,  
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it is worth mentioning that the studies carried out in [P7] were supported by cytotoxicity 

assessments, which confirmed that CaGa4O7:Mn2+, Cr3+ shows no toxicity issues in the analyzed 

concentration of the particle range. Moreover, in [P2] a positive effect of silica coating  

on the reduction of toxicity of MgTiO3:Cr3+, Nd3+ nanoparticles on MDCK and 3T3 cells  

was found. Such conducted studies serve as a step forward towards food related or biological 

applications of investigated phosphors. On the other hand, proof-of-concept experiments performed 

in [P9] and [P7] confirm that Mn4+ and Cr3+ co-doped materials have high application potential  

in thermal imaging. In both cases, a major advantage of the presented applications is the possibility 

to perform them with a simple digital camera.  

In conclusion, the dependence of the luminescent and thermometric properties of TM ions  

with 3d3 electronic configuration on the chemical composition of host materials is undoubtedly  

a unique feature that ensures that materials doped with Mn4+ and Cr3+ ions have a wide application 

potential in luminescent thermometry. The knowledge accumulated in the present form allows  

for the design of luminescent thermometers on demand, but studies should be continued  

in order to have a good understanding of all the processes occurring in Mn4+/Cr3+ doped systems  

so that direct correlations between luminescent and structural properties can be determined. 
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Revisiting Y3Al5−xGaxO12 Solid Solutions Doped with Chromium
Ions: Effect of Local Symmetry on Thermal Quenching of Cr3+ and
Cr4+ Ions
W. M. Piotrowski,z V. Kinzhybalo, and L. Marciniakz

Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50–422 Wroclaw, Poland

The oxidation of chromium ions to the 4+ state in phosphors doped with Cr3+ ions is often considered negative due to the
activation of the parasitic Cr3+→Cr4+ luminescence quenching channel. However, in this paper, a systematic study of the effect of
host material stoichiometry on the spectroscopic properties of Cr4+ in Y3Al5−xGaxO12 is investigated to develop ratiometric
luminescence thermometers. Correlations between the structural properties of the host and the luminescence thermal quenching
process of Cr4+ ions emission associated with the 3B2→

3B1 electronic transition enabled the development of a luminescence
thermometer exploiting the ratio of Cr3+ to Cr4+ emissions with a relative sensitivity of 2.04%K−1. The studies carried out enabled
a better understanding of the formation processes of Cr4+ ions.
© 2023 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
acd80e]

Manuscript submitted May 2, 2023; revised manuscript received May 18, 2023. Published May 31, 2023. This paper is part of the
JSS Focus Issue on Recent Developments in Theory, Measurements and Applications of Luminescent Materials: A Tribute to Prof.
B. Di Bartolo.

Supplementary material for this article is available online

The crystallographic position occupied by a dopant ion in
inorganic host materials can determine both spectroscopic properties
and oxidation state of the ion. This effect is particularly evident for
transition metal (TM) ions known for the susceptibility of their
spectroscopic properties to changes in the local ions environment.1–4

Therefore predicting the crystallographic site, that will be occupied
by dopant ions and enforced by it oxidation state of dopant, is one of
the key steps during the design of inorganic phosphors. Existing
theoretical knowledge including theoretical calculations is helpful,
but results obtained during simulations are not always reproducible
under experimental conditions. The multitude of possible variants in
the case of TM is particularly large.2,5–9 As an example, Fe3+ ions
show luminescence both from octahedral (surrounded by 6 oxygen
ions) and tetrahedral sites (surrounded by 4 oxygen ions).10–14 A
summary of both cases is presented for the following host materials:
MgAl2O4:Fe

3+ and CaGa2O4:Fe
3+.15 It was found that the occupa-

tion of the octahedral site of Al3+ ions by Fe3+ ions results in
emission with a maximum at 719 nm, while the Fe3+ in the
tetrahedral site of Ga3+ ions emit with a maximum at 809 nm. On
the other hand, Zhu et al. proposed interesting approaches to design
materials co-doped with Mn2+ and Mn4+ ions.16 They found that
manganese in BaAl12O19 forms stable Mn2+ ions substituting for
Ba2+ ions, while in SrAl12O19, emission of Mn4+ ions located in
Al3+ octahedral sites was observed. On this basis, authors proposed
a strategy to produce a solid solution in which Sr2+ and Ba2+ ions
are present in a 1:1 ratio (Sr0.5Ba0.5Al12O19), resulting in a material
in which emission from both Mn2+ and Mn4+ ions was observed. It
is also worth noting that in the case of SrAl12O19 host material,
Mn4+ ions locate in the Al3+ site despite the electric charge
mismatch. This is a well-known behavior that results from the
higher thermodynamical stability of Mn4+ ions compared to Mn3+

ions. A major risk in designing phosphors with charge mismatch is
the formation of defects, which can lead to a reduction in emission
intensity. To prevent this, charge compensation by stoichiometric or
non-stoichiometric doping with alkali metals or alkaline Earth metal
ions (most commonly Li+ or Na+ and Mg2+ or Ca2+, respectively)
is used. A good example is the work of Wang et al. who investigated
the effect of Li+ ions on the spectroscopic properties of the
Mg4Ta2O9:Cr

3+ phosphor.17 They found that although in the
Mg4Ta2O9 structure both Mg2+ and Ta5+ are octahedrally sur-
rounded by 6 oxygen ions, Cr3+ ions locate in Mg2+ sites. Therefore

by using a charge compensation mechanism, that can be written in
the form: Cr3+ + Li+ → 2 Mg2+, the number of defects was
significantly reduced. As a result external luminescence quantum
efficiency as high as 61.25% was achieved. In addition, the authors
pointed out that charge compensation with Li+ ions inhibits the
formation of Cr4+. This is important in terms of the occurrence of
additional optical centers, which can affect the spectroscopic proper-
ties of the material through unresolved energy transfer. In the case of
Cr4+ ions, the risk is reasonable since its absorption bands may
cover a broad range corresponding to the emission spectral range of
Cr3+ ions. A key example of a family of host materials in which it is
possible to stabilize both 3+ and 4+ chromium ions are garnets.
Their best-known representative is Y3Al5O12.

4,18–21 So far, it was
found that Cr3+ ions preferentially occupy Al3+ octahedral sites with
efficient emission with a maximum at 688 nm.22 However, there are
some reports confirming the presence of Cr4+ ions stabilized in
Y3Al5O12 and describing their broad emission at ∼1350 nm asso-
ciated with the 3B2→

3B1 electronic transition.23–27 The stable Cr4+

oxidation state can be achieved using several strategies: (1) due to
charge mismatch, a strategy of compensating the Cr4+ charge with
Ca2+ ions is employed; (2) when doped with a high concentration of
chromium ions, saturation of the octahedral site with Cr3+ ions and
the appearance of co-existing Cr4+ ions was observed; (3) or at a
high annealing temperature, which is an oxidizing agent and allows
sufficient energy to be supplied to form Cr4+ ions.26,28–31 Given that
the spectral range of Cr4+ ion emission is potentially relevant from
the perspective of near infrared (NIR) related phosphors, systematic
studies on the spectroscopic properties of Cr4+ in Y3Al5−xGaxO12

are necessary. One such application is luminescence thermometry.
In this work, we report the coexistence of Cr3+ and Cr4+ ions in

solid solutions of Y3Al5−xGaxO12 obtained without charge compen-
sation, from a high-temperature synthesis. Furthermore, the tem-
perature dependence of the emission of Cr3+ and Cr4+ bands was
investigated and, for the first time, the design of a ratiometric
luminescent thermometer based on vibronic levels of Cr4+ ions was
proposed. The influence of the composition of the host solid solution
materials on the spectral position of the emission bands of Cr4+ and
the temperature quenching rate of the materials was also analyzed.

Experimental

The powders of the solid solution Y3Al5−xGaxO12: 1% Cr3+/4+

microcrystals were synthesised by the use of the solid-state method.
Al(NO3)3·9H2O (99.999% purity, Alfa Aesar), Ga(NO3)3·9H2O
(99.999% purity, Alfa Aesar), Y2O3 (99.999% purity, StanfordzE-mail: w.piotrowski@intibs.pl; l.marciniak@intibs.pl

ECS Journal of Solid State Science and Technology, 2023 12 066003
2162-8777/2023/12(6)/066003/8/$40.00 © 2023 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited

93



Materials Corporation) and Cr(NO3)3·9H2O (99.99% purity, Alfa
Aesar) were used as starting materials. The stoichiometric amounts
of compounds were mixed in n-hexane and ground well in an agate
mortar three times until the n-hexane evaporated. Next, the powders
were first calcined in porcelain crucibles at 1273 K in air for 24 h.
The pre-annealed powders with 1% molar Cr3+/4+ concentration
with respect to Al3+ and Ga3+ ions were subsequently ground again
with the same procedure and sintered in corundum crucibles in air at
1873 K for 24 h.

All of the synthesized materials were examined by X-ray powder
diffraction (XRPD) measurements carried out on PANalitycal
X’Pert diffractometer using Ni-filtered Cu-Kα radiation (V =
40 kV, I = 30 mA).

The emission spectra were measured using a FLS1000
Fluorescence spectrometer from Edinburgh Instruments with a
R928P side window photomultiplier tube from Hamamatsu and
R5509–72 photomultiplier tube from Hamamatsu in nitrogen-flow
cooled housing as a detector for visible and near infrared range
detection, respectively and the 445 nm and 668 nm laser diode as
excitation sources. The excitation spectra were also recorded using
the FLS1000 Fluorescence spectrometer with the same detectors and
a 450 W Xenon lamp. The temperature of the sample was controlled
using a THMS 600 heating-cooling stage from Linkam (0.1 K
temperature stability and 0.1 K set point resolution).

In order to obtain the results of relative sensitivity with lower
uncertainty, all luminescent intensity ratio (LIR) values were fitted
according to the Mott-Seitz equation (Eq. S1).

Results and Discussion

Structural and morphological characterization.—
Y3Al5−xGaxO12 materials belong to the garnets family and crystal-
lize in the cubic structure of Ia 3̄ d (No. 230) space group.3,4,19–21,32

Their well-studied chemical composition is described with a general
chemical formula of C3A2D3O12, where the Y3+ ions occupy the
dodecahedral “C” site and Al3+/Ga3+ ions occupy both the
octahedral “A” and tetrahedral “D” sites (Fig. 1a). It should be
noted that (Al3+/Ga3+)–O2− bonds are bridged between
(Al3+/Ga3+) ions in octahedral and tetrahedral sites. This means
that each octahedron is vertex-bridged by 6 tetrahedra, and each
tetrahedron is bridged by 4 octahedra. When considering the doping
of garnets with chromium ions, it is expected that Cr3+ ions will
locate in octahedral sites due to the ionic charge match with
Al3+/Ga3+ ions, which has been repeatedly reported.18,33–36 On
the other hand, the stabilization of Cr4+ ions in Y3Al5O12 and
Y3Ga5O12 has also been reported.23,24 In this case, Cr4+ ions could
occupy both octahedral and tetrahedral sites. However, Eilers et al.
defined that the spectroscopic properties of Cr4+ ions in Y3Al5O12

should be attributed mainly to the tetrahedral site.37 To verify the
purity of the materials, their X-ray powder diffraction (XRPD)
patterns were compared with the reference data (Y3Al5O12 - ICSD
280104 and Y3Ga5O12 − 14343) (Fig. 1b). A gradual shift of all
reflections towards smaller 2θ angles was observed as the content of
Ga3+ ions in the material increased, without the appearance of
separate additional reflections, suggesting the formation of a single
crystalline phase as a solid solution, independently of the ratio of
Al3+ and Ga3+ ions. The gradual shift is clearly illustrated by the
position of most intense reflection (420), which changes from 33.5°
to 32.7° for a change of the chemical composition from Y3Al5O12 to
Y3Ga5O12. In addition, as the content of Ga3+ ions increases, a
decrease in the intensity of the reflections characteristic for the
Y3Al5O12 structure is evident in respect to the main peak, e.g. at 21°
(220) and 27.8° (321), but are still distinguishable for x = 3 (i.e.
Y3Al2Ga3O12 structure). In order to ensure greater accuracy when
comparing materials, the Rietveld refinement of the XRD patterns
was performed (Fig. S1). The reference numbers corresponding with
the ICSD database can be found in Table SI. It was determined that
the cell volume gradually increases from 1733.47 Å3 for Y3Al5O12

to 1851.02 Å3 for Y3Ga5O12 and perfectly obeys the Vegard’s law

(Fig. S2, Table SII). Furthermore, the average metal-oxygen
distances R((Al/Ga)3+−O2−) for the octahedral and tetrahedral sites
were determined (Fig. 1c). In the case of tetrahedral sites, a quasi-
linear bond elongation of R((Al/Ga)3+−O2−) was observed with
increasing Ga3+ ion content, i.e. from 1.767 to 1.837 Å for Y3Al5O12

and Y3Ga5O12, respectively. This effect is expected since ionic
radius of Ga3+ ions is larger than the one of Al3+. On the other hand,
a slight shortening of the metal-oxygen distance for x = 1
(Y3Al4GaO12) was observed in the octahedral coordination. This
phenomenon may be related to the preferential localization of larger
Ga3+ ions in the tetrahedral site,38 leading to a contraction of the
octahedra, for which Al3+/Ga3+ ratio is greater than for tetrahedra in
Y3Al4GaO12. A gradual increase in (Al/Ga)3+−O2− distance from
1.924 to 2.038 Å was also observed for octahedral site. Both metal-
oxygen distances show two-slope broken-line dependence on x with
breakpoint at x ≈ 2. With increasing Ga3+ content from x = 0 to 2
the metal-oxygen distance in tetrahedral site increases with a higher
gradient than in octahedral site. At the breakpoint the gradients
switch places and octahedral site metal-oxygen distance grows faster
than tetrahedral one (Fig. 1c). This observation correlates well with
the Rietveld-refined occupancies of Al3+ and Ga3+ in tetrahedral
and octahedral sites (Figs. 1d and 1e). Particularly noteworthy is the
content of Ga3+ ions for both sites for x = 1. Indeed, it can be
clearly seen that the content of Ga3+ ions in the tetrahedral site in
Y3Al4GaO12 is as high as 27.5% compared to 10.4% for the
octahedral site. It stays with great agreement with Nakatsuka et al.
and Marezio et al.38,39 In addition, the difference between the
content of Ga3+ ions for which the distribution of Al3+ and Ga3+

ions is 50% in both sites is clearly outlined. In the case of octahedral
site this value falls at x = ∼3.4 in respect to x = ∼1.9 for the
tetrahedral site. Due to the different occupancy of the first
coordination zone around octahedra and tetrahedra depending on
the composition of the solid solutions, it is possible to predict the
effect of surrounding tetrahedra or octahedra on the local point
symmetry of octahedra and tetrahedra, respectively. This is particu-
larly relevant in the case of doping, when a third ion appears in the
solid solution substituting into the same crystallographic position
(Cr3+ in octahedral and Cr4+ in tetrahedral in this case). Therefore,
when there are 6 tetrahedra of (AlO4)

5− or 6 tetrahedra of (GaO4)
5-

around the octahedron, the highest possible point symmetry is
expected. In the case of Cr3+ in Y3Al5O12, this is C3i. However,
for mixed solid solutions, when statistically both tetrahedra of
(AlO4)

5− and (GaO4)
5− around the octahedron can be found, a

decrease in the local point symmetry of octahedra should be
expected. Interestingly, the lowest symmetry should be reached
when only one tetrahedron out of six (1/6 of all tetrahedra) around
the octahedron differs from the others. Such a case, according to the
percentage of Al3+ and Ga3+ ions can be observed in Fig. 1e, where
it falls for x = ∼4.0. An analogous case can be made for a Cr4+ ions
in a tetrahedron with D2d local symmetry. When it is surrounded by
4 octahedra and only one is different from the others (1/4 of all
octahedra), the lowest local symmetry is expected. Such a case in
Y3Al5−xGaxO12, according to Fig. 1d should occur for x = ∼2.1.

Comparison of luminescent properties.—The emission of Cr3+

ions in octahedral site in Y3Al5O12 and Y3Ga5O12 garnets has
already been reported many times in the literature.18,33–36 An
important contribution to this research was made by professor di
Bartolo.18,20,36 However, to facilitate the discussion of the spectro-
scopic properties, a diagram of Cr3+ ions will be briefly described
(Fig. 2a). The commonly used for Cr3+ ions excitation λexc =
445 nm populates the 4T1 excited level, which is followed by
nonradiative depopulation to the 2E excited state. Its radiative
depopulation to the 4A2 ground level results in the occurrence of
the narrow emission band (2E→4A2 electronic transition). The
position of the emission band maximum shifts sublinearly with
increasing Ga3+ content in Y3Al5−xGaxO12 from 687.4 nm to
690.2 nm (Figs. 2b and S3). In addition to the narrow band with
the highest intensity, the emission spectra also contain further broad
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bands between 700 and 740 nm, which are associated with vibronic
levels of 2E→4A2 transition overlapping with the 4T2→

4A2 emission
band (Fig. S4). For all materials, the excitation spectra consist of
three broad bands with maxima at around 280, 435 and 600 nm,
corresponding to 4A2→

4T1(
4P), 4A2→

4T1(
4F) and 4A2→

4T2 elec-
tronic transitions, respectively (Fig. 2c). The position of the
excitation band maxima shifts gradually towards lower energies
(longer wavelengths) when Ga3+ ions content increases, from
23,300 cm−1 to 22,870 cm−1 in the case of 4A2→

4T1 and from
16,850 cm−1 to 16,440 cm−1 in the case of 4A2→

4T2 (Fig. S5).
Using the empirical equations of Eqs. S2–4, the crystal field
parameters were determined and summarized in Table SIII. It was
found that the crystal field strength parameter Dq/B slightly
decreases from 2.649 for Y3Al5O12 to 2.578 for Y3Ga5O12, which,
based on Tanabe-Sugano diagrams, allows the crystal field sur-
rounding Cr3+ ions to be classified as strong. On the other hand, due
to the occurrence of tetrahedral crystallographic sites in the
investigated garnet structures, the presence of Cr4+ ions was also
considered. So far, Cr4+ ions emission has been reported only in the
weak crystal field, located in the tetrahedral site.23,24 For this reason,
it can be assumed that in the energy diagram the 3B1(

3A2) will be its
ground level, while the 3B2(

3T2) will be its first excited state
(Fig. 2d). Hence using the 668 nm excitation, it is also possible to
transfer the electrons to the 1A2 and

3E(3T1(
3F)) levels, which is then

nonradiatively relaxed to the 3B2(
3T2) level, from which a radiative

transition to the 3B1(
3A2) ground level occurs. Hence, as a

consequence of the 3B2→
3B1 transition, it is possible to observe

an emission band at ∼1400 nm (Fig. 2e). Apparently, similarly to
Cr3+ ions, the maximum of the Cr4+ emission band shifts towards
longer wavelengths with increasing Ga3+ content in
Y3Al5−xGaxO12:Cr

3+/4+ materials (Fig. S6). It is worth noting that
this shift is larger, i.e. by ∼54 nm from 1330 nm to 1384 nm, in
respect to 2.8 nm observed for the 2E→4A2 band. This is related to
the different nature of the transitions, i.e. for Cr3+ ions 2E→4A2 is a
spin-forbidden, while for Cr4+ ions 3B2→

3B1 is a spin-allowed
transition. At the same time, the absence of a narrow emission band
of Cr4+ ions in the emission spectrum leads to the conclusion that
the observed emission band originates only from Cr4+ ions located
in tetrahedral sites and there is no obvious confirmation for the
presence of Cr4+ ions in octahedral sites. In contrast to the emission
spectra, the excitation spectra measured for Cr4+ emission show a
less pronounced shift of bands positions (Fig. 2f). The spectra show
four broad bands with maxima at about 35,500 cm−1 (280 nm),
22,500 cm−1 (440 nm) and partially overlapping 16,000 cm−1

(625 nm) and 15,000 cm−1 (660 nm), which correspond with
3B1→

1A1(
1E)+1E(1T2),

3B1→
3E(3T1(

3P)), 3B1→
1A2 and

3B1→
3E(3T1(

3F)) electronic transitions. It can be found that these
values correspond well with theoretical calculations presented by
Kück and Brik.40 A shift of the band maxima as a function of Ga3+

content was observed (Fig. S7). By performing a deconvolution of

Figure 1. Schematic crystal structure of Y3Al5−xGaxO12: Cr
3+/4+ garnets—(a); X-ray diffraction patterns of Y3Al5−xGaxO12: Cr

3+/4+ with different Al3+/Ga3+

ratio—(b); influence of overall Al3+/Ga3+ content in Y3Al5−xGaxO12 materials on metal-oxygen distance R((Al/Ga)3+−O2−) in octahedral and tetrahedral sites
—(c); Al3+/Ga3+ ions content in Y3Al5−xGaxO12 materials in octahedral—(d) and tetrahedral sites—(e).

ECS Journal of Solid State Science and Technology, 2023 12 066003

95



the overlapping bands 3B1→
1A2 and 3B1→

3E(3T1(
3F)), a gradual

shift of the maxima of both bands towards lower energies with
increasing Ga3+ content from 16,110 cm−1 to 15,810 cm−1 and from
15,100 cm−1 to 14,820 cm−1 was noted, respectively. This is
expected, due to the weakening of the crystal field with the
increasing amount of Ga3+ ions of larger ionic radii in respect to
Al3+ ions. In contrast, the position of the 3B1→

3E(3T1(
3P)) band for

Y3Al5O12 and Y3Ga5O12 does not differ significantly, i.e. 22,240 and
22,170 cm−1, but the mixed solid solutions (x = <1, 4>) present a
slight blueshift of this band, reaching values from 22,530 to
22,610 cm−1. Moreover, considering the 3T1(

3P) excitation band in
the Cr4+ spectra, it can be found that it is possible to excite Cr3+ and
Cr4+ ions simultaneously using λexc = 445 nm excitation (Fig. S8).
This can be particularly beneficial when analyzing the intensity ratio
of two bands. However, the Cr4+ ions emission intensity is at most
∼0.2% of the Cr3+ ion emission intensity for Y3Al5O12 and
Y3Ga5O12, and is even lower for mixed solid solutions. The lower
emission intensity of Cr4+ with respect to the Cr3+ ions in for the x
<1,4> in comparison to the Y3Al5O12 and Y3Ga5O12 can be related
with the two effects: 1) an enhancement in the Cr3+ ion emission
intensity resulting from a decrease in the point symmetry of
octahedral sites or 2) a deterioration in the Cr4+ ion emission
intensity resulting from a decrease in the point symmetry of
tetrahedral sites.

Comparison of thermometric properties.—Subsequently, the
thermal evolution of 3B2→

3B1 emission band of Cr4+ions in the
NIR spectral range upon λexc = 668 nm excitation was investigated
(Figs. 3a and S9). It can be clearly observed that its intensity is
completely quenched at relatively low temperatures. Previously, a
rapid temperature quenching of the emission band of Cr4+ions in
aluminate glass has already been reported in the literature, with the
emission maximum located at ∼1350 nm.41 Figure S10 compares
the T1/2 parameter, defined as the temperature at which the emission
intensity reaches 50% of the intensity read at 83 K. All values are
below 220 K, which suggests relatively low thermal energy neces-
sary to activate nonradiative depopulation process. Nevertheless, it is
worth noting that the lowest T1/2 = 191 K was obtained for x = 2
(Y3Al3Ga2O12) in respect to T1/2 = 212 K for Y3Al5O12 and T1/2 =
207 K for Y3Ga5O12. To define what energy is needed to activate the
temperature quenching, the Arrhenius equation was used (Eq. S5).
The obtained values of the activation energy depending on the
structure composition are summarized in Fig. S11. Indeed, the
values obtained are small, for x = 0, 1, 3, 4 and 5 ΔE value equals
∼400 cm−1. Only for Y3Al3Ga2O12 the value of ΔE is slightly
higher, reaching ∼460 cm−1. Due to the similarΔE values obtained,
other factors affecting T1/2 values were considered. It is worth noting
that the lowest T1/2 value for Cr

4+ ions occupying the tetrahedral site
is for x = 2, for which it was previously determined that the
octahedral site is occupied by single Ga3+ ion, generating the lowest
local symmetry of tetrahedral site. In comparison, the materials

Figure 2. Schematic configurational coordinate diagram for Cr3+—(a) and Cr4+ ions—(d); comparison of low temperature (83 K) emission (λexc = 445 nm—

(b), λexc = 668 nm—(e)) and excitation spectra (λem = ∼690 nm—c, λem = ∼1330 nm (λem corresponds to the maximum intensity of the emission band of Cr3+

and Cr4+ ions, respectively)– (f)) measured for Cr3+ (b), (c) and Cr4+ ions (e), (f) for Y3Al5−xGaxO12:1% Cr3+/4+ materials.

ECS Journal of Solid State Science and Technology, 2023 12 066003

96



Y3Al5O12 and Y3Ga5O12 (for which the tetrahedra site content will
obviously be 100% of Al3+ and Ga3+, respectively) represent the
highest T1/2 values. In these materials, it can be assumed that the
highest local symmetry among Y3Al5−xGaxO12 solid solutions has
been achieved. Therefore, a comparison of T1/2 for Al

3+ content in
the octahedra site is proposed (Fig. S12). As mentioned, the lowest
T1/2 value was obtained for x = 2, for which the Al3+ content in
octahedral site is ∼77.7%. This is the closest value to 75%, or 3/4
part, statistically suggesting the presence of 3 octahedra with Al3+ in
the center and 1 octahedra with Ga3+ around the tetrahedra, which
would generate the largest distortion of tetrahedra. It is noted that
this relationship only occurs when Ga3+ are in the minority, whereas
for 25% of Al3+ such a situation is not observed.

In all Y3Al5−xGaxO12 materials it was noted that thermal
quenching rates of the luminescence from the vibronic depends on
the chemical composition of the phosphor. Therefore, two wave-
lengths were selected for which the thermal evolution of emission
intensity was analyzed (Figs. 3b and 3c). Firstly, for λem = 1280 nm
for Y3Al5O12:Cr

3+/4+, gradual luminescence thermal quenching was
observed already from the lowest temperature of 83 K, reaching T1/2

= 230 K, and the emission was almost completely quenched above
400 K. Subsequently, as the x value (Ga3+ content) increases
through 1 to 2, an enhancement in the rate of emission quenching
was observed. The most rapid quenching with T1/2 = 198 K was
found for x = 2 (Y3Al3Ga2O12). Surprisingly, above x = 3 the
opposite trend was observed. For x = 3 (Y3Al2Ga3O12), the course
of emission intensity as a function of temperature is similar to that
obtained for Y3Al5O12. In contrast, for x = 4 and x = 5, the emission
intensity of Cr4+ions remains almost constant (>98% of the initial
value) up to 123 and 143 K, respectively. This results in a T1/2 of
257 K for Y3Ga5O12. Nevertheless, for all analyzed Y3Al5−xGaxO12

solid solutions, the emission is very low above 400 K. In contrast,
Fig. 3c shows the temperature quenching of emission intensity at
1385 nm. In this case, independently on the host material, the

emission intensity starts to be quenched already at 83 K. For
Y3Al5O12, the quenching rate is the smallest with T1/2 = 213 K,
when it is the largest for Y3Ga5O12 with T1/2 = 183 K. Nevertheless,
the emission intensity is at the noise level at about 340 K. Taking
advantage of the different temperature quenching of chosen vibronic
bands, the luminescent intensity ratio (LIR1) was defined as:

LIR
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The thermal evolution of LIR1 is shown in Fig. 3d. LIR1 for
Y3Al5−xGaxO12 materials with Ga3+ content between 0 and 3 in the
range of 83–213 K slowly increases without exceeding 120% of the
initial value. In the case of x = 0, x = 1 and x = 3, such a slow
increase is observed over the entire temperature range up to ∼453 K
and does not increase more than twice in this range. To verify the
influence on thermal changes of LIR values in a quantitative way,
the relative sensitivity SR was calculated according to the following
formula (Eq. 2):

S
LIR

LIR

T

1
100% 2R = Δ

Δ
× [ ]

where ΔLIR represents the change of LIR for the ΔT change of
temperature. Figure 3e summarises the effect of Al3+/Ga3+ ratio on
relative sensitivity. It is worth highlighting the values of SR =
0.36%K−1 at 123 K and 0.58%K−1 at 153 K for x = 4 and x = 5,
associated with a higher rate of increase in the LIR1 value in respect
to the other host materials. Moreover, the sharp increase in the LIR1

value for x = 2 (Y3Al3Ga2O12) results in the highest value of SR =
0.64%K−1 at 283 K.

Figure 3. Thermal evolution of Cr4+ emission band in Y3Al5O12:Cr
3+/4+ phosphor (λexc = 668 nm)—(a); thermal evolution of the integrated intensity of

3B2→
3B1 vibronic band at 1280 nm—(b) and 1385 nm—(c), their ratio LIR1—(d) and corresponding relative sensitivity—(e) for Y3Al5−xGaxO12:Cr

3+/4+

materials.
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The simultaneous co-existence of the emission bands of Cr3+ and
Cr4+ in the emission spectrum obtained upon λexc = 445 nm
excitation may be encouraging to consider their ratio as a thermo-
metric parameter. For this purpose, the thermal evolution of
emission spectra in the visible spectral range was performed at first
(Fig. S13). It can be seen that the thermal quenching rates of
vibronic levels of Cr3+ ions is dependent on the Al3+/Ga3+ ratio.
However, the R line of the 2E→4A2 at the shortest wavelengths
appears to be the most favorable from a thermometric point of view
due to the highest quenching rate at low temperatures range (below
300 K). The comparison of the thermal evolution of that emission
band for different host materials is shown in Fig. 4a. In the range
from 83–183 K it can be found that the emission intensity of 2E→4A2

for Y3Al5O12 does not fall below 90% of the initial value. As the
content of Ga3+ ions increases, the quenching rate increases, up to
Y3Ga5O12, for which at 183 K the emission intensity reached 65% of
initial value. A similar quenching rate is maintained up to 283–-
323 K independently of the host material. Above this temperature,
the quenching rate slows down. For Y3Al5O12 at 823 K, 10% of
initial intensity was observed. For the mixed solid solution (x equal
to 1–4), 10% of initial intensity was reached at the lower temperature
between 663–703 K. For Y3Ga5O12, this value was also reached at
703 K, but in the wide range from 283–583 K the emission intensity
is between 46% and 28%, which is about twice higher intensity than
for the mixed solid solutions. For 2E→4A2 band intensity, the
absolute sensitivity SA was calculated according to the following
formula (Eq. 3):

S
I

T
3A = Δ

Δ
[ ]

Thermal evolution of SA values at temperature range below
400 K shows a clear correlation with the host material composition
(Fig. 4b). Firstly, the temperature at which the maximum SA value
was obtained for 2E→4A2 emission decreases monotonically from
243 K for Y3Al5O12 to 153 K for Y3Ga5O12. In addition, the value of
SAmax increases from 4.28·10−3 K−1 to 5.81·10−3 K−1 as the Ga3+

content increases from x = 0 to x = 4. In contrast, for Y3Ga5O12

SAmax takes on a value similar to Y3Al5O12, namely 4.43·10−3 K−1.
To understand the reduction of T(SAmax) with Al3+ content, the
activation energy ΔE for Cr3+ ions emission was calculated
according to Eq. S5 and plotted in the function of Al/Ga3+ ratio in
Fig. S14a. It can be found that ΔE decreases quasi-linearly fromΔE
= ∼730 cm−1 for Y3Al5O12 to ΔE = ∼430 cm−1 for Y3Ga5O12.
Therefore, it is to be expected that the lower energy is sufficient to
activate the nonradiative depopulation of 2E excited state, the lower
T(SAmax). Moreover,ΔE decreases with the weakening of the crystal
field strength expressed as Dq/B, which is expected since ΔE is
determined as an energy mismatch between 2E and 4T2 state (Fig.
S14b). Nevertheless, the correlation is not linear, since the shift in
the wavefactor domain has not been taken into account.

Due to the possibility of simultaneous excitation of Cr3+ and
Cr4+ ions by λexc = 445 nm, it was considered that the effect of
temperature on the emission intensity of Cr4+ ions might differ from
that obtained at λexc = 668 nm. For this reason, the thermal
evolution of emission band of Y3Al5−xGaxO12 upon excitation
through λexc = 445 nm was performed (Fig. S15). The integral
emission intensity of Cr4+ions calculated in the 1260–1500 nm
spectral range was analyzed (Fig. 4c). Firstly, it can be seen that the
rate of thermal quenching of Cr4+ ions is more rapid than that of
Cr3+ ions, as manifested by the narrower temperature range over
which emission was observed. The lowest quenching rate was
observed for x = 1 (Y3Al4GaO12), for which 10% of the initial

Figure 4. Thermal evolution of 2E→4A2 emission band of Cr3+ ions (λexc = 445 nm)—(a) and SA for this band—(b); thermal evolution of 3B2→
3B1 emission

band of Cr4+ ions—(c); influence of Al3+/Ga3+ content on T1/2 of Cr
3+ and Cr4+ emission bands in Y3Al5−xGaxO12:Cr

3+/4+ materials—(d); thermal evolution
of LIR—(e) and relative sensitivity—(f).
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intensity was detected at 523 K, whereas the fastest in Y3Al5O12 and
Y3Ga5O12, reaching 10% of the intensity from 83 K at 323 K and
303 K, respectively. It is worth noting the different profile of the
integrated emission intensity of Cr4+ as a function of temperature in
Y3Al3Ga2O12 (x = 2), for which, above 223 K, a clear reduction in
the temperature quenching rate is observed, which can also be
identified for other mixed solid solutions (x = 1, 3 and 4), but is not
as pronounced. This observation can be explained as reduction of
local symmetry associated with the presence of non-equivalent
centres in octahedra surrounding tetrahedra, where Cr4+ ions are
located. The quenching rate of the emission intensity translates
directly into the T1/2 values (Fig. 4d). For Cr

3+ ions in the octahedral
site, the highest T1/2 = 309 K was observed for Y3Al5O12 and a
slightly lower T1/2 = 259 K for Y3Ga5O12. These values contrast
with the T1/2 values for the mixed solid solutions, which reach lower
values of 246 to 198 K in the order from x = 1 to x = 4. This may
suggest a correlation with the point symmetry of the octahedral site,
which depends on the ratio of Al3+/Ga3+ ions forming tetrahedra in
the first coordination zone. As in the case of Cr4+ ions in the
tetrahedral site excited by λexc = 668 nm, a dependence on the Al3+

ions content in tetrahedral site was also determined (Fig. S16). In
this case, it can be seen that the lowest T1/2 values were achieved for
x = 2, for which an Al3+ sites content of 16.1% was calculated,
which is close to the 16.(6)% value corresponding to the statistical
distribution of Al3+ and Ga3+ ions in a 1:5 ratio. In contrast to the
octahedral site, for Cr4+ions the T1/2 values clearly divided into three
groups. These are 1) the lowest values of ∼210 K obtained for
Y3Al5O12 and Y3Ga5O12, 2) those with T1/2 = ∼270 K for x = 1, x
= 3 and x = 4, and the clear outlier 3) T1/2 = 343 K for x = 2. These
values, as with λexc = 668 nm, can be arranged in correlation with
Δ(Al3+/Ga3+) at the tetrahedral site. However, a decisive difference
is the inverse monotonicity of the results obtained. For x = 2, with
excitation through λexc = 668 nm T1/2 was lowest, while with
excitation through λexc = 445 nm it is highest compared to other
host materials. This effect can be attributed to the gradual reduction
of local point symmetry around Cr4+ ions. It is expected that for 1)
the symmetry will be the highest of investigated solid solutions,
since all the octahedra surrounding the tetrahedra have the same
centre. For 2) there will be a different ratio of centres surrounding
the tetrahedra, leading to a lower symmetry. The lowest possible
symmetry is likely to be achieved for a system 3) where statistically
only one of the surrounding centres will differ (25% of all
octahedra), for which indeed the highest probability exists for x =
∼2.

Due to the encouraging possibility of simultaneous excitation of
Cr3+ and Cr4+ ions via λexc = 445 nm, a second thermometric
parameter was proposed as LIR2 as follows:

LIR
I A Cr d

I B B Cr d

E
42

686 nm

691 nm
2

2
4 3

1260 nm

1500 nm

2
3

1
3 4

∫
∫

λ

λ
=

( → )[ ]

( → )[ ]
[ ]

+

+

For Y3Al5O12 and Y3Ga5O12, LIR2 decreases in temperature,
reaching less than LIR2 = 0.1 at 403 and 363 K, respectively
(Fig. 4e). This is the effect of the rapid thermal quenching of Cr4+

emission combined with a relatively slow decrease in Cr3+ ion
intensity in the range 83–283 K. In contrast, for x = 1 lIR2 does not
change from 83 K to 213 K, but above this value its value increases
to 1.37 at 348 K and then gradually decreases to ∼0.1 at 573 K. A
more favorable increase in the LIR2 value was achieved for x = 2
(Y3Al3Ga2O12), where, at the same temperature of 348 K, LIR2 =
2.18. Then, for x = 3 and x = 4, both a shift in the maximal LIR
value to lower temperatures and a decrease in LIR values were
observed, namely LIR2 = 1.73 at 288 K and 1.63 at 243 K,
respectively. In order to quantitatively compare the luminescence
thermometers based on the LIR2 with those calculated for the LIR1,
the relative sensitivity was calculated again, according to Eq. 2

(Fig. 4f). In this case, at low temperatures the most promising SR
values were obtained for x = 2, with SRmax = 0.72%K−1 at 228 K. It
is also worth noting the shift in the temperature at which SRmax was
achieved for x in the range of 1–4, towards lower values, i.e. 243 K,
228 K, 198 and 168 K. This demonstrates the negative impact of
Ga3+ ions on the application potential of these phosphors in
luminescence thermometry. On the other hand, negative SR values
are worth noting. They are the result of a reversal of the
monotonicity of LIR2, i.e. when its values start to decrease. This
is possible in the temperature range where the signal intensity of
Cr4+ ions is higher than that of Cr3+ ions. Therefore, it is possible to
achieve negative SR values that exceed |SRmax| = 0.72%K−1. In the
case of Y3Ga5O12, the SR is less than −1%K−1 in the range from
228 to 303 K, while for Y3Al2Ga3O12 these values were noted in the
range 423–463 K. It should be noticed that the calculated SR values
have been limited to temperature ranges in which it is possible to
accurately detect the intensity of both bands. This is limited by the
rapidly quenching Cr4+ ion band and therefore the SR was
determined for temperatures where the emission intensity of the
Cr4+ ion exceeds 10% of the initial signal intensity. It can be clearly
noticed that the chemical composition of the host material affects the
operating range of the Cr3+/Cr4+ luminescence thermometer.
Considering that in many applications the 300–350 K temperature
range is important, Y3AlGa4O12:Cr

3+, Cr4+ material should be
considered as the most promising, whose SR equals −0.62%K−1

at 303 K, but is more than doubled at 348 K, i.e. SR = −1.33%K−1,
and reaches its maximum at 373 K with a value of SR =
−2.04%K−1. In summary, a luminescence thermometer based on
the ratio of Cr3+ and Cr4+ bands (LIR2) guarantees better relative
sensitivities than the ratio of vibronic bands of Cr4+ (LIR1). In
addition, the possibility to control the temperature range over which
the thermometer can operate by the chemical composition of host
material is an important advantage. The only requirement that may
hinder application is the need to detect a signal coming from two
optical ranges (visible and NIR), however it unquestionably provides
good separation of the signal coming from both bands.

Conclusions

In this work, the group of the solid solution Y3Al5−xGaxO12

garnets was doped with chromium ions, which locate in both the
octahedral and tetrahedral position Al3+/Ga3+ ions as Cr3+ and
Cr4+, respectively. The stabilization of the Cr4+ ions is the result of
high annealing temperatures. No charge compensators (e.g. in the
form of bivalent ions) or a high concentration of dopant ions (1%)
were used. Based on the Rietveld refinement, the percentage content
of Al3+ and Ga3+ ions at octahedral and tetrahedral sites in solid
solutions was determined. Due to the corner-sharing character of
polyhedra connections, it was noted that the local symmetry of
octahedral and tetrahedral sites is determined by their surroundings
in the second coordination sphere, i.e. 6 tetrahedra around the
octahedra and 4 octahedra around the tetrahedra. The highest local
symmetry was obtained for Y3Al5O12 and Y3Ga5O12, while the
lowest for x = 4 (Y3AlGa4O12) in the case of octahedra and x = 2
(Y3Al3Ga2O12) in the case of tetrahedra, which is statistically related
to the presence of only one other ion in the first coordination sphere.
This phenomenon was correlated with the T1/2 value, which was
highest at the highest symmetry and lowest at the lowest symmetry.
Finally, two temperature-dependent LIR parameters based on 1) the
ratio of vibronic levels of 3B2→

3B1 band of Cr4+ ions and 2) the
ratio between 2E→4A2 emission of Cr3+ ions and 3B2→

3B1

emission of Cr4+ ions were proposed and compared with each
other. Better results were obtained in the second case, with a
representative value of |SR| = 2.04%K−1 at 373 K for
Y3AlGa4O12:Cr

3+, Cr4+ phosphor. However, it should be noted
the significant influence of host material composition (Al3+/Ga3+

ratio) on both thermometric parameters results in the fact that by
appropriate material selection, SR>1%K−1 can be achieved in the
range 230–460 K.
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Hence the emission intensity of Ln3+ should be governed not only by 

the thermally induced depopulation processes of their excited states 

(i.e. multiphonon nonradiative depopulation, thermally induced 

cross relaxation, energy transfer between ions) but also by the po-

pulating processes i.e. the probability of sensitizer-to-Ln3+ energy 

transfer. An additional advantage of this kind of approach is the fact 

that by the deliberate selection of the sensitizer, the spectral range of 

the excitation wavelength enabling Ln3+ emission generation be-

comes wider. The significantly higher absorption cross section of the 

transition metal ions (TM) with respect to the Ln3+ ions makes them 

very promising candidates as Ln3+ sensitizers [34–38]. 

The concept of the sensitization of the luminescence of Ln3+ by 

the use of TM ions is not new and has been extensively investigated 

in the last decades as an approach to enhance the efficiency of the 

solar cells [39,40], to increase the pumping efficiency in the laser 

systems [41–45] or to boost the luminescence intensity of the Ln3+ 

doped phosphors [46–51]. The TM have already been used in order 

to modify the spectroscopic properties of the Ln3+ -based phosphors 

i.e. the shape of the emission spectra, luminescence decay profiles or

emission bandwidth [52–59]. In the case of the luminescent ther-

mometers the TM ions have been mostly used for up-converting Ln3+ 

based thermographic phosphors to enhance their brightness by

means of creating the Yb3+,TM ionic pair which serves as an electron

reservoir and provides the more efficient pumping of the excited

states of emitting ions [60]. The Cr3+ and Mn2+ ions are usually ap-

plied for this purpose. Nannuri et al. show that when the NaYF4:Yb3+, 

Er3+ submicron crystals were doped with 5% of Cr3+ ions the in-

tensity of the Er3+ luminescence was doubled with respect to the un- 

codoped counterpart, without any negative effect on its thermo-

metric properties [61]. Xu et al. reported even higher, 4-fold, en-

hancement of the green emission of Er3+ ions in the CaWO4: Er3+, 

Yb3+, Cr3+ system when the 3% of Cr3+ was used [62]. The in-

troduction of the TM, however, may also modify the thermometric

performance of the thermographic phosphor boosting its relative

sensitivity to temperature changes. Therefore in this system an in-

crease from the SR = 1.36%/°C for CaWO4: Er3+, Yb3+ to 1.91%/°C for

CaWO4: Er3+, Yb3+, 9%Cr3+ was obtained. This effect was discussed in

terms of efficient energy transfer between Er3+, Yb3+ and Cr3+ ions. 

Cui et al. reported that the introduction of the Mn2+ co-dopant in the

KMnF3:Yb3+, Er3+ system enables thermal coupling between 4F9/2 

and 4S3/2 states boosting the sensitivity of green to red emission

intensity ratio based LT up to 5.7%/°C at 30 °C [63]. On the other

hand, the introduction of Cr3+ may have a negative influence on the

Yb3+, Er3+ based thermometer. Mikalauskaite et al. reported that the

introduction of the Cr3+ ions in the NaGd0.78−xF4:Yb0.2/Er0.02/Crx 

lowers the relative sensitivity of 2H11/2→4I15/2 to 4S3/2→4I15/2 based 

thermometer [64]. Chen et al. indicated that the presence of the Cr3+ 

dopant in the YF3:Er3+, Yb3+ + Ga2O3:Cr3+ glass-ceramics leads to the 

activation of the additional nonradiative depopulation channel of 

the 4S3/2 state of the Er3+ efficiently quenching its emission [65]. The 

main concept of the approach proposed in this manuscript is sche-

matically presented in Fig. 1. In order to validate the this idea in the 

most tangible way, the yttrium aluminium garnet (Y3Al5O12, YAG) 

co-doped with Tb3+ and Eu3+ ions was used as a representative 

thermographic phosphor [66–68]. This was motivated by the fact 

that inorganic LT co-doped with Eu3+ and Tb3+ are well known for 

their low relative sensitivity to temperature changes. Moreover, YAG 

structure possesses octahedral Al sites that are preferentially occu-

pied by the TM ions like Cr3+ or Mn4+. Therefore the doping with TM 

ions does not provide significant structural changes in the YAG 

structure (Fig. 1a and b). When the excitation wavelength (λexc(Ln)) of 

the energy corresponding to the difference between ground and 

excited states of Tb3+ ions is used the 5D4 and 5D3 multiplets of Tb3+ 

ions are populated followed by their radiative depopulation (Fig. 1c). 

The increase of temperature leads to an increase of the 5D0 state of 

the Eu3+ ion population by the Tb3+→Eu3+ phonon assisted energy

transfer. Therefore the emission intensity ratio of the bands asso-

ciated with the electronic transitions from 5D4 state of Tb3+ to the 

one from 5D0 state of Eu3+ can be used as a ratiometric temperature 

probe. However, when the TM ions are introduced to the nano-

particles and the λexc(TM) is used, the population of the excited state 

of TM is followed by the phonon assisted energy transfer to the Ln3+ 

ions. The energy mismatch between the excited states of TM and 

Ln3+ leads to the strong thermal dependence of the probability of 

these energy transfers causing the enhancement of the sensitivity of 

LT to temperature changes. Taking advantage of this approach, the 

usable spectral range that enables the generation of the Ln3+ lumi-

nescence becomes wider (Fig. 1d) and the boost of the thermal re-

sponse of the luminescence signal can be achieved (Fig. 1e and f). 

Three the most representative TM, namely Cr3+, Mn4+ and Ti3+/ Ti4+ 

were used as sensitizers in this manuscript [26,69–78]. The Cr3+ ions 

which emit in the red/near infrared spectral region are characterized 

by 3d3 electronic configuration with 8 LS terms. As it is well known 

the shape of the emission spectrum of Cr3+ ions depends on the 

crystal field strength (CFS) [79,80]. In the case of another TM of 3d3 

configuration – Mn4+, owing to its high positive effective change, the 

CFS is usually stronger than for Cr3+ and it affects the rate of thermal 

quenching of sharp red emission band [21]. The last proposed TM ion 

is Ti3+/4+ with only one or none electron on the 3d orbital, respec-

tively. The 3d1 configuration of Ti3+ leads to the limitation of tran-

sition possibilities to the ones between 2E and 4T2 states caused by 

the deformations of the oxygen octahedrons. On the other hand, the 

Ti4+ excitation is based on charge transfer (CT) transition from the 

ligand (O2-) state and the population of Ti3+ ground state (2E). 

Summing up, the Ti3+/4+-doped samples may be characterized by 

two broad emission bands [77,81]. The difference in the energy 

diagram of those TM provides the flexibility in the modulation of the 

thermometric performance of TM sensitized Ln3+-based LT, which 

will be discussed in this manuscript. 

2. Experimental

The powders of YAG:Tb3+, Eu3+ and YAG:Tb3+, Eu3+, TM (TM =

Mn4+, Cr3+, Ti3+/4+) nanocrystals were synthesised by the use of the 

modified Pechini method. The Al(NO3)3·xH2O (x ≈ 9; 99.999% purity, 

Alfa Aesar), Y2O3 (99.999% purity, Stanford Materials Corporation), 

Tb4O7 (99.999% purity, Stanford Materials Corporation), Eu2O3 

(99.99% purity, Stanford Materials Corporation), C6H8O7 (>  99.5% 

purity, Alfa Aesar), H(OCH2CH2)nOH, (PEG-200, n = 200, Alfa Aesar) 

and Mn(NO3)2•4H2O (99.99% purity, Sigma Aldrich), Cr(NO3)3•9H2O 

(99.99% purity, Alfa Aesar) and TiCl3 (solution about 30%, Sigma 

Aldrich) were used as starting materials. Stoichiometric amounts of 

aluminium nitrate and manganese or chromium nitrates or titanium 

chloride, respectively, were dissolved in deionized water in separate 

glasses and then mixed together. Yttrium, terbium and europium 

oxides were dissolved in deionized water with the addition of a 

small amount of HNO3 (65% purity, Avantor), then recrystallized 

three times to remove the excess of nitric acid and added to the 

water solution of nitrates and chlorides. After that, an anhydrous 

citric acid and polyglycol were added to the mixture. The molar ratio 

of citric acid to all metals was set up as 6:1, meanwhile PEG-200 and 

citric acid were used in a 1:1 molar ratio. Subsequently, the obtained 

solution was dried for 7 days at 90 °C until a resin was formed. The 

produced resin of the samples with 1% Tb3+ and 1% Eu3+ con-

centration with respect to the moles of Y3+ ions and x% molar TM 

concentration (x = 0.1, 0.5, 1, 5, 10, 20 Mn4+ and Ti3+/4+ and 0.1, 0.5, 1, 

2, 3, 5, 10 for Cr3+) in respect to Al3+ ions were annealed in porcelain 

crucibles for 12 h in air at a temperature of 1100 °C. All of the syn-

thesized materials were examined by X-ray powder diffraction 

(XRPD) measurements carried out on PANalitycal X′Pert dif-

fractometer, equipped with an Anton Paar TCU 1000 N temperature 

control unit, using Ni-filtered Cu-Kα radiation (V = 40 kV, I = 30 mA). 
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Transmission electron microscope (TEM) images were taken 

using Philips CM-20 SuperTwin TEM microscope. The samples were 

dispersed in methanol, and a droplet of such suspension was put on 

a microscope copper grid. Next, the samples were dried and purified 

in a plasma cleaner. Studies were performed in a conventional TEM 

procedure with 160 kV parallel beam electron energy. 

The emission spectra were measured using the 266 nm (20 mW) 

and 445 nm (50 mW) excitation lines from a laser diode and a Silver- 

Nova Super Range TEC spectrometer from Stellarnet (1 nm spectral 

resolution) as a detector. The temperature of the sample was con-

trolled using a THMS 600 heating-cooling stage from Linkam (0.1 °C 

temperature stability and 0.1 °C set point resolution). 

The excitation spectra and luminescence decay profiles were 

recorded using a FLS980 Fluorescence spectrometer from Edinburgh 

Instruments with a 450 W xenon lamp and μFlash lamp as excitation 

sources and a R928P side window photomultiplier tube from 

Hamamatsu as a detector. Owing to obtain the results of relative 

sensitivity with lower uncertainty, all of the LIR values were fitted 

according to the Mott-Seitz equation (Eq. (S1)). The average lifetimes 

of the excited states were calculated with the use of dou-

bleexponential function using (Eq. (S2)). 

3. Results and discussion

The YAG structure is well known for its superior thermal, che-

mical and optical properties serving as an excellent host material for 

both lanthanides and transition metal ions because it consists of 

dodecahedral sites of Y3+ (suitable for Ln3+ substitutions) and octa-

hedral and tetrahedral sites of Al3+ (suitable for TM substitutions) 

(Fig. 2a) [72,82,83]. The analysis of the ionic radii of TM and Al3+ ions 

reveals that because of the similarities in their length even a high 

concentration of TM ions is possible to introduce in this host ma-

terial. This is an especially beneficial feature of the YAG structure 

because an increase of the TM ions concentration facilitates the 

TM→Ln3+ energy transfer thus their high content is especially de-

sired. In order to validate the influence of dopant concentration on 

the crystallographic structure of the synthesized nanocrystalline 

powders, the XRPD patterns were analyzed (Figs. 2b, S1–S4). All the 

peaks observed in the patterns correspond with the reference data 

(ICSD 23848) confirming that obtained nanocrystals crystallize in a 

pure cubic YAG structure of a Ia3d space group. However, in the case 

of Ti3+/Ti4+ co-doped YAG:Eu3+, Tb3+ for 10% of Ti3+/Ti4+ ions, the 

additional peaks associated with the TiO2 (ICSD 1530026) and AlO2 

(ICSD 4124783). The slight shift of the diffraction peaks toward 

smaller 2θ angles indicates an increase of the cell parameter caused 

by the difference in the ionic radii between Al3+ and TM ions. This is 

especially clearly indicated for Cr3+ co-dopant (Fig. S5). The mor-

phological studies indicate that there is no significant influence of 

the TM dopant ions on the morphology of obtained YAG powders. 

The synthesized powders consist of strongly aggregated particles of 

average size around 90 nm (Figs. 2c–f, S6–S9 and histograms S10). 

The spectroscopic properties of Eu3+ and Tb3+ ions (Fig. S11) are 

well known and widely described in the literature [30,84–86]. 

Therefore only a brief description will be given here: the λexc =  

266 nm excitation wavelength is absorbed by the Eu3+ ion through 

O2-→Eu3+ charge transfer transition followed by the nonradiative

population of the 5D0 metastable state of Eu3+ ions (Figs. S12 and 

S13). As a consequence of its radiative depopulation, several emis-

sion bands appear in the Eu3+ emission spectrum at 584 nm 

(5D0→7F0), 592 nm (5D0→7F1), 611 nm (5D0→7F2), 629 nm (5D0→7F3) 

and 711 nm (5D0→7F4). The emission intensity of 5D0→7FJ is mar-

ginally susceptible to thermal quenching by the multiphonon de-

population process because of the high energy separation between  
5D0 and the 7F6 states (around 12200 cm−1). In the case of the Tb3+ 

ions the luminescence is expected to occur via radiative depopula-

tion of 5D3 and 5D4 states. However, because of the high probability 

Fig. 1. The visualization of the concept of the proposed approach: schematic representation of the matrix co-doped with Tb3+ and Eu3+ ions – without (a) and with TM (b) as a 

sensitizer; simplified energy diagram of TM, Tb3+ and Eu3+ ions (c); the comparison of the excitation spectra of Eu3+ ions with (blue) and without (violet) TM as a sensitizer (d) and 

the difference between the low at high temperature emission spectra of the Tb3+, Eu3+ co-doped sample without (e) and with (f) TM as a sensitizer. 

Table 1 
Shannon ionic radii of matrix and dopant ions.        

Site Coordination number Effective ionic radii (pm)

dodecahedral VIII (8-fold) Y3+ Tb3+ Eu3+ –   

101.9 104 106.6 – 

octahedral VI (6-fold) Al3+ Mn4+ Cr3+ Ti3+/4+

53.5 53 61.5 67/60.5 

tetrahedral IV (4-fold) Al3+ Mn4+ Cr3+ Ti4+

39 39 – 42
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of {5D3, 7F6}↔{5D4, 7F0} cross relaxation process, the 5D4→7FJ emis-

sion bands are usually dominant in the spectra. The radiative de-

population of the 5D4 state causes the generation of the emission 

bands at 492 nm (5D4→7F6), 545 nm (5D4→7F5), 589 nm (5D4→7F4) 

and 622 nm (5D4→7F3). Analogously, in this case also thermally

stable emission of Tb3+ is expected (energy separation between 5D4 

and 7F0 is around 14,700 cm−1). However, when both ions are used as 

co-dopants the small energy difference between 5D4 state of Tb3+ 

and 5D0 state of Eu3+ facilitates phonon assisted energy transfer 

between them which is thermally dependent. 

3.1. The use of Mn4+ ions as a co-dopants 

In order to understand the energy transfer processes which take 

place between TM and Ln3+ ions the simplified configurational en-

ergy diagram of Mn4+ ion is presented in Fig. 3a. Due to the higher 

Fig. 2. Structural characterization of synthesized materials: the visualization of the polyhedras of Y3+ and Al3+ in YAG structure (a); the X-ray diffraction patterns of YAG:1% Tb3+, 

1% Eu3+ powders with different TM dopants – (b); The representative TEM images of YAG:1% Tb3+, 1% Eu3+ undoped TM ions – (c) and co-doped with Mn4+ – (d), Cr3+ – (e), Ti3+/4+ 

– (f).

Fig. 3. Configurational coordinate diagram of Mn4+ ion (a); thermal evolution of emission spectra for YAG:1% Tb3+, 1% Eu3+, 10% Mn4+ (b); thermal evolution of integral band 

intensities of 5D0→7F1 transition of Eu3+ ion (c) and 5D4→7F5 electronic transition of Tb3+ ion (d); LIR (e) and SR for different Mn4+ concentration (f). 
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absorption cross section of Mn4+ with respect to the Eu3+ ions, the 

λexc = 266 nm is mainly absorbed by the 4A2→4T1 transition of Mn4+ 

ions. Subsequently, nonradiative relaxation processes lead to the 

population of 2E state from which usually red emission of Mn4+ takes 

place. However, in this case the Mn4+ luminescence was found only 

for Mn4+ concentration below 2% confirming the efficient non-

radiative Mn4+→Ln3+ energy transfer. As it can be seen on the re-

presentative thermal evolution of the emission spectra, an increase 

of the temperature causes the reduction of the Tb3+ and Eu3+ bands 

intensity (Figs. 3b and S13). However, Tb3+ luminescence is quen-

ched faster with respect to the Eu3+ counterpart. In order to quantify 

observed changes the integral emission intensities of Eu3+ and Tb3+ 

were analyzed (Fig. 3c and d, respectively). In the case of Mn4+ un-

doped nanocrystals, the integral emission intensity of Eu3+ decreases 

by 35% in the considered temperature range while the Tb3+ emission 

intensity decreases by around 42%. However, when the concentra-

tion of the Mn4+ ions increases the rate of thermal quenching of both 

ions also gradually rises, however, more spectacular changes are 

observed in the case of Tb3+ ions. Therefore the decline of the in-

tensity of Eu3+ even by 70% and by 92% for Tb3+ can be found when 

20% of Mn4+ ions is used. The difference in the thermal quenching 

rate of the emission intensities of both ions enables to establish a 

thermally-dependent parameter based on their luminescence in-

tensity ratio (LIR) (Fig. 3e): 

=
+

+LIR
I Eu d

I Tb d

( )

( )

3

3
(1)  

The slight increase of LIR value (from 0.98 to 1.22) with its sa-

turation above 200 °C is observed for the Mn4+-unco-doped powder 

in the − 150–300 °C temperature range. However, when the Mn4+ 

dopant concentration increases, the gradual enhancement of the LIR 

can be found with the maximum at around 120–200 °C followed by 

the decline in LIR values. The most spectacular thermal change of LIR 

can be found for 20% of Mn4+ where LIR increases from 0.9 at 

− 150 °C to 1.6 at 120 °C. The reduction of LIR values observed at

higher temperatures is associated with the enhancement of Eu3+ 

thermal quenching rate with respect to the Tb3+ ones. To quantify

the observed thermally-induced variation of LIR, the relative sensi-

tivity of nanopowders to temperature changes was calculated as

follows:

= ×S
LIR

LIR
T

1
100%R (2) 

where ΔLIR represents change of LIR corresponding to ΔT change of 

temperature (Fig. 3f). The small changes of LIR for Mn4+ unco-doped 

powders are reflected in the value of SR = 0.09%/°C at − 80 °C. On the 

other hand, for Mn4+ co-doped nanocrystals the increase of the SR up 

to SR = 0.28%/°C at − 25 °C and decrease to SR = −0.33%/°C at 300 °C 

can be found. These results confirm that the introduction of the 

Mn4+ as a sensitizer enables the enhancement of the SR by over 300% 

with respect to the unco-doped counterpart. The negative values of 

the SR result from the change of the LIR’s monotonicity and lead to 

the distinguishing of the two usable temperature ranges. Observed 

growth of the SR causes the reduction of the temperature determi-

nation uncertainty calculated in accordance with Eq. (S6) (Fig. S14). 

In this case, the δT = 4 °C was calculated for the range of − 150–200 °C 

what is expected in the materials with relatively low SR. 

The excitation spectra of Mn4+ monitored at λem = 652 nm consist 

among others of the bands of 4A2→4T1 (with a maximum around

350 nm) and 4A2→4T2 (centered at ~484 nm) electronic transitions

and intense band in the ultraviolet part of the spectrum which is the 

superposition of Mn4+→O2+ charge transfer transition and the tail of 

the 4A2→4T1 (Figs. S15–S17). Performed calculations (Eqs. (S3)–(S5))

indicate a decline of the CFS with the increase of Mn4+ concentration 

as follows: 2.72, 2.67, 2.63 for the YAG sample with 0.1; 0.5; 1% Mn4+, 

respectively. However, the lack of the 4A2→4T2 band in the excitation 

spectrum for the concentration above 1% of Mn4+ ions, associated 

with the quenching of the Mn4+ emission intensity, prevented the 

further CFS analysis. The presence of the absorption bands of Ln3+ in 

the excitation spectra allows confirming the occurrence of the en-

ergy transfer between dopant ions. The narrow bands with the 

maximum at 393, 395.5 and 404.5 nm (25445, 25284, 24722 cm−1, 

respectively) correspond to the transition from the 7F0 ground state 

to the 5L7, 5L6, 5D3 states of Eu3+, respectively. However, the band at 

447.5 nm (22346 cm−1) originates from 7F0→5D2 of Eu3+ and occurs

only above 5% of Mn4+ ions in the YAG matrix what is the statement 

confirming the ET from Mn4+ to the Eu3+ ions. The excitation spectra 

measured at the emission of Tb3+ ions indicate that there is no in-

fluence of the Mn4+ ions on the character of the Tb3+ excited states 

population (Fig. S15b). On the other hand, in the case of the ex-

citation spectra of Eu3+ ions, an intense absorption band of Mn4+ in 

the UV part occurs (Fig. S15c). Additionally, its intensity increases 

with temperature confirming that higher temperature facilitates 

Mn4+→Eu3+ energy transfer. For low Mn4+ concentration (0.1; 0.5;

1%) the 7F0→5D4 (362 nm) and 7F0→5D3 (404 nm) of Eu3+ bands and
7F0→5D3 (380 nm) of Tb3+ band are noted, while when Mn4+ con-

centration increases (5; 10; 20%) additional 7F0→5D2 (448 nm) of

Eu3+ and 7F0→5D4 (477 nm) of Tb3+ bands occur. Riseberg et al. re-

ported a radiative lifetime of 2E level in YAG:Mn4+ crystals of around 

2 ms at − 196°C which starts to rapidly decrease above 30 °C [87]. In 

the case of the YAG:Eu3+, Tb3+ Mn4+ powders discussed in this 

manuscript similar behaviour has been observed. However when the 

concentration of Mn4+ increases the lifetime of the 2E state of Mn4+ 

ions significantly shortens, which can be explained in terms of 

the combination of the energy transfers between Mn4+ ions and the 

Mn4+→Ln3+ energy transfer. Above 5% of Mn4+ concentration, the
2E→4A2 emission band was completely quenched (Figs. S18–S20). In

order to better understanding the energy transfer between Mn4+ and 

Ln3+ ions the kinetics of the excited states of the Tb3+ and Eu3+ ions 

were analysed (Fig. S21). The calculated average lifetimes < τ > 

indicate the shortening of their value with the increase of Mn4+ ions 

concentration. This suggests that not only the Mn4+→Ln3+ but also

the back energy transfer occurs in the considered system which is 

beneficial from the thermometric performance perspective 

(Fig. S22). 

3.2. The use of Cr3+ ions as a co-dopants 

Although the Cr3+ ions possess exactly the same 3d3 configura-

tion as Mn4+ their energy levels schemes differ. Therefore in order to 

understand the sensitization process through Cr3+ ions the simpli-

fied configurational coordinate diagram is presented in Fig. 4a. In 

this case, the excitation wavelength leads to the population of the  
4T2 state followed by the nonradiative transitions to the 2E state. In 

YAG structure the strong crystal field approximation can be used to 

explain the luminescent properties of the Cr3+. Therefore narrow 

emission line associated with the 2E→4A2 electronic transition is

expected to occur. Relatively broad absorption bands at 450 nm 

(4A2→4T1) and 600 nm (4A2→4T2) usually observed in the excitation 

spectra of YAG:Cr3+ are especially favourable for the sensitization 

process. The 2E→4A2 luminescence of Cr3+ is well known for its high

intensity, therefore the Cr3+ emission band dominates in the 

YAG:Tb3+,Eu3+, Cr3+ co-doped nanocrystals (Figs. 4b and S23). The 

comparison of the excitation spectra of the considered nanocrystals 

measured for λem = 712 nm (Cr3+ ions emission) indicates the pre-

sence of the O2-→Eu3+ charge transfer band confirming the

Eu3+→Cr3+ energy transfer, which becomes less efficient in the case

of the higher Cr3+ concentrations. The spectral positions of the  
4A2→4T1 (440 nm) and 4A2→4T2 (594 nm) shifts slightly toward 

shorter wavelengths with an increase of Cr3+ concentration sug-

gesting that there is a change in the CFS induced by high dopant 
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concentration [88]. The calculations of the CFS (Eqs. (S3)–(S5)) in-

dicate the gradual enhancement from Dq/B = 2.74 for 0.1% of Cr3+ to 

Dq/B = 3.02 for 5% of Cr3+ ion related to the difference in Al3+ and 

Cr3+ ionic radii (see Table 1). Moreover, the narrow peaks are noted 

in the excitation spectra as a consequence of Tb3+ transitions to 5H7 

(320 nm), 5G5 (362 nm) and 5D3 (382 nm) states as well as of the  
7F0→5L6 of Eu3+ ions were observed. That confirms the expected

Tb3+→Cr3+ and Eu3+→Cr3+ ETs (Figs. S24–S26). The excitation spectra

measured at the Tb3+ emission consist of characteristic f-f absorption 

bands of Tb3+ ions related to 7F6→5D1 (324 nm), 7F6→5D2 (354 nm),  
7F6→5G5 (360 nm) and 7F6→5D3 (372.5 nm) transitions. Additionally, 

the bands associated with the 7F0→5L8 (371 nm) and 7F0→5G5 

(378 nm) transitions of Eu3+ ions confirm the Eu3+→Tb3+ energy 

transfer. On the other hand, the excitation spectra measured for Eu3+ 

emission consist the several transitions of the Eu3+: 7F0→5D1 

(324 nm), 7F0→5H3 (327 nm), 7F0→5D4 (362 nm), 7F0→5G5 (379 nm),
7F0→5L7 (388.5 nm), 7F0→

5L6 (394 nm) and 7F0→5D3 (405 nm) as well

as the 4A2→4T1 of Cr3+ (440 nm). When the temperature increases, 

the intensity of the band at 440 nm associated with 4A2→4T1 tran-

sition of Cr3+ ions increases. This suggests that the Eu3+ ions may be 

populated by the Cr3+→Eu3+ energy transfer and the probability of

this process increases at elevated temperatures. It is worth noting 

that the average decay times of 5D4 (Tb3+), 5D0 (Eu3+) and 2E (Cr3+) 

decreases with enlargement of the Cr3+ concentration (Figs. S27, 

S28), which is related to the Cr3+→Ln3+ and Ln3+→Cr3+ energy 

transfers. The integral emission intensity of Eu3+ ions was found to 

be very sensitive to Cr3+ dopant concentration. In the case of the 

Cr3+-unco-doped nanocrystals its intensity is constant up to 100 °C 

and above this threshold starts to gradually decrease up to 60% of its 

initial value (at − 150 °C). However, when the concentration of the 

Cr3+ sensitizer rises the Eu3+ emission intensity starts to decrease 

already from − 130 °C and reached 40% of its initial intensity at 

300 °C. This is in agreement with the expectations since the strong 

quenching of the Cr3+ states population and Cr3+→Eu3+ energy 

transfer lead to the decrease of Eu3+ emission intensity. The Tb3+ 

luminescence intensity is much more susceptible to luminescence 

thermal quenching and for high Cr3+ dopant concentration the Tb3+ 

integral intensity reached almost 20% of its initial intensity. The 

analysis of the thermal dependence of luminescence lifetime of the  
2E state of the Cr3+ ion indicates that in the case of 0.1%Cr3+ ions in 

YAG:Eu3+, Tb3+, Cr3+ phosphor the lifetime decreases from 6.6 ms at 

− 150°C up to 400 μs at 300 C (Figs. S29, S30). The rate of this

quenching is very similar with respect to the one reported by My-

khaylyk et al. for the YAG:Cr3+ crystals. When the concentration of

Cr3+ ions increases a significant shortening of the lifetime of 2E state

can be noticed [89]. As a consequence the low temperature lifetime

of 2E state in the case of YAG:Tb3+,Eu3+ 5%Cr3+ reached 0.7 ms. This

reduction of the lifetime is associated with two effects (i) con-

centration quenching of the Cr3+ ions and the Cr3+→Ln3+ which has

been already confirmed and discussed. The calculations of the LIR 

values as a function of temperature for different sensitizer con-

centrations depict that below 2% Cr3+ no significant changes can be 

found in the thermal trend of LIR. However, above this threshold, the 

higher the Cr3+ concentration the stronger enhancement of the LIR 

value, even up to 80% enhancement in the − 150–300 °C temperature 

range observed for 5% of Cr3+ ions. Therefore the increase of the Cr3+ 

concentration causes the enhancement of the SR values up to 0.16%/ 

°C at 100 °C for 5% Cr3+ ions, while the maximal SR for a powder 

without Cr3+ was only SR = 0.075%/°C at − 60 °C. It is worth noting 

that in this case the SR above 0.15%/°C was maintained over a 

20–200 °C temperature range. Obtained results corroborate that the 

introduction of Cr3+ ions to the YAG:Eu3+,Tb3+ structure enables 

the growth of SR by 200%. The general conclusion can be drawn that 

the higher Cr3+ concentration the more spectacular increase of the SR 

can be observed in the analyzed concentration range. However, it 

needs to be noted that an increase of Cr3+ concentration leads to the 

reduction of the Ln3+ emission intensity due to the increase of the 

probability of the back Ln3+→Cr3+ energy transfer. Since the tem-

perature determination uncertainty depends on the emission 

intensity of the phosphor, further enhancement of the Cr3+ con-

centration will not be beneficial from the thermometric perspective. 

The LIR uncertainty values were obtained below δT = 3 °C 

in the − 150–300 °C range for the samples with 3% and 5% of Cr3+ 

(Eq. (S6), Fig. S31). 

Fig. 4. The simplified configurational coordinate diagram of Cr3+ ion (a); thermal evolution of emission spectra for YAG:1% Tb3+, 1% Eu3+, 1% Cr3+ (b); the integral emission 

intensity of 5D0→7F1 emission band of Eu3+ ion (c) and 5D4→7F5 emission band of Tb3+ ion (d) as a function of temperature, LIR (e) and relative sensitivity SR for different Cr3+ 

concentrations (f). 
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3.3. The use of Ti3+/4+ ions as a co-dopants 

The last of the proposed sensitizers of Ln3+-based ratiometric 

thermometer are Ti ions. As it has already been reported due to the 

highly defected surface part of the nanocrystal the Ti4+ oxidation 

state was found in the surface part while the Ti3+ in the inner part of 

the particle [77,90]. It was also found that the increase of the size of 

the particle modulates the relative emission intensity ratio between 

those two oxidation states. The ratio of the Ti3+ to the Ti4+ ions is 

constant and proportional to the size of the nanocrystals. Analo-

gously in the considered in this manuscript case, two oxidation 

states of titanium ions were found. Due to its mixed valence char-

acter, the appearance of the Ti3+ and Ti4+ ions in the YAG matrix 

leads to occurring two different kinds of radiative processes which 

are described in the energy diagrams in Fig. 5a. The configurational 

coordination diagram of 3d1 configuration of Ti3+ ion consists of only 

two energy levels, namely 2E and 2T2. In this case, the excitation 

wavelength of 266 nm enables the electron transfer from the ground 

state 2E to excited 2T2. The return radiative 2T2→2E transition leads to 

the generation of the broad emission band centered at ~800 nm. On 

the other hand the Ti4+ of 3d0 electronic configuration, due to unfiled 

d orbitals, are able to absorb the light only via the O2-→Ti4+ elec-

tronic transition, which leads to the 2E state population of Ti3+. The 

charge transfer emission band occurs at around 520 nm. However, in 

our approach the part of energy may be transferred to the Tb3+ and 

Eu3+ ions. The thermal evolution of the emission spectra of YAG:Tb3+, 

Eu3+, Ti3+/4+ powders with different Ti3+/4+ concentration upon 

266 nm excitation indicates that the besides the Eu3+ and Tb3+ bands 

the emission spectra consists of broad band of very low intensity 

associated with the 2T2→2E electronic transition of Ti3+ ions and 

broad CT band at 520 nm of Ti4+ ions (Figs. 5b and S32). The Ti3+ 

emission band can be observed only at low temperatures and for low 

Ti3+ dopant concentrations. Its intensity is rapidly quenched when 

temperature increases. The significantly faster rate of the thermal 

quenching of Ti3+ luminescence observed in YAG: Eu3+, Tb3+, Ti3+/4+ 

powders with respect to the Ti3+/4+ unco-doped powders confirms 

the thermal activation of Ti3+/4+→Ln3+ energy transfer [77]. It is

worth noting that the CT emission of Ti4+ ions spectrally overlaps 

with the Eu3+ and Tb3+ emission bands. The integral emission in-

tensities of Eu3+ and Tb3+ bands as a function of temperature reveal 

that the doping even with the small amount of Ti3+/4+ ions strongly 

affects the thermal quenching rates of both ions (Fig. 5c and d). The 

Eu3+ emission intensity decreases to 35% of its initial value for 0.1% 

Ti3+ and the further increase of sensitizer concentration causes the 

quenching of the Eu3+ emission intensity up to 28% at 300 °C. On the 

other hand the quenching rate of the Tb3+ intensity increases gra-

dually with the sensitizer concentration and the 18% of initial Tb3+ 

luminescence intensity was found for 10% of Ti3+ ions. Spectral 

overlap of the Ti4+ emission band with the Eu3+ and Tb3+ and its high 

thermal quenching rate may affect the thermal evolution of the Ln3+ 

bands intensities. Therefore in the case of the Eu3+ the integral 

emission intensity of the 5D0→7F4 band at 710 nm was calculated

and the comparison with the one obtained for 5D0→7F1 indicates 

that indeed the bands intensity at 590 was 10% stronger quenched 

than 710 nm counterpart. In the case of the Tb3+ luminescence such 

analysis was impossible to perform. The lack of an evident correla-

tion between sensitizer concentration and the thermal change of LIR 

value may be related with the contribution of the Ti4+ luminescence 

to the calculated intensities of Ln3+ ions. However, in the case of the 

10% Ti3+/4+ concentration when the Ti3+ and Ti4+ emission bands are 

totally quenched, the spectacular increase of LIR from 0.94 to 2.1 was 

observed. Hence the implementation of 10% of Ti3+ enables an en-

hancement of the SR values in the 0–300 °C temperature range with 

respect to the Ti3+/4+-unco-doped counterpart. The maximum of 

SR = 0.30%/°C was obtained at 285 °C, while only SR = 0.01%/°C for 

YAG:Tb3+, Eu3+ powder. The lowest temperature determination un-

certainty calculated in the temperature range of − 150–300 °C was 

below δT = 3 °C for the YAG:Tb3+, Eu3+, 10% Ti3+/4+ powder (Fig. S33). 

The excitation spectra measured for λem = 612 nm indicate the 

presence of an additional, O2-→Ti4+ CT abortion band with the

maxima at around 300 nm which spectrally overlaps with the O2-→ 
Eu3+ CT band (Figs. S34, S35). In general in the nanocrystalline ma-

terials it is difficult to register excitation bands of Ti3+ and Ti4+ upon 

lamp excitation due to their low intensities[77,90]. In order to 

Fig. 5. Configurational coordinate diagrams of Ti3+/4+ ions (a); thermal evolution of emission spectra for YAG:1%Tb3+, 1%Eu3+, 10%Ti3+/4+ (b); thermal evolution of band integral 

intensities for 5D0→7F1 emission band of Eu3+ ion (c) and 5D4→7F5 emission band of Tb3+ ion (d), LIR (e) and relative sensitivity SR for different Ti3+/4+ concentrations (f). 
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confirm the presence of ET processes, the measurements of the 

lifetimes of the excited states measurements of Tb3+ and Eu3+ were 

performed for different Ti3+/4+ concentrations (Figs. S36 and S37). 

Additionally, the shortening of the average lifetime of the Ln3+ ions 

with the increase of the Ti3+/4+ concentration indicates the 

Ln3+→Ti3+/4+ energy transfer. However, observed shortening was not 

as spectacular as in the case of Cr3+ and Mn4+ sensitizers. 

An evident influence of the Mn4+, Cr3+ and Ti3+/4+ ions on the 

thermal evolution of the Eu3+ and Tb3+ ions emission intensities may 

be caused either by the population (TM→Ln3+ energy transfer) or 

depopulation (Ln3+→TM energy transfer) mechanisms of the Ln3+ 

excited states. The shortening of the Ln3+ excited state lifetimes in-

dicates that the TM→Ln3+ is probable. In order to verify which of 

those processes plays a dominant role in the change of the LIR the 

kinetics of the Tb3+ and Eu3+ excited states were investigated as a 

function of temperature (Figs. S38–S45). Obtained results clearly 

demonstrate that < τ > are in most cases temperature independent. 

These results indicate that the TM→Ln3+ energy transfer is tem-

perature independent and should not affect the change of the 

thermal dependence of Ln3+ emission intensities. Moreover, in the 

case of Tb3+ lifetime in YAG:Eu3+, Tb3+, Mn4+ and even more spec-

tacular in YAG:Eu3+, Tb3+, Cr3+ increases at elevated temperatures. 

This effect confirms that the probability of the Ln3+→TM parasitic 

quenching process decreases. If the quenching process will be re-

sponsible for change of the thermal evolution of LIR, the reduction of 

the Tb3+ quenching manifested as an increase of the < τ > of the 5D4 

state would lead to the reduction of the thermally induced changes 

of Tb3+ emission intensity. This is in contrary to the obtained results. 

Therefore it can be concluded that the sensitization process (TM→ 
Ln3+ energy transfer) is responsible for LIR and hence SR enhance-

ment. The obtained SR values for different TM are compared in Fig. 6. 

When the Mn4+ ions are used as a sensitizer the gradual enhance-

ment of the SR can be observed, what is especially clearly seen in the 

0–100 °C temperature range. In the case of the 20% of Mn4+ ions the 

300% enhancement of SR was found. However, the observed negative 

values of SR indicates that the usable temperature range (UTR) be-

comes narrower with the enlargement of the Mn4+ concentration. 

Hence for the YAG:Eu3+, Tb3+, 20% Mn4+ the two UTR can be dis-

tinguished depending on the type of the application: 1st in the range 

of − 100–100 °C and 2nd: 150–300 °C. The introduction of the Cr3+ 

ions leads to the less spectacular changes of SR. However, for 

YAG:Eu3+, Tb3+, 5% Cr3+ the 200% enhancement of SR was observed 

and this high value of the SR maintained over 20–300 °C temperature 

range. The advantage of the use of this sensitizer is that the UTR does 

not become narrower. For Ti3+/4+ ions used as a sensitizer the less 

regular changes of the SR as a function of sensitizer concentration 

were observed which results from the spectral overlap of the sen-

sitizer and Ln3+ emission. However, for YAG:Eu3+, Tb3+, 10% Ti3+ the 

significantly higher values of SR (with respect to the unco-doped 

counterpart) were obtained in a very wide temperature range 

(− 150–300 °C). The presented comparison confirms the positive role 

of the use of TM as a sensitizers of the Ln3+ ions from the lumi-

nescent thermometry perspective. The significant improvement of 

thermographic properties of YAG:Eu3+, Tb3+ luminescent thermo-

meter indicates that further work on this approach may lead to the 

design of the TM-sensitized highly sensitive luminescent thermo-

meter. 

4. Conclusions

An approach of enhancing the relative sensitivity of Tb3+, Eu3+- 

based ratiometric luminescent thermometer by their sensitization 

with three different transition metal ions (TM = Mn4+, Cr3+, Ti3+/4+) in 

YAG structure was investigated as a function of sensitizer ions 

concentration. The structural studies of YAG:Tb3+, Eu3+, TM indicate 

that doping with high sensitizer concentration up to 20% of Mn4+, 5% 

of Cr3+ and 10% of Ti3+/4+ ions does not lead to the generation of any 

significant structural changes of YAG host material. It was found that 

the thermally induced changes of Eu3+ to Tb3+ luminescence in-

tensity ratio significantly increases when the concentration of TM 

increases. This effect was discussed in terms of the temperature 

dependent TM→Ln3+ energy transfer process, that was confirmed by 

the excitation spectra measurements. The detailed analysis of the 

kinetics of the excited state of Ln3+ ions reveals that also Ln3+ → TM 

back energy transfer occurs in the considered system. However the 

thermal dependence of the Ln3+ lifetimes confirmed that the sensi-

tization via TM→Ln3+ energy transfer is a dominant process re-

sponsible for thermal variation of LIR value. The proposed approach 

enables to enhance the relative sensitivity even by 300% from 

SR = 0.09%/°C for YAG:Eu3+,Tb3+ to SR = 0.28%/°C for Mn4+, 0.15%/°C for 

Cr3+ and 0.30%/°C for Ti3+/4+ co-dopant. Hence, the sensitization ef-

fect is significant, in the order of 200–300% higher in comparison 

with TM-unco-doped YAG:Tb3+, Eu3+ powder (SR(max) = 0.09%/°C). 

These first optimistic results confirm the beneficial influence of the 

sensitization with transition metal ions process for enhancing the 

relative sensitivity of Ln3+ based luminescent thermometer. 

Therefore further development of this approach may lead to the 

creation of highly sensitive luminescent thermometers. 
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The role of Cr3+ and Cr4+ in emission brightness
enhancement and sensitivity improvement of
NIR-emitting Nd3+/Er3+ ratiometric luminescent
thermometers†

W. Piotrowski, a L. Dalipi,b R. Szukiewicz, c B. Fond, b M. Dramicanin d and
L. Marciniak *a

Despite the numerous advantages of lanthanide based luminescent thermometers, a major limitation is the

limited brightness associated with the low absorption cross section of the 4f–4f transitions. In this paper, co-

doping with Cr3+/4+ is proposed as a strategy to enhance the near-infrared luminescence emission of Nd3+/

Er3+-based luminescent thermometers, as well as to modulate the temperature sensitivity of the ratio of Nd3+

to Er3+ in YAG microcrystals. It was found that an increase in the Cr3+ concentration leads to the enhancement

of the YAG:Nd3+,Er3+ emission intensity via the Cr3+ - Ln3+ sensitization process. The quantitative analysis of

the absolute brightness indicates the 30-fold enhancement of their near infrared emission upon broad white

light excitation for 20% Cr3+ with respect to the non co-doped with the Cr3+ counterpart. In addition, the

phonon-assisted nature of the simultaneously occurring Cr3+ - Ln3+ and Nd3+ - Cr4+ - Er3+ energy

transfers leads to a 7-fold increase of the relative temperature sensitivity of the ratio of Nd3+ to Er3+ emission.

In conclusion, co-doping with transition metals can enhance simultaneously the luminescence brightness and

the temperature sensitivity of NIR luminescent thermometers, holding promise for sensitive and robust remote

temperature sensing at physiological temperatures.

1. Introduction

Inorganic particles doped with lanthanide ions are commonly used
as probes for luminescence thermometry due to their numerous
advantages such as high thermal and chemical stability, narrow
emission lines which facilitate spectral separation of the emission
bands for ratiometric readout, relatively long lifetimes, and finally
the unique energy level configuration which enables the activation
of different temperature-dependent energy transfer processes and
affects the spectroscopic properties of thermographic phosphors
etc.1–7 However, one of the most severe limitations of Ln3+ ions is
their low absorption cross section, which constricts their lumines-
cence brightness. Additionally, in the case of Ln3+ co-doped lumi-
nescent thermometers, the observed increase of the relative
sensitivity of phosphors usually corresponds to the temperature

range in which the quenching of the luminescence is observed
which further hampers the emission signal collection.8–12

The low emission intensity limitation of Ln3+ thermometers
may be overcome by the additional sensitization process that
exploits co-dopant ions or organic molecules via the so-called
antenna effect.13–19 Since the thermal and chemical stability of
organic molecules is low especially at higher temperatures,
sensitization by co-doping appears to be a more universal
strategy. The high absorption cross-section of transition metal
(TM) ions makes them excellent candidates for this
purpose.17–21 The high efficiency of this strategy to enhance
the emission brightness of Ln3+ has already been proved.
However, the additional advantage of this approach, especially
important from the thermometric perspective, is that due to the
small mismatch in the energy of the excited states of TM and
Ln3+ the probability of TM - Ln3+ is strongly susceptible to
temperature changes which enhances the relative sensitivity of
Ln3+ based luminescent thermometers.22 Additionally, one can
benefit from the easiness in the modification of the spectro-
scopic properties of the TM by the engineering of the crystal
field strength and, thus, the alteration of the energy level
configuration customizing the thermal dependence of energy
transfer probabilities.23–25 Therefore, by TM co-doping, not
only the emission intensity but also the thermometric
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performance of the thermographic phosphor can be enhanced.
It was shown that by the introduction of the Cr3+ ions into the
Eu3+,Tb3+ co-doped system the SR increases by two orders of
magnitude with respect to the non co-doped with Cr3+

counterparts.20 However, in previous studies, the limitation of
the proposed approach was caused by the spectral overlap
between the absorption bands of the TM with the emission
bands of Ln3+ which by the self-filtering effect reduced the Ln3+

emission intensity. The enhancement of the thermometric
properties of the near infrared emitting Ln3+ based lumines-
cent thermometer by the TM co-doping has not been explored
so far.

In this paper, the influence of the Cr3+ and Cr4+ ions on the
thermometric properties of the Nd3+/Er3+ luminescent thermo-
meter has been investigated in a wide range of Cr doping
concentrations. The increase in the absorption cross section
for broadband illumination provided by Cr3+ doping was quan-
tified using particle dispersions. Additionally, the concept of
the use of Cr4+ as an energy bridge that facilitates energy
transfer between Nd3+ and Er3+ ions is being reported here
and studied, to the best of our knowledge, for the first time.
The unique configuration of the energy level diagram of the
Cr4+ enhances the thermometric properties of both ratiometric
and lifetime-based luminescent thermometers.

2. Experimental section

The powders of the yttrium aluminium garnet YAG:Nd3+,Er3+

and YAG:Nd3+,Er3+,Cr3+/4+ nanocrystals were synthesised by the
use of the solid-state method. Al(NO3)3�xH2O (x E 9; 99.999%
purity, Alfa Aesar), Y2O3 (99.999% purity, Stanford Materials
Corporation), Nd2O3 (99.999% purity, Stanford Materials Cor-
poration), Er2O3 (99.99% purity, Stanford Materials Corpora-
tion) and Cr(NO3)3�9H2O (99.99% purity, Alfa Aesar) were used
as starting materials. The stoichiometric amounts of com-
pounds were mixed in n-hexane and ground well in an agate
mortar three times until the n-hexane evaporated. Next, the
powder was first calcined in porcelain crucibles at 1000 1C in
air for 24 h. The pre-annealed powders with 1% Nd3+ and 1%
Er3+ concentrations with respect to the number of moles of Y3+

ions and x% molar Cr3+/4+ concentration (x = 0, 1, 2, 5, 10, 20)
with respect to Al3+ ions were subsequently ground again with
the same procedure and sintered in corundum crucibles in air
at 1600 1C for 24 h. All of the synthesized materials were
examined by X-ray powder diffraction (XRPD) measurements
carried out on a PANalytical X’Pert diffractometer, equipped
with an Anton Paar TCU 1000 N temperature control unit, using
Ni-filtered Cu-Ka radiation (V = 40 kV, I = 30 mA).

Scanning Electron Microscopy (SEM) images were taken
with a Field Emission Scanning Electron Microscope (FEI Nova
NanoSEM 230) equipped with an energy-dispersive spectro-
meter (EDAX Genesis XM4). The sample was ground in a mortar
and dispersed in methanol and then a drop of the suspension
was placed on the carbon stub and dried. X-ray Photoelectron
Spectroscopy (XPS) has been used for surface chemical

composition analysis. The non-monochromatized X-ray Mg
Ka excitation source was used. All measurements have been
performed using an AES/XPS system EA10 (Leybold-Heraeus
GmbH, Cologne, Germany). The overall resolution of the spec-
trometer during the measurements was 0.96 eV as a full width
of half maximum (FWHM) of the Ag 3d5/2 line. During mea-
surements the pressure was kept in the 10�9 mbar range. All
acquired spectra were calibrated to adventitious carbon C1s at
285 eV. After subtraction of the Shirley-type background, the
core-level spectra were decomposed into main components
with mixed Gaussian–Lorentzian lines (70% G + 30% L for
majority of photo-peaks) by a non-linear least squares curve-
fitting procedure, using CasaXPS software. The atomic concen-
tration was determined based on XPS spectra analysis, taking
into account the presence of individual elements O, C, Y, Al, N
and Cr.

The emission spectra were measured using the 445 nm
(50 mW) excitation lines from a laser diode and a NIRQUEST
spectrometer from Ocean Optics (1.5 nm spectral resolution) as
a detector. The temperature of the sample was controlled using
a THMS 600 heating–cooling stage from Linkam (0.1 1C tem-
perature stability and 0.1 1C set point resolution).

The excitation spectra and luminescence decay profiles were
recorded using a FLS1000 Fluorescence spectrometer from
Edinburgh Instruments with a 450 W xenon lamp and a mFlash
lamp as excitation sources and a R928P side window photo-
multiplier tube from Hamamatsu as a detector. Thermal
dependencies of the luminescence intensity ratio (LIR) were
fitted using the Mott–Seitz model (eqn (S1), ESI†). The average
lifetimes of the excited states were calculated with the use of
double exponential function according to the procedure
described in the ESI† (eqn (S2)).

To quantify the enhancement in Nd3+ emission offered by
Cr3+ sensitization, the luminescence emission was quantified
from suspensions of particles in water. For each sample, 10 mg
of the phosphor powder was dispersed in 20 mL deionized
water, yielding a standard dispersion with a concentration of
500 mg L�1. An ultrasonic homogenizer (Bandelin Sonopuls
HD 2200) was used to disperse and break agglomerated parti-
cles. The stirred suspensions were illuminated by a white LED
(Thorlabs MCWHL5), focused using a 85 mm objective lens
(Zeiss 85 mm f/1.4) and a f = +75 mm plano-convex lens to yield
an intensity of 930 mW cm�2 in the measurement region.
A visible 315–710 nm band-pass filter (Schott KG3) was posi-
tioned between the LED and the beaker to block any IR light.
For visualization, images of 1064 nm emission were captured
using a CMOS camera (Basler acA1300–200 mm), equipped with
a 50 mm objective lens (Nikon 50 mm f/1.4) and an IR long-pass
filter (Schott RG 1000) to block the scattered light from the LED
beam. For quantitative spectroscopic measurements, the lumi-
nescence was collected from the dispersions using a 50 mm
objective lens (Nikon 50 mm f/4) and focused onto the entrance
slit of a monochromator (Spectrapro: HRS-300, Princeton
Instruments), and detected using a non-amplified silicon
photodiode (Thorlabs DET1002A). The grating (100 grooves
per mm blazed at 450 nm) was centered at 1065 nm with the
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entrance and exit slit set to provide a bandwidth (FWHM) of
60 nm. For low-noise interference-free detection, the LED was
modulated at 8 Hz and the current from the photodiode
amplified using a lock-in amplifier (Stanford Research Systems
SR510) and temporally filtered. To account for potential differ-
ences in dispersion stability, prior to luminescence measure-
ments, the particle suspensions were illuminated by a 375 nm
diode laser (PhoxX-Omicron Lasers), and the scattered light
from the particles recorded using the monochromator at
375 nm and the photodiode. The amplitude of the scattered
light was read from the lock-in amplifier. Variations in particle
scattering between the dispersions of various samples were
within a factor of 2.6, and to compare luminescence signals for
the same amount of particles in the probe volume, the mea-
sured luminescence emission was corrected by dividing by its
normalized scattering intensity. To convert measured amplifier
voltage to photons per s per mg, the various components of the
systems were taken into consideration following the procedure
described previously.26

3. Results and discussion

The yttrium aluminum garnet Y3Al2(AlO4)3 (YAG) is one of the
most representative and well-described compounds of the
family of the synthetic garnets with the general chemical
formula C3A2D3O12 with cubic space group Ia%3d (no. 230).27–29

The YAG crystal consists of Y3+ ions occupying dodecahedral
‘‘C’’ sites with D2 local symmetry and Al3+ ions in both the
octahedral ‘‘A’’ and tetrahedral ‘‘D’’ sites with C3i and S4 local
symmetries, respectively (Fig. 1a). In the case of YAG doped

with neodymium, erbium and chromium ions, a slight differ-
ence between the effective ionic radii of Y3+ (101.9 pm) and Ln3+

ions reveals that Nd3+ and Er3+ ions substitute the eight-fold
coordinated ‘‘C’’ site (110.9 and 100.4 pm for Nd3+ and Er3+

ions, respectively). From numerous studies, it is well known
that the favored oxidation state of chromium ions incorporated
into YAG is Cr3+ due to the electrical charge match with Al3+.
However, some literature reports suggest that also higher
oxidation states of chromium ions like Cr4+ and even Cr6+

can be noticed in the YAG structure.30–37 In particular the
surface states of the nano and microcrystalline powders due
to the strongly defected structure are the phosphor areas
expected to be occupied by the higher oxidation states of the
transition metal ions. The Cr3+ ions preferentially occupy the
six-fold coordinated Al3+ site ‘‘A’’ positions (compare Al2 in
Fig. 1a). The strong octahedral ligand field induces the addi-
tional thermodynamic stabilization of Cr in its trivalent oxida-
tion state since only t2g-transforming orbitals are occupied in
such an environment. Considering its smaller effective ionic
radii, the Cr4+ ions may substitute Al3+ at both the octahedral
and tetrahedral sites (55 pm and 41 pm for 6-fold and 4-fold
coordinated Cr4+ ions, respectively). In accordance with Eilers
et al.,38 the spectroscopic properties of YAG:Cr4+ are dominated
by Cr4+ in the tetrahedral position (Al1 in Fig. 1a) where Cr4+

ions modify the local symmetry to D2d with the oxygen tetra-
hedron elongated along the z-axis.39

To verify the phase purity of the synthesized powders and to
investigate the influence of dopant concentration on the crys-
tallographic structure of the synthesized YAG powders, the
XRPD patterns were analysed (Fig. 1b, see also Table S1 (ESI†)
for Rietveld refinement parameters). All of the obtained

Fig. 1 Structural characterization of synthesized materials: the visualization of the polyhedra of Y3+ and Al3+ in the YAG structure (a); the X-ray diffraction
patterns of YAG:1%Nd3+,1%Er3+,x%Cr3+ powders with different Cr3+/4+ concentrations (b); the a unit cell parameter as a function of Cr3+/4+ concentration
(c); the representative SEM images of YAG:1%Nd3+,1%Er3+ undoped with Cr3+/4+ ions (d) the ionic distribution maps (e), and the XPS binding energy
spectrum (f).
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diffraction reflection corresponds with the reference pattern
(ICSD 23848) confirming the phase purity of the synthesized
phosphors. The increase of the Cr3+ concentration up to
20 molar% with respect to Al3+ ions does not lead to the
occurrence of additional reflection in the pattern. However, a
slight shift of the reflection toward smaller 2 theta angles was
observed at an elevated Cr3+ amount, which is related to the
expansion of the crystallographic unit cell associated with the
difference in the ionic radii between the dopant and substi-
tuted ions. The detailed Rietveld refinement reveals that the
a unit cell parameter increases from 12.01 for 0.1%Cr3+ to
12.047 Å for 20% of Cr3+ ions (Fig. 1c). A slight increase of the
lattice constant value was observed for YAG:1%Nd3+,1%Er3+

with respect to the model pattern a = 12.004 Å. Furthermore,
the introduction of Cr3+/4+ ions enables almost linear growth of
the unit cell up to 12.047 Å for 20% Cr3+/4+. The morphology of
the obtained powders is presented in Fig. 1d (see also Fig. S1,
ESI†). The analysis of the EDS data indicates homogenous ion
distributions (Fig. 1e, see also Table S2 and Fig. S2, ESI†). The
XPS measurements indicate that on the surface of phosphor
particles mostly two oxidation states of chromium ions can be
found, namely Cr6+ and Cr4+, while the signal is dominated by
the band associated with the Cr6+ oxidation state (Fig. S1f and
Table S3, ESI†). Additionally, it was found that the increase in
the chromium concentration results in the increase of the
relative signal intensity associated with the Cr4+ with respect
to the Cr6+. The mechanism of change of the oxidation state of
the chromium ion from Cr3+ to Cr4+ in the YAG matrix was
described in detail by many authors.30–38,40–43 However pre-
vious reports have considered the YAG:Cr4+ or mixed YAG:Cr3+/
Cr4+ structure in the single crystal44 or ceramics37 in contrast to
the microcrystalline powder demonstrated in this manuscript.
In this case, when any of the charge compensation ions were
introduced into the structure oxidation of the Cr3+ ions is
caused by the high annealing temperature.37 As shown in the
later part of the study, the annealing-induced change of the
oxidation state is stable and independent of the temperature
change up to 600 K. In the course of our previous studies,
higher oxidation states of other transition metal ions on the
surface part of the particles with respect to the ones observed in
the core part were confirmed in the case of the vanadium ions
(where the presence of V5+ on the surface was confirmed)45,46

and titanium (Ti4+, was found).47 In the case of YAG:Cr3+ the
random distribution of dopant ions within the particle leads to
the conclusion that the increase of the dopant concentration
leads to the increase of the number of chromium ions localized
in the surface part of the crystal and thus a higher amount of
Cr4+ and Cr6+ is expected to occur in heavily doped particles.
The fact that no signal in the XPS analysis from the Cr3+ was
found results from the fact that the strongly defected structure
observed on the surface of the particle prevents the formation
of eight-fold coordinated sites which could be occupied by the
Cr3+ ions.

To understand the spectroscopic properties of the Cr3+,
Nd3+, Er3+ and Cr3+, Nd3+, Cr4+, Er3+ co-doped systems, simpli-
fied configurational coordinate energy diagrams for Cr3+ and

Cr4+ with the energy level diagrams of Nd3+ and Er3+ ions are
presented in Fig. 2a. The YAG:Nd3+,Er3+,Cr3+/4+ powders were
excited at lexc = 445 nm (B22 500 cm�1), represented by the
green arrow, to match the 4A2 - 4T1 electronic transition of
Cr3+ ions. For powders without Cr3+, at this wavelength, weak
absorption takes place via the 4I9/2 - (2P1/2,

2D5/2) electronic
transition of Nd3+ ions which populates the high energy Nd3+

levels followed by the fast non-radiative transitions to the 4F3/2
metastable state. The radiative depopulation of this multiplet
generates three characteristic emission bands at 880 nm, 1064 nm
and 1350 nm corresponding to the 4F3/2 -

4I9/2,
4F3/2 -

4I11/2 and
4F3/2 -

4I13/2 electronic transitions respectively. However, when the
distance between Nd3+ and Er3+ ions is sufficiently short, the
Nd3+ - Er3+ energy transfer may occur via the 4I11/2 state of Er3+,
which followed by non-radiative processes leads to the population of
the 4I13/2 state of Er3+ ions. The radiative depopulation of this state
via the 4I13/2 - 4I15/2 electronic transition generates the emission
band at 1550 nm. The energy mismatch between the 4F3/2 state of
Nd3+ ions and the 4I13/2 state of Er3+ ions makes the inter-ionic
energy transfer feasible to occur only with the assistance of the
phonon. The probability of such a process is strongly dependent on
the temperature which makes such a system especially interesting
from the thermometric perspective.

However, when the Cr3+ co-dopant ions are introduced into
the host material, their significantly higher absorption cross
section at this excitation wavelength makes sensitization of
lanthanide ions more probable with respect to their direct
excitation. In this case, the absorption at the 445 nm excitation
wavelength populates the 4T1 state which is followed by non-
radiative transitions resulting in the population of the 2E state
of Cr3+ ions. The emission band at 712 nm originates mainly

Fig. 2 Configurational coordinate diagram for Cr3+, Nd3+, Cr4+ and Er3+

ions (a); the schematic diagram explaining the directions of the energy
transfer between dopant ions at low and high Cr3+ concentrations
obtained at lexc = 445 nm (b); and the comparison of the low temperature
(123 K) emission spectra of YAG:1%Nd3+,1%Er3+,x%Cr3+/4+ powders with
different Cr3+ concentrations (c).
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from the 2E - 4A2 electronic transition in Cr3+ ions with small
contribution from the 4T2 -

4A2 spin-allowed transition. From
the 2E state of Cr3+ ions, the Cr3+ - Nd3+ and Cr3+ - Er3+

energy transfers can occur and they are phonon-assisted due to
the energy mismatch. The specific energy level configuration of
Cr4+ ions enables them to act as mediators in the energy
transfer between Nd3+ and Er3+ ions. For that matter, the 3B2

(3T2) excited state of the Cr4+ ions may be populated either by
the Cr3+ - Cr4+ or Nd3+ - Cr4+ energy transfer. The electrons
populating the 3B2(

3T2) state can be either transferred non-
radiatively to the 4I13/2 state of Er3+ ions or radiatively trans-
ferred to the ground state of Cr4+ ions via the 3B2(

3T2) -
3B1(

3A2) electronic transition. The presence of Cr4+ ions in the
samples was confirmed on account of the low-intensity emis-
sion band from the 3B2(

3T2) - 3B1(
3A2) transition observed

around 1400 nm at low temperatures (see Fig. S3, ESI†).
However, this emission rapidly disappeared due to a strong
thermal quenching. As already stated, the number of Cr4+ ions
is proportional to the number of introduced Cr3+ ions, and
their number observed for the low Cr3+ concentration may be
neglected. The direction of the inter-ionic energy transfer
observed in this system has been schematically depicted in
Fig. 2b. At low Cr3+ dopant concentration, the sensitization of
Nd3+ and Er3+ ions via Cr3+ is a dominant process while at a
higher Cr3+ amount the mediation of the energy transfer via
Cr4+ ions starts to be activated. The comparison of the emission
spectrum of YAG:Nd3+,Er3+,Cr3+/4+ powders normalized to the

emission intensity of the 4F3/2 -
4I11/2 emission band of Nd3+

ions, shown in Fig. 2c, revealed that the increase of the Cr3+

ions up to 5% results in a gradual increase of the intensity of
the band associated with the 4I13/2 -

4I15/2 electronic transition
of Er3+ ions with respect to the Nd3+ emission intensity.
A further Cr3+ increase causes the lowering of its intensity.

Co-doping with Cr3+ has a significant effect on the excitation
properties. Excitation spectra recorded for Nd3+ emission
(4F3/2 - 4I11/2 transition) for non co-doping with Cr3+ and co-
doping with 20% of Cr3+ ions are shown in Fig. 3a. Both spectra
are normalized to the intensity of the strongest Nd3+ excitation
band, which is related to the 4I9/2 - 4F5/2,

2H9/2 electronic
transition of Nd3+ ions. In the excitation spectra of YAG:N-
d3+,Er3+ powders monitored at Nd3+ emission lem = 1064 nm
the numerous narrow bands which can be assigned to the
transitions from the 4I9/2 level to the 4D3/2 (353.5 nm), 2P1/2
(431 nm), 2K15/2 and 4G11/2 (458.5 nm), 2K13/2 and 4G9/2

(510 nm), 4G7/2 (523.5 nm), 4G5/2 (578 nm), 4F9/2 (675 nm),
4F7/2 (736 nm), 2H9/2 and 4F5/2 (795 nm) (Fig. 3a and Fig. S4a,
ESI†) excited levels can be observed. However, the fact that
some additional bands originated from the electronic transi-
tions of Er3+ ions like 4I15/2 -

4F7/2 (480.5 nm), 4I15/2 -
2H11/2

(518 nm), 4I15/2 -
4S3/2 (530.5 nm), and 4I15/2 -

4I9/2 (804 nm)
can be found confirms the Er3+ - Nd3+ energy transfer. In the
samples co-doped with 20% Cr3+/4+, the two wide band char-
acteristics of the 4A2 - 4T1 electronic transitions of Cr3+

appear. The peak intensity of these two bands for 20% Cr3+/4+

Fig. 3 Excitation spectra measured for Nd3+ emission (lem = 1064 nm) in YAG:1%Nd3+,1%Er3+ and YAG:1%Nd3+,1%Er3+,20%Cr3+/4+ powders, and the
emission spectrum of the white LED used (a). Setup for quantitative luminescence emission measurements from dispersed particles (b). Filtered
luminescence image from dispersion for YAG:1%Nd3+,1%Er3+ and YAG:1%Nd3+,1%Er3+,20%Cr3+/4+ (c). Absolute emission intensity at 1064 nm for white
light illumination (930 mW cm�2) and derived enhancement factor. Error bars are derived from repeated measurements (d).

Journal of Materials Chemistry C Paper

View Article Online

181



J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2021

is more than 2 times higher than that of the narrow 4I9/2 -
4F5/2,

2H9/2 transitions of Nd
3+. To quantify both the effect of the increase

in width and the peak of the excitation bands, the contribution
parameter d is proposed as a function of Cr3+/4+ concentration
with the following equation (Fig. S4b, ESI†):

d ¼
Ð
I 4A2 ! 4T1

� �
Cr3þ
� �

dlÐ
I 4I9=2 ! 4F7=2

� �
Nd3þð Þdl: (1)

The obtained results indicate that the intensity of the 4A2 -
4T1

band at 445 nm is almost 50-fold more intense with respect to
the 4I9/2 - (2P1/2,

2D5/2) band of Nd3+ ions (see Fig. S4, ESI†).
In addition, in the Cr3+, Er3+, Nd3+ co-doped case the Cr3+- Er3+

energy transfer can be observed corroborating the sensitization of
Er3+ luminescence by Cr3+ ions. Interestingly, one can notice that
the increase of the Cr3+ concentration results also in the spectral
shift of the absorption bands toward longer wavelengths which
indicates the lowering of the crystal field strength. A similar effect
has been already reported for the Cr3+ doped garnets.48 The excita-
tion spectra were measured also for Cr3+ ions, by monitoring the
luminescence at 708 nm (Fig. S4d, ESI†). The obtained results
revealed the presence of the reabsorption peaks on the absorption
bands of Cr3+ ions corresponding to the 4f–4f electronic transition
of Nd3+ ions, and thus the nonradiative nature of the energy transfer
between these ions was revealed.

To quantify unambiguously the increased brightness that
Cr3+ sensitisation offers to luminescent thermometers, the
absolute emission intensity of the 1064 nm band was quanti-
fied by probing dilute particle dispersions using the setup
shown in Fig. 3b. This state avoids complex scattering and
re-absorption phenomena which make it difficult to quantify
increased absorption when probing phosphors in bulk

powders. It also allows absolute quantification of the light
emitted by each particle.26 Excitation with a white LED was
chosen to efficiently excite both Nd3+/Er3+ and Cr3+ bands as
shown in Fig. 3a, so as to offer a fairer comparison. A compar-
ison based on narrow laser illumination would strongly depend
on the match of the laser wavelength with narrow Nd3+/Er3+

excitation features. To visualize the luminescence beam and
reject the beam of scattered white light shown in Fig. 3(b),
images were recorded with a 1000 nm long-pass IR filter and
are shown in Fig. 3(c) for both 0% and 20% Cr3+ dopant
concentrations. As shown, the luminescence emission is more
than one order of magnitude larger for the sample co-doped
with Cr3+ than for the sample without Cr3+ co-doping. Quanti-
tative spectroscopic measurements show that for an excitation
power of 930 mW cm�2, the absolute emission intensity at
1064 nm increases from 5 � 1012 photons per s per mg for a
sample without Cr3+ to 1.6 � 1014 photons per s per mg for 20%
Cr3+/4+, corresponding to an enhancement by a factor of 30
(Fig. 3d). The emission intensity increases quasi linearly with
Cr3+ concentration. These results confirm the positive impact
of co-doping of YAG:1%Nd3+,1%Er3+ with Cr3+, benefiting from
the larger absorption cross section of Cr3+ than those of Nd3+/
Er3+ ions, and the efficient Cr3+ - Nd3+/Er3+ energy transfer.

As already stated, the probability of the Nd3+ - Er3+ phonon
assisted energy transfer is strongly temperature dependent. An
increase in temperature results in the gradual lowering of the
emission intensity of the Nd3+ band associated with the 4F3/2 -
4I11/2 electronic transition and in a simultaneous increase in
the intensity of the 4I13/2 -

4I15/2 band of Er3+ ions as shown in
Fig. 4a (see Fig. S5, ESI†). To evaluate the influence of Cr3+

dopant concentration on the thermal changes of the emission

Fig. 4 Thermal evolution of emission spectra of YAG:1%Nd3+,1%Er3+,20%Cr3+/4+ (a); thermal evolution of integral emission intensities of the 4F3/2 -
4I11/2

emission band of the Nd3+ ion (b) and 4I13/2 - 4I15/2 emission band of the Er3+ ion (c); LIR (d) and SR for different Cr3+/4+ concentrations (e); and the
comparison of the thermal dependence of tavr for the Nd3+ 4F3/2 emission in YAG:1%Nd3+,1%Er3+ and YAG:1%Nd3+,1%Er3+,20%Cr3+ (f).
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intensities of Nd3+ and Er3+ ions their integral emission inten-
sities measured as a function of temperature were calculated
(Fig. 4b and c for emission intensities of Nd3+ and Er3+ ions,
respectively). It was found that in the case of non co-doped with
Cr3+powders the Nd3+ emission intensity obtained at lexc =
445 nm decreases gradually reaching at 573 K 40% of its
intensity at 123 K. However, the introduction of Cr3+ strongly
affects the thermal dependence of Nd3+ ions. Initially for 1%
Cr3+ and 2% Cr3+ the increase of temperature results in a slight
enhancement followed by the quenching of Nd3+ intensity.
A further increase of the dopant concentration enhances the
thermal quenching of Nd3+ ions leading to the situation where
for 20% of Cr3+ above 300 K rapid thermal quenching occurs. In
the case of the Er3+ emission intensity, the influence of Cr3+ on
the thermal behavior is totally different. A slow quenching is
found in the case of Nd3+, Er3+ powders not co-doped with Cr3+.
Upon addition of Cr3+ concentration, the Er3+ emission inten-
sity is thermally enhanced. For the powders doped with 20% of
Cr3+, a 3-fold enhancement of the 4I13/2 -

4I15/2 emission band
was noticed in the 123–573 K temperature range. To provide a
deeper insight into the mechanism responsible for such
changes in the thermal dependences of the emission intensity
of those lanthanide ions, an additional measurement was
performed in which direct Nd3+ excitation was used (lexc =
793 nm, see Fig. S6 and S7, ESI†). It was found that for the Cr3+

concentration below 5%, the quenching of the Nd3+ emission is
independent of the co-dopant amount. This suggests that the
changes of the Nd3+ emission intensity observed upon lexc =
445 nm excitation results from the Cr3+ - Nd3+ sensitization
process. The analogous emission intensity of Er3+ ions was
barely dependent on the Cr3+ amount for low co-dopant
concentration. However, when the Cr3+ amount exceeds 10%
the quenching rate of Nd3+ becomes faster, while the enhance-
ment of the Er3+ emission intensity was observed above 373 K.
This effect can be explained in the statistical increase amount
of Cr4+ ions which mediates in the exchange of energy between
Nd3+ and Er3+ ions. The opposite thermal dependency of Nd3+

and Er3+ emission intensities can be utilized in the ratiometric
approach of luminescence thermometry where their ratio (LIR)
is used as a thermometric parameter:

LIR ¼
Ð
I Nd3þ
� �

dlÐ
I Er3þð Þdl ¼

Ð
4F3=2 ! 4I11=2
� �

dlÐ
4I13=2 ! 4I15=2
� �

dl
(2)

The calculated values of the LIR for increased concentration of
Cr3+ ions presented in Fig. 4d reveal that while only a 2-fold
increase of the LIR over the 123–573 K temperature range was
found for the non co-doped with Cr3+ powders, an 80-fold
increase was observed for 20% Cr3+ (see Fig. S8, ESI†). To
quantify the observed changes, the relative sensitivity was
calculated according to the following formula:

SR ¼ 1

O
� DO
DT

� 100%; (3)

where O is the thermometric parameter (in this case the LIR)
and DO represents its change for the DT change of temperature
(Fig. 4e). The maximal value of the SR for powders doped only

with Nd3+ and Er3+ ions was found to be 0.25% K�1 at 468 K,
while its value increases up to 1.67% K�1 at 300 K when 20% of
Cr3+ was introduced in the host. The drastic difference in the
thermal behavior of the Er3+ and Nd3+ intensities between
5%Cr3+ and 10%Cr3+ doping, which is reflected by the strong
increase in SR, coincides with the level of doping where the
presence of Cr4+ was noticed. This shows that both Cr3+ and
Cr4+ ions beneficially influenced the thermometric properties
of the Nd3+, Er3+ based luminescent thermometer. The Cr4+

ions may modify the thermal dependence of Nd3+ emission
intensity in two possible ways: (i) by depopulation of the 4F3/2
state of Nd3+ or (ii) by the additional sensitization process as a
Cr4+ - Ln3+ energy transfer. To verify which of these processes
is dominant the luminescence decay profiles of the 4F3/2 state
were measured for the samples without and with 20% Cr3+ ions
(Fig. 4f, see also Fig. S9 and S10, ESI†). The thermal depen-
dence of the average lifetimes indicates that the 4F3/2 state is
barely shortened in the analyzed temperature range, while for
the samples with the high Cr3+ doping, its lifetime undergoes
drastic shortening above 300 K reaching tavr = 28 ms at 573 K
(tavr = 120 ms was noticed at 123 K). The fact that the tavr of the
4F3/2 state of the Nd3+ ions in the YAG:Nd3+,Er3+ phosphor is
barely dependent on temperature is the result of the low
efficiency of its thermal depopulation by nonradiative pro-
cesses in the considered temperature range. This is in agree-
ment with the previously reported results according to which
the thermal shortening of the 4F3/2 lifetime is not evident at
temperatures below 650 K.49,50 The fact that at the same time
the lifetime of the 4I13/2 state is thermally stable independently
of Cr3+ concentration (except the powder with 20% Cr3+)
(Fig. S11 and S12, ESI†) confirms that the Cr4+ mediates in
the transfer of the energy between ions beneficially influencing
the thermometric properties of the luminescent thermometer
based on the LIR. The shortening of the lifetime of the 4F3/2
state of the Nd3+ ions observed at elevated temperatures for the
samples co-doped with 20% of the Cr3+ ions can also be
explained by a Nd3+ - Cr3+ back energy transfer. Unfortu-
nately, due to the shorter lifetime of the Nd3+ emitting state
than that of the 2E state of Cr3+, the thermal behaviour of the
lifetime cannot support or refutes this hypothesis. However,
back energy transfer cannot explain the significant thermal
enhancement of the Er3+ emission intensity shown in Fig. 4c.
On the other hand, the more probable hypothesis is that the
presence of Cr4+ induces the Nd3+ - Cr3+ - Er3+ energy
transfer, which results in both the shortening of the 4F3/2 state
lifetime and an enhancement of the Er3+ emission intensity at
elevated temperatures. Additionally, the temperature determi-
nation uncertainty was found to be lower than dT = 0.2 K in the
range of 303–573 K for YAG:Nd3+,Er3+,Cr3+/4+ powders (eqn (3)
and Fig. S13, ESI†).

The strong susceptibility of the tavr of the
4F3/2 state of Nd3+

to temperature changes indicates that the high concentration
of Cr3+ and Cr4+ ions may also be beneficial for the thermo-
metric parameters of the lifetime-based luminescence thermo-
metry. The most spectacular changes in the luminescence
decay profiles at elevated temperatures were observed when
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20% Cr3+ ions were used for doping (Fig. 5a). However, even low
amounts of Cr3+/Cr4+ ions activate the shortening of the tavr, as
can be seen in Fig. 5b. An enlargement of the Cr3+ amount
gradually shortens the tavr at elevated temperatures. This effect
is reflected in the SR determined based on the kinetics of the
excited state, which increases from the SR = 0.042% K�1 at
423 K for YAG:Nd3+,Er3+ to 0.86% K�1 at the same temperature
for YAG:Nd3+,Er3+,Cr3+/4+ powders. This spectacular 20-fold
enhancement of the relative sensitivity undoubtedly confirms
that the presence of Cr4+ ions has an extremely favorable effect
on the thermometric parameters of luminescent thermometers
operating in ratiometric and lifetime-based approaches. It is
worth emphasizing that contrary to often observed cases, the
presence of the quenching ions (in this case Cr4+ ions) does not
lead to the quenching of the low temperature tavr values. This is
a very important finding since the duration of the decay time
predefines the maximal available acquisition time in the ther-
mal imaging and, hence, the intensity of the signal collected.
The fact that Cr3+ ions so efficiently sensitize the Nd3+ and Er3+

luminescence should lead to the shortening of the lifetime of
its 2E excited state (Fig. S14 and S15, ESI†). According to the
expectation, a decrease in the lifetime of the 2E upon doping
with Nd3+ and Er3+ was observed, as shown in Fig. 5d. The
lifetime tavr measured at 123 K decreases slowly from 1 to 5%
Cr3+ and then by an order of magnitude from 5 to 10% and
another from 10% to 20%, as a result of the Cr3+ - Ln3+ energy
transfer. The lifetime is also temperature dependent, which is
also observed for YAG:Cr3+ particles. The Cr3+ concentration
has a small influence on this temperature dependence for 1 to
5%, and this response has the highest SR, SR = 1.28% K�1 at

253 K for a dopant concentration of 5% of Cr3+. Above 10%, the
temperature dependence of the lifetime 2E is much less pro-
nounced than for lower concentration.

To summarize, the presented results confirm the advanta-
geous influence of the Cr3+,Cr4+ co-doping on the emission
intensity and the thermometric properties of the ratiometric
Nd3+, Er3+ and the lifetime-based (4F3/2 state of Nd3+ ions)
luminescent thermometers in YAG:Nd3+,Er3+,Cr3+/4+ powders.

4. Conclusions

The influence of Cr3+/4+ ions as a sensitizer of luminescence
(Cr3+) and as a mediator in the energy exchange (Cr4+) were
investigated for the improvement of luminescence and thermo-
metric parameters in YAG:Nd3+,Er3+ powders. It was found that
due to the significantly higher absorption cross section of Cr3+

ions with respect to the Nd3+ ones, the introduction of the Cr3+

ions into the YAG:Nd3+,Er3+ powders enhances via the Cr3+ -

Nd3+/Er3+ sensitization process the emission intensity of Nd3+

and Er3+ upon white light excitation by a factor of 30 with
respect to samples without Cr3+ doping. Moreover, it was
noticed that for higher Cr3+ concentration the oxidation of
chromium ions to Cr4+ and even Cr6+ was observed. Hence
the presence of chromium ions leads to the improvement of the
thermometric properties of the Nd3+,Er3+ ratiometric lumines-
cent thermometer by the superposition of two effects: the
temperature dependence of the phonon-assisted Cr3+ - Nd3+

and Cr3+ - Er3+ energy transfer processes and the mediation of
the Cr4+ ion in the energy exchange between lanthanide ions via

Fig. 5 The luminescence decay profiles of the Nd3+ ions (4F3/2 state lem = 1064 nm) for YAG:1%Nd3+,1%Er3+,20%Cr3+/4+ (a); thermal dependence of tavr
of this state (b) and corresponding SR (c); the luminescence decay profiles of the Cr3+ ions (2E state, lem = 712 nm) for the YAG:1%Nd3+,1%Er3+,1%Cr3+

(d); thermal dependence of tavr of this state (e) and corresponding SR (f).
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the Nd3+ - Cr4+ - Er3+ energy transfer process, which is observed
at higher Cr3+ concentration. As a result the relative sensitivity of the
ratiometric luminescent thermometer based on the Er3+ and Nd3+

emission increased by 700% from 0.25% K�1 at 468 K for YAG:
Nd3+,Er3+ to 1.67% K�1 at 300 K for YAG:Nd3+,Er3+,20%Cr3+/4+.
Moreover, the presence of the Cr4+ ions induces the additional
thermally activated depopulation channel of the 4F3/2 state of Nd3+

which enables the development of a highly sensitive luminescent
thermometer based on the lifetime of the 4F3/2 excited state of Nd3+

ions on the highest sensitivity, enhanced by 2000% with respect
to the non co-doped with Cr3+/4+ powders, reached at 423 SR =
0.86%K�1. Notably, the presence of the Cr4+ ions does not affect the
value of the low temperature lifetime of the 4F3/2 state. Additionally
the efficient Cr3+ - Nd3+/Er3+ energy transfer process leads to the
shortening of the 2E lifetime of the Cr3+ ions which can be exploited
for the development of the lifetime based luminescent thermometer
with the highest SR = 1.28% K�1 at 253 K notified for the
YAG:Nd3+,Er3+,5%Cr3+/4+ ions. This research clearly confirms the
highly beneficial influence of the co-doping process with Cr3+/Cr4+

ions on the emission intensity as well as the thermometric proper-
ties of the luminescent thermometers operating in the ratiometric
and temporal approaches. This material holds significant promise
as a sensitive and robust NIR thermometer operating in the
physiological temperature range. However, before its biomedical
application, several factors of the phosphor itself, like the size of the
particles, need to be optimized. Therefore, in further works, the
optimization of these parameters will be considered to demonstrate
the thermometric performance of this kind of luminescent
thermometer.
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The integral intensities of the Nd3+ and Er3+ bands to calculate LIR values were fitted with Mott-Seitz 
equation (Eq. S1): 

(Eq. S1)0I =
exp( ) 1

I
WC

k T

where: I – the intensity in temperature T, I0 – the intensity in the initial temperature, 
W - the activation energy, k – Boltzmann constant, C – the dimensionless constant

The average lifetime of the excited states were calculated with the equation Eq. S2:

(Eq. S2a)
2 2

1 1 2 2

1 1 2 2

A A
A A

where: τ1, τ2 – the average time, which is in accordance with the relation τ = t∙ln(2) and 
A1, A2 – amplitude, which are the parameters of the doubleexponential function:
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(Eq. S2b)0 1 2
1 2

exp( ) exp( )x xy y A A
t t

Temperature determination uncertainty was calculated using Eq. S6:

(Eq. S3a)
1

R

LIRT
S LIR

SR is the relative sensitivity and δLIR/LIR determines the uncertainty of the LIR determination, 
where δLIR/LIR was determined as follows:

(Eq. S3b)

2 2

Tb Eu

Tb Eu

I ILIR
LIR I I

Table S1. The Rietveld refinement parameters of XRD patterns for YAG:Nd3+, Er3+, Cr3+/4+ powders 

Sample Rexp Rprofile weigth R 
profile

D
statisctics

weight S-
Statistics

YAG:1%Nd3+, 1%Er3+ 1.52919 1.96616 3.1929 1.33710 1.07269
YAG:1%Nd3+, 1%Er3+,

1%Cr3+
1.55303 3.36102 4.73781 0.40631 0.25277

YAG:1%Nd3+, 1%Er3+,
2%Cr3+

1.53677 2.51937 3.52202 0.70730 0.49693

YAG:1%Nd3+, 1%Er3+,
5%Cr3+

1.52759 2.66131 3.75056 0.57502 0.39426

YAG:1%Nd3+, 1%Er3+,
10%Cr3+

1.55828 1.66312 2.39261 0.81267 0.73250

Figure S1. The representative SEM images of YAG:Nd3+, Er3+ – scale bar: 4 μm (a), 5 μm (b), 20 μm (c) and 
YAG:Nd3+, Er3+, 10% Cr3+/4+ – scale bar: 10 μm (d), 5 μm (e), 3 μm (f).
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YAG:1%Nd3+, 1%Er3+,
20%Cr3+

1.56894 1.82007 2.74488 0.78064 0.69035
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Table S2. Atomic concentration of the surface of the analysed samples by EDS method.
YAG:1% Nd3+, 1%Er3+,

Cr3+/4+-unco-doped doped with 10% Cr3+/4+

Element at% (%) +/- rconc (%) at% (%) +/- rconc (%)

Y 13.630 0.166 14.097 0.284

Nd 0.180 0.022 1.321 0.187 0.045 1.324

Er 0.163 0.012 1.198 0.180 0.008 1.277

Al 25.877 0.337 24.773 0.198

Cr - - 1.947 0.123 7.858

O 60.147 0.373 58.817 0.358
at% - atomic percentage
rconc – the ratio of the dopant concentration in respect to the content of the element which it 
substitutes (Nd, Er substitutes Y sites, Cr substitutes Al sites)

Figure S2. The representative EDS spectra for YAG:Nd3+, Er3+ (a) and YAG:Nd3+, Er3+, 10% Cr3+/4+ (b).
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Table S3. Atomic concentration from the analyzed samples by XPS method.
The concentration of elements for the YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+

samples (%):

Element x = 1% x = 5% x = 10% x = 20%

Al 11.74 12.97 10.4 7.25

Y 6.73 8.21 6.9 4.6

C 40.25 32.23 43.28 50

O 36.58 42.24 35.07 34.1

N 4.54 4.17 3.96 3.48

Cr 0 0.17 0.39 0.56

Figure S3. The emission spectra of YAG:1% Nd3+, 1% Er3+, 5% Cr3+/4+ at 123 K and at 273K .
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Figure S4. The influence of Cr3+/4+ ions concentration on excitation spectra in YAG:1% Nd3+, 1% Er3+, x% 
Cr3+/4+ for 1064 nm (a) and on the contribution parameter δ (b), for 1530 nm (c) and for 445 nm (d).

Figure S5. The thermal evolution of the NIR range of emission spectra of YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+

powders with λexc = 445 nm, where x = 1 (a), 2 (b), 5 (c), 10 (d), 20 (e).
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Figure S6. The thermal evolution of emission spectra of YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+ powders 
with λexc = 793 nm, where x = 0 (a), 1 (b), 2 (c), 5 (d), 10 (e), 20 (f).

Figure S7. The thermal evolution of integral band intensities of 4F3/2→4I11/2 transition of Nd3+ ion (a) and 
4I13/2→4I15/2 electronic transition of Er3+ ion (b) excited by λexc = 793 nm.
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Figure S8. Thermal dependence of LIR calculated on the unnormalized data for different Cr3+/Cr4+ dopant 
concentration
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Figure S9. The thermal evolution of luminescent decays in YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+

for 1064 nm (Nd3+ excited state), where x = 0 (a), 1 (b), 2 (c), 5 (d), 10 (e), 20 (f).

Figure S10. The thermal evolution of average lifetime of Nd3+ excited state 
for YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+ powders.
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Figure S11. The thermal evolution of luminescent decays in YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+

for 1530 nm (Er3+ excited state), where x = 0 (a), 1 (b), 2 (c), 5 (d), 10 (e), 20 (f).

Figure S12. The thermal evolution of average lifetime of Er3+ excited state 
for YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+ powders.
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Figure S13. The thermal dependence of temperature estimation uncertainty for different Cr3+/4+ concentration 
in the YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+.

Figure S14. The thermal evolution of luminescent decays in YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+

for 445 nm (Cr3+ excited state), where x = 1 (a), 2 (b), 5 (c), 10 (d), 20 (e).
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Figure S15. The thermal evolution of average lifetime of Cr3+ excited state 
for YAG:1% Nd3+, 1% Er3+, x% Cr3+/4+ powders.
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a b s t r a c t

Although the technique of luminescence thermometry using luminescence of lanthanide ions (Ln3+) is at a

high level of sophistication, its main limitations are the relatively low luminescence brightness and the

need for precisely selected optical excitation sources. This is due to their relatively low absorption cross-

section and the spectrally narrow nature of the 4–4 f absorption bands. In this work, we propose a strategy

that, through exploiting chromium (Cr3+) to Ln3+ energy transfer, circumvent these limitations. It is shown

that as the concentration of Cr3+ ions increases up to 15 %, the brightness of a luminescent thermometer

based on GdScO3:Nd3+,Er3+ increases 25-fold in respect to the non co-doped counterpart. Additionally, due

to the temperature dependence of the Cr3+→Nd3+, Cr3+→Er3+ energy transfer rate, the sensitivity of this

thermometer increases threefold. The described studies confirm the beneficial effect of sensitization of Ln3+

ions by Cr3+ ions on the thermometric parameters of this type of luminescent thermometers.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Lanthanide (Ln3+) ions are well known and widely investigated as

active ions for luminescence thermometry due to their narrow

emission lines which facilitate spectral separation of the bands

considered in the ratiometric readout approach [1–4]. Especially the

inorganic phosphors doped with Ln3+ ions are desirable for ther-

mometric applications due to their high thermal and mechanical

stability [5–7]. However, the main limitation of luminescent mate-

rials doped with Ln3+ ions is their low absorption cross-section, re-

sulting in their limited emission brightness. Moreover, the narrow

absorption bands associated with the 4–4 f electronic transitions of

Ln3+ impose the necessity of using excitation light sources which

matches the narrow absorption bands [1,8]. Therefore, new strate-

gies that offer improvements of their brightness and enable excita-

tion in wide spectral range are necessary. One of the most promising

strategy, verified experimentally recently, was the sensitization of

the Ln3+ ions luminescence via the energy transfer from transition

metal ions (TM) to Ln3+[9,10]. The concept of this approach is

schematically presented in Fig. 1. When the ratiometric readout is

realized on the Ln3+ doped system (in this case Nd3+ and Er3+ ions),

the excitation wavelength of the energy that enables the population

of the excited state of Nd3+ is used. The energy transfer between

Nd3+ and Er3+ ions enables the population of the excited states of

Er3+ ions and thus to achieve their emission [11–13]. Since the as-

sistance of the phonon is required to provide such transfer, thermal

dependence is expected of the Nd3+ to Er3+ luminescence intensities

ratio (LIR). However, the sensitivity of such thermometer is found to

be not very high (SR < 0.5 %/K). Moreover, the narrow and not intense

absorption bands of such system hinder to receive high lumines-

cence brightness of such phosphor. Therefore, the use of the Cr3+ co-

dopant, which is well known for its broad and intense absorption

bands enables the enhancement of the Ln3+ emission brightness due

to much higher absorption cross section of Cr3+ and high Cr3+→Ln3+

energy transfer. Additionally, due to the significant energy difference

between the metastable levels of Cr3+ and Nd3+ and Er3+ ions, the

probability of Cr3+→Ln3+ is expected to be strongly thermally de-

pendent. Therefore, as a consequence of co-doping with Cr3+ ions,

the bright luminescent thermometer of high sensitivity can be de-

veloped. This approach has been already successfully implemented

in the YAG:Cr3+,Nd3+,Er3+ phosphor [10]. However, in that case a

significant contribution of the Cr4+ oxidation state in the Nd3+→Er3+

energy transfer was found. This was due to the fact that the YAG

structure contains both octahedrally and tetrahedrally coordinated

sites of Al3+ ions, that can be occupied by the chromium ions. The

tetrahedral site of the Al3+ is especially preferred by the Cr4+, hence

https://doi.org/10.1016/j.jallcom.2022.166343
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for a high concentration of chromium ions their small fraction un-

dergoes of oxidation to Cr4+. Therefore, in order to prove that the

enhancement of the sensitivity of Er3+, Nd3+ based ratiometric lu-

minescent thermometer can be provided by implementing even

when solely Cr3+ ions are doped as a sensitizer, the host material that

prevents the Cr4+ stabilization should be examined.

Therefore, in this work the GdScO3 host material was used that

contains only the octahedrally coordinated Sc3+ site that can be oc-

cupied by the Cr3+ ions[14–17]. The spectroscopic properties of the

GdScO3:Er3+, Nd3+ and GdScO3:Er3+, Nd3+, Cr3+ were investigated in a

wide range of temperature in order to evaluate thermometric

properties of Er3+, Nd3+ based ratiometric luminescent thermometer.

The investigations were conducted for various Cr3+ concentration in

order to verify the beneficial influence of the sensitization effect via

Cr3+ ions on the enhancement of the emission brightness and in-

crease of the relative sensitivity of the luminescent thermometer.

2. Experimental

The powders of GdScO3:1 % Nd3+, 1 % Er3, x % Cr3+ (where x = 0;

0.5; 1; 2; 5; 10; 15; 20) microcrystals were synthesised with a solid-

state synthesis method. The following starting materials were used

as reagents without further purification: Gd2O3 (99.995 % purity

from Stanford Materials Corporation), Sc2O3 (99.99 % purity, Alfa

Aesar), Nd2O3 (99.998 % purity, Stanford Materials Corporation),

Er2O3 (99.99 % purity, Stanford Materials Corporation) and Cr

(NO3)3·9H2O (99.99 % purity, Alfa Aesar). The stoichiometric

amounts of compounds were mixed in n-hexane and ground in an

agate mortar three times until the n-hexane evaporated. Next, the

powder was first calcined in porcelain crucibles at 1000 °C in air for

24 h. The pre-annealed powders with 1 % Nd3+ and 1 % Er3+ molar

concentrations with respect to the Gd3+ ions and x % molar Cr3+

concentration with respect to Sc3+ ions were subsequently ground

again with the same procedure and sintered in corundum crucibles

in air at 1600 °C for 24 h. Finally, the obtained perovskite powders

were ground in an agate mortar.

All of the synthesized materials were examined by X-ray powder

diffraction (XRPD) measurements carried out on PANalitycal X′Pert

diffractometer, equipped with an Anton Paar TCU 1000 N tempera-

ture control unit, using Ni-filtered Cu-Kα radiation (V = 40 kV, I =

30 mA) with a step 2Θ= 0.026°. Scanning Electron Microscopy (SEM)

images were taken with a Field Emission Scanning Electron

Microscope (FEI Nova NanoSEM 230) equipped with an energy-dis-

persive spectrometer (EDAX Genesis XM4). The sample was ground

Fig. 1. The visualization of the concept of the proposed approach: the schematic presentation of GdScO3 matrix doped with Nd3+, Er3+ - a) and co-doped with Cr3+ - b); the

simplified visualization of the excitation processes for Nd3+-Er3+ ions pair without – c) and with Cr3+ as a sensitizer – d); excitation spectra of Nd3+ ions (λem=1082 nm) in

GdScO3:Nd3+, Er3+ – e) and in GdScO3:Nd3+, Er3+, 20 % Cr3+ – f); thermal evolution of the relative sensitivity SR(LIR) for GdScO3:Nd3+, Er3+ unco-doped with Cr3+ – g) and co-doped

with 20 % Cr3+ – h).
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in a mortar and dispersed in methanol and then a drop of the sus-

pension was placed on the carbon stub and dried.

The emission spectra were measured using the 445 nm (50 mW)

excitation lines from a laser diode and a NIRQUEST spectrometer

from Ocean Optics (1.5 nm spectral resolution) as a detector. The

excitation spectra and luminescence decay profiles were recorded

using the FLS1000 Fluorescence spectrometer from Edinburgh

Instruments with a R928P side window photomultiplier tube from

Hamamatsu as a detector with a 450 W halogen lamp and 445 nm

pulsed work laser diode as an excitation sources. The temperature of

the sample was controlled using a THMS 600 heating-cooling stage

from Linkam (0.1 K temperature stability and 0.1 K set point re-

solution). To estimate relative sensitivities with lower uncertainty,

all of the intensity vs temperature plots were fitted according to the

Mott-Seitz equation (Eq. S2). In the case of the average lifetime of

the excited states, they were calculated with the use of bi-ex-

ponential function according to the procedure described in the

Supporting Information (SI) (Eq. S4).

To verify the increase of the emission brightness of GdScO3:Nd3+,

Er3+ when co-doping with Cr3+, a spectroscopic study of liquid dis-

persions of the particles was performed. The experimental approach

is similar to that outlined in Ref. [18].

The particles were dispersed in deionized water at a concentra-

tion of 500 mg/L and placed in a borosilicate beaker. These disper-

sions were probed with two different light sources, namely a white

LED (Thorlabs MCWHL5), with an emission spectrum which con-

sisted of two bands: a narrow band with a center wavelength around

460 nm and a 20 nm full width at half maximum (FWHM) and a

broad band with a center wavelength of 580 nm with a FWHM of

130 nm; and a blue LED (Thorlabs M455L3) centered at 455 nm with

a 20 nm FWHM. The LED emission was focused by an 85 mm ob-

jective lens (Zeiss 85 mm f/1.4) and a f = +75 mm plano-convex lens

onto the center of the beaker, with a power density of 860 and

960 W/cm2, for the blue and white LED respectively. The difference

between the two LEDs do not allow IR radiation from the white LED

was blocked by a visible band pass filter (Schott KG3). The lumi-

nescence from the stirred dispersions was collected by a 50 mm

objective lens (Nikon 50 mm f/4) and imaged onto the entrance slit

of a monochromator (Spectrapro: HRS-300, Princeton Instruments)

with a grating (100 grooves per mm blazed at 450 nm). To reject the

LED illumination, a an IR long-pass filter (Schott RG 1000) was used.

A non-amplified silicon photodiode (Thorlabs DET1002A) was placed

at the exit slit of the monochromator to collect the 1064 nm emis-

sion with a 60 nm bandwidth (FWHM). The photodiode current was

further amplified using a lock-in amplifier (Stanford Research

Systems SR510) referenced at 8 Hz, at the same modulation fre-

quency of the excitation source. To account for difference in dis-

persion stability, Mie scattering measurements were also performed

before and after the luminescence measurements. For this, the

particles were illuminated with a 375 nm diode laser (PhoxX-

Omicron Lasers), and the scattered intensity was recorded with the

same system for a monochromator center wavelength of 375 nm. For

these measurements, both filters were removed and the LED were

turned off. The comparison of brightness of the luminescent ther-

mometers was performed based on the ratio of collected lumines-

cence signal and Mie scattering signal for each dispersion.

To evaluate possible signal leakage between the excitation source

and the detection and luminescence from the beaker to the non-

luminescent Al2O3 particles (Phosphor Technology) with 3 �m

average particle size were dispersed in water and illuminated with

the white and blue LED, while the emission at 1064 nm was re-

corded. The signal detected at 1064 nm for aluminum oxide particles

was used as a background for luminescence intensities and sub-

tracted. To account for the contribution of the beaker wall to the

scattering signal when illuminated at 375 nm, a background signal

was also recorded with the beaker filled with deionized water in the

absence of phosphor particles.

3. Results and discussion

3.1. Structural and morphological characterization

GdScO3 crystallizes in an orthorhombic system of Pnma (62)

space group and is a representative of the perovskite family of the

general formula ABX3 (where A and B represents the metallic sites,

while X = O2- anion)[14–17]. In this case, the Gd3+ and Sc3+ cations

are located in the ‘A′ and ‘B′ sites, respectively. The Sc3+ ions together

with surrounding O2- ions form corner-sharing distorted octahedra,

while triangular prisms of Gd3+ ions are found in vacancies between

these octahedra (Fig. 2a). It is noteworthy, both Gd3+ and Sc3+ have

the same electric charge and are surrounded by the same number of

oxide ions O2- in the first coordination sphere, which could make it

difficult to determine where substitution of dopant ions is to be

expected. However, the differences between the effective ionic radii

(EIR) allow unambiguous assignment of the sites that will be fa-

voured for the dopant ions. Therefore, since the Shannon ionic radius

of Sc3+ equals 74.5 pm and for Gd3+ it is 93.8 pm, it is expected that

Ln3+ ions such as Nd3+ and Er3+ will occupy the Gd3+ site (EIREr3+/

EIRGd3+ = 89 pm/93.8 pm ≈ 94.9 % and EIRNd3+/EIRGd3+ = 98.3 pm/

93.8 pm ≈ 105.0 %)[19]. On the other hand, the smaller site of Sc3+

should be more suitable for the transition metal ions like Cr3+ with

an effective ionic radius equal to 61.5 pm (EIRCr3+/EIRSc3+ = 61.5 pm/

74.5 pm ≈ 82.5 %). The analysis of the calculated Goldschmidt tol-

erance factor t (Eq. S1), reveals that for the un-doped GdScO3

structure, t = 0.771, which is consistent with the classification of this

structure as orthorhombic[17,20]. However the co-doping the

structure with 1 % of Nd3+ and Er3+ ions causes the increase of t to

0.776, and with increasing concentration of Cr3+ ions t increases

even more, reaching t = 0.786 for the microcrystals co-doped with

20 % Cr3+ ions (Fig. S1).

Fig. 2. Structural characterization of synthesized materials: the visualization of the polyhedra of Gd3+ and Sc3+ in the GdScO3 structure – a); the X-ray diffraction patterns of

GdScO3:Nd3+, Er3+
, x % Cr3+ powders with different Cr3+ concentrations – b); the influence of the Cr3+ concentration on the unit cell parameters in GdScO3:Nd3+, Er3+

, x % Cr3+ – c).
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To verify the crystallographic purity of prepared micromaterials,

the patterns obtained from X-ray powder diffraction (XRPD) mea-

surements were compared with reference data (ICSD 99543) (Fig. 2b,

see also Fig. S2 – S4). Performed analysis indicates the lack of ad-

ditional intense Bragg reflections in the XRPD patterns confirming

the phase purity of the GdScO3:Nd3+, Er3+, Cr3+ even for 20 % Cr3+

ions. It should be noted that the most intense reflection at

2theta= 32° undergoes broadening for 20 %Cr3+ which may suggest a

lowering of the crystallization level for such high concentrations of

dopant ions. Moreover, careful analysis reveals that at ca. 2theta= 30°

for 5 %Cr3+ and 10 %Cr3+ samples additional reflections of low in-

tensity (< 3 % intensity of the most intense reflection of GdScO3) are

observed. As further spectroscopic investigations will show, the

presence of this impurity does not influence significantly the lumi-

nescence properties of the phosphors analyzed. The observed gra-

dual shift of the diffraction peaks towards higher 2Θ degrees with

increasing Cr3+ concentration (by 0.21° for 20 % Cr3+ with respect to

the Cr3+ undoped sample) indicates a contraction of the unit cell
from V = 250.75 Å for Nd3+, Er3+-doped GdScO3 material to V
= 242.07 Å for the sample doped with 20 % Cr3+ ions, which is ex-

pected due to substitution of Sc3+ ions by smaller Cr3+ ions (Fig. S5).

Accordingly, a nearly linear increase in the Goldschmidt tolerance

factor with the decreasing unit cell volume was found, indicating

that with the gradual substitution of Sc3+ ions by Cr3+ ions the angle

between Sc3+/Cr3+ octahedra tends towards the 90° found in an ideal

cubic structure such as SrTiO3 (Fig. S6). The SEM analysis of the

obtained phosphors reveals that independently on the Cr3+ con-

centration synthesized powders consists of aggregated particles of

around 2 �m in diameter (Fig. S7).

3.2. Luminescent properties characterization

In order to understand the sensitization process of Ln3+ lumi-

nescence occurring in GdScO3 nanocrystals doped with Nd3+, Er3+

and co-doped with Cr3+ ions, the configurational-coordinate diagram

for Cr3+ ions and the energy level diagrams of Nd3+ and Er3+ ions are

presented in Fig. 3a. In the case of the luminescent system doped

solely with Ln3+ ions, it is possible to populate their excited states by

using an excitation wavelength matched to the one of the narrow

absorption bands of Nd3+ or Er3+ ions, e.g. Nd3+ through λexc

= 808 nm (4I9/2→4F5/2,4S3/2 electronic transition). As a consequence

of nonradiative transitions, the metastable 4F3/2 state is populated.

Its radiative depopulation results in the occurrence of three char-

acteristic emission bands at 880 nm, 1080 nm and 1348 nm corre-

sponding to the 4F3/2→4I9/2, 4F3/2→4I11/2 and 4F3/2→4I13/2 electronic

transitions, respectively. Since only a small energy difference is

found between the 4F3/2 state of Nd3+ ions and the 4I11/2 state of Er3+

ions, the interionic Nd3+→Er3+ energy transfer can occur, which then

is followed by non-radiative processes to the 4I13/2 state of Er3+ ions.

From this level, the 4I13/2→4I15/2 electronic transition generates the

emission band at 1540 nm.

However, when the system is co-doped with Cr3+ ions, it is

possible to populate excited states of Ln3+ through the Cr3+→Ln3+

energy transfer. This is due to the fact that Cr3+ is characterized by

the very broad and intense absorption bands in the visible part of the

spectrum, that are associated with the spin-allowed 4A2→4T1 and
4A2→4T2 electronic transitions. When the λexc = 445 nm excitation

line is used (4A2→4T1 electronic transition) the population of the 4T1

state followed by the nonradiative transitions to the bottom of the
4T2 state parabola. As presented by Wang et al.[14], the radiative

depopulation of this state at room temperature results in the ob-

servation of broad emission bands with a maximum at 767 nm.

However, in a system co-doped with Ln3+ ions it is also possible that

energy transfer processes Cr3+→Nd3+ and Cr3+→Er3+ occur. It should

be emphasized that considering the energy mismatch between Cr3+

excited states and 4F7/2 of Nd3+ and 4I11/2 of Er3+, both energy

transfers require the assistance of phonons, making them highly

temperature-dependent processes, which is advantageous from a

thermometric point of view. The emission spectra measured at

T = 83 K (Fig. 3b) confirm these phenomenological predictions. Upon

λexc = 445 nm optical excitation for the GdScO3 microcrystals doped

with Cr3+ ions, two bands originating from 4F3/2→4I11/2 and 4F3/

2→4I13/2 electronic transitions of Nd3+ ions with maxima at 1180 nm

and 1348 nm can be found and one emission band associated with

the 4I13/2→4I15/2 electronic transition of Er3+ ions at 1540 nm. This

confirms the Cr3+→Ln3+ energy transfer. However, the comparison of

the emission spectra obtained upon λexc= 445 nm (Cr3+ sensitization)

and λexc= 808 nm (direct Nd3+ excitation) reveals that both Cr3+→
Nd3+ and Cr3+→Er3+ energy transfer take place in the Cr3+ co-doped

systems. Upon direct Nd3+ excitation the emission band of Er3+ ions

reached about 7 % of the emission intensity of 4F3/2→4I11/2 emission

band of Nd3+ ions. However, when the λexc= 445 nm is used for the

0.5 % Cr3+, the Er3+ intensity increases up to 45 % of the Nd3+ in-

tensity (Fig. S8). Higher concentrations of Cr3+ lead to some reduc-

tion of the contribution of Er3+ emission intensity in the

luminescence spectrum of the analysed samples (up to 13.5 % of

Nd3+ band intensity for 20 %Cr3+). This is probably related to the high

concentration of Cr3+ ions, which transfer energy less efficiently to

Ln3+ co-dopants due to the higher probability of occurrence of so-

called concentration quenching between Cr3+ ions. To verify this, the

comparison of the average distance between Cr3+ ions (R) and a

critical distance (Rc) should be analysed. The R can be calculated by

the formalism introduced and explained by Blasse and Grabmaier

with the following equation (Eq. 1)[21,22]:

=R
V
xN

2(
3

4
)1/3

(1)

where N is the number of positions in which the dopant can be lo-

cated in the unit cell with the volume V and x is the concentration of

the optically active dopant (Cr3+ in this case). Since there are 12 Sc3+

ions in the unit cell, N = 12 and it is possible to determine R for
different Cr3+ concentration: R = 43.04 Å; 15.85 Å; 12.57 Å; 9.25 Å;
7.32 Å; 6.38 Å and 5.78 Å for 0.5; 1; 2; 5; 10; 15 % and 20 % Cr3+

concentration, respectively. The critical distance for energy transfer

Rc is defined as the distance for which the rate of transfer between

two optical centres equals the radiative rate in one of these centres.

Therefore, when Rc < R the energy transfer between Cr3+ ions dom-

inates and when Rc > R the radiative transition or the Cr3+→Ln3+ is

more probable. Since the optical transitions between 2E states of two

Cr3+ ions are forbidden electric-dipole transitions, the Rc value
should be around 5–8 Å to occur the transfer over the multipolar

interaction[22].

The beneficial effect of the Cr3+ co-doping on the excitation ef-

ficiency is presented in the excitation spectra of the GdScO3:Cr3+,

Nd3+, Er3+ powders measured on the emission of Nd3+ ions (λem =

1082 nm) (Fig. 3c). For the GdScO3:Nd3+, Er3+ powders, the Nd3+

excitation spectrum consists of several narrow excitation bands,

which can be attributed to electronic transitions occurring from the
4I9/2 ground state of Nd3+ ions to: 2F5/2 (275 nm), 4D3/2,4D1/2

(362 nm), 4D5/2 (378 nm), 2P1/2,2D5/2 (434 nm), 4G9/2,2D3/2 (447 nm),
4G9/2,2K13/2 (519 nm), 4G5/2,2G7/2 (595 nm) 2H11/2 (627 nm), 4F9/2

(683 nm), 4F7/2,4S3/2 (745 nm), 4F5/2,2H9/2 (805 nm) and 4F3/2

(875 nm), but also several Er3+ bands, related to the 4I15/2→4G7/2,2K13/

2 (312 nm), 4I15/2→2H11/2 (520 nm), 4I15/2→4S3/2 (542 nm) and 4I15/

2→4I9/2 (800 nm) transitions (Fig. S8). The occurrence of weak Er3+

bands in the excitation spectrum of Nd3+ indicates a Er3+→Nd3+

energy transfer. Also for the excitation spectra of Er3+ ions taken for

the emission wavelength of 1525 nm, many narrow bands of both

Nd3+ and Er3+ ions were found (Fig. S9). These include the excitation

bands corresponding to the population of the following Er3+ states:
4G9/2 (281 nm), 4G7/2 +2K13/2 (301 nm), 4G11/2 (378 nm), 4F7/2

(486 nm), 2H11/2 (521 nm), 4S3/2 (542 nm), 4F9/2 (655 nm) and 4I9/2
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(805 nm) and also Nd3+ excited states: 4D3/2 +4D1/2 (360 nm), 4G9/2

+2D3/2 (480 nm), 4G9/2 +2K13/2 (518 nm), 4G5/2 +2G7/2 (594 nm) and
2H9/2 +4F5/2 (805 nm). The Nd3+ excitation bands in the spectrum

taken for Er3+ emission confirm the expected Nd3+→Er3+ energy

transfer. In both cases of the Nd3+ and Er3+ excitation spectra, with

increasing Cr3+ ion concentration the occurrence of several broad

bands is observed, which can be assigned to the electronic transi-

tions of 4A2→4T1(4P) (~353 nm), 4A2→4T1(4F) (~456 nm), 4A2→4T2(4F)

(~632 nm) and 4A2→2E (~718 nm). Such an unusually rich excitation

spectrum is associated with a large optical bandgap (> 5.5 eV) that is

characteristic of the rare earth scandate crystals (REScO3, where RE -

the rare earth ion)[23–25]. Additionally, it is worth noting that the
4A2→2E excitation band is rarely observed, but has been previously

reported in a Sc3+ site characterised by a weak crystal field in

Ca3Sc2Si3O12 garnet[26]. From the energetical location of the
4A2→4T1 and 4A2→4T2 bands, the crystal field strength Dq, the Racah

parameter B and their ratio Dq/B can be determined according to

empirical formulae determined from Tanabe-Sugano diagrams

(Eqs. 2–4):
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The obtained results show that the weak crystal field strength

affects the Cr3+ ions in GdScO3:Nd3+, Er3+, Cr3+ materials (for Cr3+

concentration below 2 % - Dq/B ≈ 2.05) (Table 1). With increasing

Cr3+ content above 5 % the parameter Dq/B increases from 2.27 to

2.48 for GdScO3:Nd3+, Er3+, 20 % Cr3+ crystals. The increase of Dq/B

ratio with Cr3+ content is expected due to the smaller radius of Cr3+

ions with respect to Sc3+ host ions and the well-known inverse re-

lationship between crystal field strength 10Dq and a metal-ligand

distance R(Sc3+/Cr3+-O2-) presented by Tanabe and Sugano for 3d3

electronic configuration [27,28]. The crystal field strength affecting

the Cr3+ ion located in the octahedral symmetry is inversely pro-

portional to R−5 (where R is the Cr3+ -O2- distance). Due to the large

difference in ionic radii between Sc3+ and Cr3+ as the dopant ion

concentration increases, a change in the average Cr3+-O2- distance

resulting in a change in crystal field strength is expected. Such effect

has been previously reported for Y3Ga5O12:Cr3+, among others [29].

The obtained results differ from the values previously reported in

the literature (Dq = 1553 cm−1, B = 574 cm−1, Dq/B = 2.71) [14]. It

should be noticed here, that when the Dq/B is below 2.3 the low

crystal field affects the Cr3+ ions, where the energy of the 4T2 state is

lower compared to the 2E state. Hence, the obtained Dq/B < 2.1 for

low Cr3+ concentrations are consistent with the emission spectra

reported in that work consisting of a broad band characteristic of the

Fig. 3. The configurational-coordinate diagram of Cr3+ and energy levels diagram of Nd3+ and Er3+ ions – a); the comparison of the low temperature (83 K) emission (λexc =

445 nm) – b) and excitation spectra of Nd3+ ions (λem = 1082 nm) of GdScO3:Nd3+, Er3+ x % Cr3+ microcrystals with different Cr3+ concentration – c); the influence of the Cr3+

concentration on the contribution parameter δ – d); the luminescence intensity enhancement factors for GdScO3:1 %Nd3+, 1 %Er3+, x %Cr3+ phosphors. The errors bars were

computed from the mean standard deviations of the ratios from repeated measurements with newly prepared dispersions – e).

Table 1
Comparison of crystal field parameters for GdScO3:Nd3+, Er3+, x % Cr3+ microcrystals.

Cr3+ concentration Dq (cm−1) B (cm−1) Dq/B

0.5 % 1535 752 2.04

1 % 1539 755 2.03

2 % 1544 758 2.05

5 % 1585 699 2.27

10 % 1606 678 2.37

15 % 1631 661 2.47

20 % 1646 664 2.48
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spin-allowed 4T2→4A2 transition. This disagreement may be due to

differences in the temperature at which the excitation spectra were

measured (room temperature in[14] comparing to the T = 83 K in

this work).

To quantify the growing contribution of the Cr3+ absorption

bands in the excitation spectrum of GdScO3:Cr3+,Nd3+,Er3+ powders

recorded on the Nd3+ emission and Er3+ emission the δNd3+ and δEr3+

parameters were calculated, respectively, as follows:

=+
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The analysis of the influence of the Cr3+ concentration on values

of these parameters indicates that even for the powders co-doped

with 2 % Cr3+, the excitation band 4A2→4T1 of Cr3+ ions is above 23

times more intense than the band corresponding to 4I15/2→2H11/2

transition for Er3+ emission and 31 times more intense than the band
4I9/2→4G7/2 of Nd3+ ions. Subsequently, the increase in the intensity

of bands originating from Cr3+ ions increases less rapidly, reaching a

maximum of δEr3+ ≈ 41 and δNd3+ ≈ 64 for 20 % Cr3+ doped micro-

crystals.

To exploit the impact of Cr3+ co-doping in GdScO3:1 %Nd3+, 1 %

Er3+, x %Cr3+ (x = 0, 0.5, 1, 2, 5, 10, 15, 20 %) luminescent thermo-

meters’ brightness, spectroscopic measurements were conducted in

water dispersions. Probing particle dispersions, which is an optically

thin state, serves two aims: 1) the enhancement observed will be

valid in applications benefiting from sensitization, where generally

the concentration of luminescence thermometers is limited (fluid

metrology, biomedical applications). 2) the enhancement is a linear

function of the enhancements of both absorption cross section and

quantum efficiency. In bulk powders, the attenuation length due to

absorption and multiple scattering is smaller than the thickness of

the powder sample itself. As a result, in this optically thick state,

there is a sub-linear and unknown dependence on the absorption

cross section. The enhancement factors obtained in dispersion are

therefore less ambiguous and more transferrable than those which

could be observed in the powder state.

In terms of excitation source, the blue LED with an emission peak

centered at 455 nm has an excellent overlap with the 4A2 → 4T1 band

of Cr3+. On the other hand, it does not cover an Er3+ excitation line

and can only excite Nd3+ into a weak 4G9/2,2D3/2 band at 447 nm. As a

result, it can be used to probe the enhancement of the luminescence

signal due to the apparition of an excitation band with Cr3+ co-

doping. In comparison, the broad white LED allows the excitation

into several excitation bands of each of the three ions. As a result,

luminescent signal variations would be the result of differences in

the involved absorption strengths of the different transitions, irre-

spective of the quality of the overlap between the LED emission

spectrum and the specific excitation peaks. This means the differ-

ence in absorption cross sections of excitation transitions of Cr3+ and

those of Nd3+ and Er3+ can be investigated.

The brightness enhancement factors for each excitation source

were derived as the ratio of Nd3+ 1064 nm emission intensity of a

luminescence thermometer with respect to that of the non Cr3+ co-

doped phosphor. Enhancement factors are derived for each of the

two illumination, which by their ratiometric nature, can be com-

pared despite the slight mismatch in power densities between the

two illumination sources used. In contrast to the previously reported

similar study on YAG:1 %Nd3+, 1 %Er3+, x %Cr3+ microcrystals where

the phosphor brightness increased continuously with Cr3+ con-

centration[18], GdScO3 host show a non monotonic behaviour with

sensitizer concentration for both blue and white light illumination

(Fig. 3e). From 0 % to 2 % Cr3+, the emission intensity significantly

increases with Cr3+ content, while between 2 % and 5 %, the intensity

is similar. At 10 %, the intensity has decreased to a similar level as at

1 %. However, the highest intensity has been found for 15 % Cr3+ ions

with a two-fold increase with respect to the first maximum while at

20 % Cr3+, the emission intensity has dropped to the level of that

plateau. The reason for the double maximum in the curve is not

clear, but it has to do with a competition between increase an ab-

sorption cross section with the concentration of chromium and a

competition between the rate of Cr3+ → Cr3+ energy transfer (ET),

Cr3+ → Nd3+ ET, Nd3+→Cr3+ back energy transfer and Cr3+ to defects

ET, which influence the quantum efficiency for the Nd3+ emission.

Eventually concentration quenching dominates and the intensity

decreases.

The same behaviour is observed for both LEDs, with the en-

hancement being systematically 2–3 times larger with the blue ex-

citation than with the white excitation. The maximal enhancement,

obtained at 15 % is 12 and 25, for white and blue LED respectively.

This is expected as the match of the blue LED excitation bands is far

better in the case of Cr3+ excitation features than for Ln3+ excitation

bands, therefore the appearance of the Cr3+ has a significant effect on

the brightness. Since the white LED excitation covers both Nd3+ and

Cr3+ excitation bands, the enhancement due to the addition of the

Cr3+ excitation is less pronounced than for the blue LED.

The observed brightness increase for highly co-doped phosphors

would indicate that the enhancement of the total absorption cross-

section of the particle co-doped with Cr3+ is stronger than the effect

of concentration quenching, which has been mentioned earlier in

the manuscript. At this point, it is worth emphasizing, that, the

emission intensity for particle dispersion is a result of the product of

quantum efficiency and absorption coefficient[30]. Moreover, con-

centration quenching analysis is often performed in powders, and in

this state, the contribution of the total absorption cross section to

the overall signal is reduced due to the thickness of the medium.

Therefore, it could be concluded that the powder measurements

tend to reflect more the effect of quantum efficiency loss with in-

crease in concentration and minimize the effect of the increase of

the total absorption cross section with concentration.

3.3. Thermometric properties characterization

Apart from the brightness enhancement, another aspect of lu-

minescent thermometers equally important especially from the

application point of view and which can be enhanced by the through

Cr3+ sensitization, are the thermometric properties of the in-

vestigated thermometer. In order to verify the influence of the Cr3+

ions concentration on the thermal dependence of emission bands

intensities of Nd3+ and Er3+ ions, thermal dependence of emission

spectra of GdScO3:Nd3+, Er3+, Cr3+ powders were measured (Fig. 4a,

Fig. S10). It was found that for the GdScO3:Nd3+, Er3+ sample the

luminescence of both bands decreases slowly at elevated tempera-

ture and their emission intensities are not completely quenched

until 743 K. However, with increasing Cr3+ ion concentration, a more

rapid decrease of their intensity was found.

The analysis of the thermal dependence of the integral emission

intensities of Ln3+ indicates that in the case of the Nd3+ band for the

Cr3+ un-doped powders in the temperature range of 83–143 K a

slight increase of the intensity up to 115 % of the initial value is

observed. Above this temperature the emission intensity remains

almost constant up to 200 K and above this temperature there is a

gradual decrease of the intensity which at 743 K reaches 37 % of the

initial value (Figs. 4b, 4c). The slight increase in emission intensity

for the sample undoped with Cr3+ ions observed in the 100–130 K

temperature range is due to the thermally induced increase in the

absorption cross section for this wavelength. The optical excitation

of λexc= 445 nm reached a sideband of the 4I9/2→2G9/2,2D3/2,4G11/

2,2K13/2 absorption band of Nd3+. Its spectral broadening observed at
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elevated temperatures results in more efficient optical pumping and

thus a slight increase in luminescence intensity. However, when the

Cr3+ ions are introduced to the structure, significant changes in the

thermal dependence of the LIR were observed. For the low dopant

concentration regime (below 0.5 % Cr3+) the intensity of the Nd3+

band remains almost constant in the 83–300 K temperature range,

and then drastically decreases reaching 50 % of its original value at

T1/2 = 490 K. For the intermediate Cr3+ concentrations (0.5–2 % Cr3+)

the intensity of the 4F3/2→4I11/2 band decreases monotonically over

the entire investigated range, reaching 50 % at T1/2 = 300 K and 290 K,

respectively. However, for the high dopant concentration (above 5 %

Cr3+) the rapid decrease in the intensity of the Nd3+ band emission

occurs already at 83 K. The value of quenching temperature T1/2

decreases from 190 K for 5 % Cr3+ to 145 K for 20 % Cr3+. On the other

hand for Er3+ luminescence without Cr3+ co-doping, the intensity

continuously increases with temperature reaching a 3-fold en-

hancement at 440 K and remained at a similar level up to 580 K. Its

thermal behaviour is completely changed when Cr3+ sensitization is

activated. In the sample with 0.5 % Cr3+ a slight 40 % increase in the

emission intensity of Er3+ ions was recorded from 200 to 360 K,

followed by a slow decrease in the intensity, reaching at 543 K 87 %

of the value at 83 K. In this case, the increase in intensity in the range

between 200 and 360 K may result from the thermally dependent

activation of the energy transfer process from Cr3+ to Er3+ ions. For

1 % and 2 % Cr3+-co-doped compounds, similarly as in the case of

Nd3+ emission, the Er3+ emission decreases continuously over the

entire measurement range, but with slower quenching rate with

respect to the Nd3+ band counterpart. Therefore, T1/2 was de-

termined at 390 K and 360 K for 1 % and 2 % Cr3+, respectively. Fi-

nally, in the last group of x = 5–20 % Cr3+ in GdScO3:Nd3+, Er3+, x %

Cr3+ the thermal quenching of the 4I13/2→4I15/2 band was even more

drastic than for the Nd3+ band. This is confirmed by T1/2 = 160–140 K

for samples with 5–20 % Cr3+. On the other hand, the intensity re-

duction is smaller at higher temperatures, when for 400 K and 380 K

in samples doped with 5 % and 10 % Cr3+, the intensity of the Er3+

band is 13 % of the initial intensity, and then the intensity for 5 % Cr3+

slightly increases to 20 % at T = 460 K, while for 10 % Cr3+ it remains

constant at 13 % until 540 K. The comparison with the intensity at

the stage of 10 % of initial signal with Nd3+ emission is possible for

15 % and 20 % Cr3+-co-doped samples, for which 10 % intensity from

80 K was observed at about 360 K. The relative thermal changes of

the Nd3+ and Er3+ emission bands intensities were quantified by

means of the calculation of their luminescence intensity ratio (LIR)

as follows (Eq. 6, Fig. 4d):

=
+

+
LIR

I F I Nd d

I I I Er d

( )( )

( )( )
3/2

4
11/2

4 3

11/2
4

15/2
4 3

(6)

For Cr3+-un-doped GdScO3:Nd3+, Er3+ the LIR value monotonically

decreases reaching 48 % and 18 % at T = 300 K and 560 K, respectively.

For the 0.5 %, 1 % and 2 % doped samples, the LIR curve at tem-

perature follows a similar pattern and changes slowly from 80 K to

520 K eventually reaching values of 0.38, 0.33 and 0.28 respectively.

Above 5 % Cr3+, in the range from 80 to 200 K there is a slight in-

crease in the LIR to the value of 1.24, followed by gradual decrease to

0.37 at 500 K and a drastic fall to 0.10 at 620 K. For GdScO3:Nd3+, Er3+,

10 % Cr3+ a slight increase to LIR = 1.04 at 140 K was detected, fol-

lowed by a decrease in value to 0.18 at 500 K. Similar LIR changes

with increasing temperature were determined for 15 % and 20 % Cr3+.

On the other hand, for 20 % Cr3+ the decrease from LIR = 1.02 at 160 K

was obtained at a lower temperature to 0.18 at 400 K, while above

this temperature a slight increase to 0.20 at 480 K and then reduc-

tion of LIR to 3 % at 600 K was observed. Moreover, to verify the

influence of Cr3+ concentration on thermal changes of LIR values in

quantitative way, the relative sensitivity SR was calculated according

to the following formula (Eq. 7):

= ×S
T

1
100%R (7)

where Ω is the thermometric parameter (in this case LIR) and ΔΩ

represents its change for the ΔT change of temperature. The ob-

tained SR results were plotted at Fig. 4e. For the 0 % Cr3+ sample, SR

remains slightly above 0.3 % K−1 over a wide range of 80–480 K with

a maximum value of 0.38 % K−1 at 150 K. Co-doping with Cr3+ ions at

a concentration of 0.5 % did not act favourably to improve the re-

lative sensitivity in this range, with a SRmax = 0.24 % K−1 at 270 K. A

lower SR value is also obtained for 1 % and 2 % Cr3+. However, above

Fig. 4. Thermal evolution of the emission spectra of GdScO3:Nd3+, Er3+, 5 % Cr3+ (λexc = 445 nm) – a); thermal evolution of the normalized intensity of the Nd3+ emission band – b),

and of the Er3+ emission band – c), LIR of their values – d) and its relative sensitivity of GdScO3: Nd3+, Er3+, x % Cr3+ with different Cr3+ concentration – e); the influence of Cr3+

concentration on the relative sensitivity and temperature uncertainty at 300 K – f).
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5 % Cr3+ an improvement in the maximum relative sensitivity can be

noticed with respect to non Cr-co-doped samples. For GdScO3:Nd3+,

Er3+, 5 % Cr3+, SRmax = 0.48 % K−1 at 310 K was obtained, while for 10 %

it is 0.64 % K−1 at 245 K. Finally, for 15 % and 20 % Cr3+ samples a

significant improvement in the relative sensitivity was noted. For

15 % Cr3+ the SR is maintained above 0.5 % K−1 in the temperature

range between 225 and 380 K with a maximum of SRmax = 0.96 % K−1

at 300 K. When co-doping gadolinium scandate with 20 % Cr3+, the

range in which a relative sensitivity exceeded 0.5 % K−1 was wider

(195–390 K), at the expense of a slight decrease in maximum sen-

sitivity with SRmax = 0.87 % K−1 at 295 K. The comparison of the SR at

room temperature (300 K) presented in Fig. 4f confirms the bene-

ficial effect of the Cr3+ dopant concentration to thermometric

properties of Nd3+/Er3+ based ratiometric thermometer. The highest

SR(300 K) value equal to 0.96 % K−1 was obtained for 15 % Cr3+, which

represents a 2.8-fold enhancement with respect to the Cr3+-un-

doped counterpart. For 20 % Cr3+ the sensitisation effect was slightly

lower and with SR(300 K) = 0.87 % K−1 was 255 % of the value for

0 % Cr3+.

In order to understand the energy transfer process between Cr3+

and Ln3+ ions the influence of the Cr3+ ion on the kinetics of the Ln3+

luminescence was analysed (Fig. 5, see also Fig. S12). For the sample

doped with Nd3+ and Er3+ ions, the lifetime of the Nd3+ 4F3/2 excited

state (τavr) 60 �s, which is in agreement with the previously reported

lifetimes for GdScO3:3 % Nd3+ single crystal by Amanyan et al.[31].

When a small concentration of Cr3+ ions was introduced the elon-

gation of the τavr was observed. This elongation was already reported

by Saiki et al.[32]. for Cr3+, Nd3+ co-doped systems and was dis-

cussed in terms of the pumping of the 4F3/2 state by the Cr3+→Nd3+

energy transfer. Since the lifetime of the excited state of Cr3+ is

usually longer with respect to the 4F3/2 counterpart the continuous

energy transfer process results in the elongation of the latter one

[32]. The further increase in Cr3+ concentration results in gradual

shortening of the τavr up to τavr = 0.053 ms at 83 K for 20 % Cr3+. For

higher concentration of Cr3+ the quenching of the population of the

Cr3+ excited state results in the reduction of the contribution of Cr3+

ions in the elongation process and the shortening of the τavr due to

the back Nd3+→Cr3+ energy transfer. It is worth noting that the τavr of

the 4F3/2 state upon direct excitation into 4F5/2 state of the Nd3+ ions

(λexc=808 nm) remains almost independent on the Cr3+ concentra-

tion (Fig. S14). This confirms that Cr3+→Nd3+ energy transfer is re-

sponsible for results presented in Fig. 5a), whereas the Nd3+→Er3+

energy transfer probability is independent on Cr3+ ions amount. The

thermal evolution of τavr of 4F3/2 state for GdScO3:Nd3+, Er3+, x % Cr3+

with different Cr3+ concentration was performed (Fig. 5b, Fig. S13).

For the sample undoped with Cr3+ ions, a slight increase in lifetime

from 60 μs at 83 K to 71 μs at 273 K was noted and was similarly

observed from 160 μs at 77 K to 170 μs at 300 K for GdScO3:1 % Nd3+

in the literature[31,32]. In the case of GdScO3:Nd3+, Er3+, x % Cr3+

where x = 1, 2, 5 up to 200 K the τavr remains constant and above this

temperature it starts to shorten. Since the τavr lifetime in this case is

longer than the counterpart measured for Cr3+ undoped system, this

shortening can be explained in terms of the thermal activation of the

Cr3+→Nd3+ energy transfer that results in shortening of the lifetime

of the donor state of Cr3+. The thermal shortening of the lifetime of

the Nd3+ state can be used as a thermometric parameter of the

lifetime based luminescence thermometer. Therefore the SR was

calculated according to Eq. 7 (Fig. S15). In this case, the highest

sensitivity values SRmax were obtained for 10 % Cr3+ with the value of

SRmax = 0.66 % K−1 at 266 K, which is a 5-fold improvement over

0.13 % K−1 at 120 K for Cr3+-un-doped phosphor. Similar behaviour to

the lifetimes of the Nd3+ excited state at 83 K under doping with Cr3+

ions was also observed for the 4I13/2 state of Er3+ ions (Fig. 5c, Fig.

S16). For the GdScO3:Nd3+, Er3+ sample the average lifetime was

0.83 ms, while for 1 % Cr3+ it was already τavr = 2.17 ms. When con-

sidering the τavr of the 4I13/2 state of Er3+ ions very similar effect of

concentration of Cr3+ ions can be found. In the case of the Cr3+ un-

doped sample the τavr is almost temperature independent. However

an increase in the Cr3+ amount results in the initiation of the thermal

shortening of the τavr. For as high as 20 % of Cr3+, a shortening of the

lifetime was observed already from 83 K, when it was 1.32 ms,

whereas τavr = 0.55 ms at 283 K (Fig. 5d, Fig. S17a). Based on the

thermal evolution of average lifetime of the Er3+ excited state, a

SRmax value of 0.46 % K−1 at 217 K was calculated (Fig. S17b).

4. Conclusions

In this work, the effect of Cr3+ ion concentration on the ther-

mometric properties of GdScO3:Er3+,Nd3+ luminescent thermometer

exploiting the luminescence intensity ratio of Nd3+ to Er3+ ions as a

thermometric parameter was investigated. As shown, doping with

Cr3+ ions allowed for an up to 25-fold enhancement of the emission

intensity of Ln3+ ions through a high absorption cross section of Cr3+

ions in respect to Ln3+ ions and an efficient Cr3+→Ln3+ energy

transfer. In addition, due to the large spectral width of the absorp-

tion bands of Cr3+ ions, the spectral range of optical excitation at

which the emission of Nd3+ and Er3+ ions can be generated has been

significantly extended. The fact of the energy mismatch between the
2E level of Cr3+ ions and the excited levels of Nd3+ and Er3+ ions, the

probability of inter-ion energy transfer shows a strong susceptibility

to temperature changes. Therefore, increasing the concentration of

Cr3+ ions to 15 mol % made it possible to increase the maximum

relative sensitivity value threefold from 0.3 % K−1 at 300 for

GdScO3:Nd3+,Er3+ to 0.96 % K−1 for GdScO3:15 %Cr3+, Nd3+, Er3+.

In conclusion, the proposed strategy of using Cr3+ ions as lumi-

nescence sensitizers of Ln3+ ions has a favourable effect on the

thermometric performance of this type of ratiometric luminescence

thermometers and may make it possible to expand the scope of their

applicability in the future.

Fig. 5. The influence of Cr3+ concentration on the average lifetime of Nd3+ excited

state 4F3/2 (λexc = 1082 nm) at 83 K in GdScO3: Nd3+, Er3+, x % Cr3+ – a); thermal

evolution of Nd3+ excited state 4F3/2 for GdScO3: Nd3+, Er3+, x % Cr3+ with different Cr3+

concentration – b); the influence of Cr3+ concentration on the average lifetime of Er3+

excited state 4I13/2 (λexc = 1525 nm) at 83 K in GdScO3: Nd3+, Er3+, x % Cr3+ – c); thermal

evolution of Er3+ excited state 4I13/2 for GdScO3: Nd3+, Er3+, 20 % Cr3+ – d).
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a b s t r a c t

The sensitization of the luminescence of lanthanide ions (Ln3þ) through codoping with Cr3þ ions enables
an increase in the sensitivity of Ln3þ-based luminescent thermometers, as well as a significant
enhancement of their luminescence intensity. However, achieving predictable thermometric perfor-
mance in such thermometers necessitates an understanding of the correlation between the host material
and thermometric parameters. In this study, we demonstrate the dependence of the relative sensitivity
enhancement and thermal quenching temperature on the strength of the crystal field interacting with
Cr3þ ions. The versatility of the presented research enables the development of a tool that allows the
design of optical temperature sensors with predefined parameters.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Luminescence thermometry is a novel technique that has
recently gained wide attention due to its potential use in remote
temperature readout in numerous research and industrial fields
[1e9]. Various approaches have been proposed based on the spe-
cific requirements of the application in question [9e12]. One of the
most common of them is the ratiometric approach where the ratio
of two emission bands of lanthanide ions (Ln3þ) is used as a ther-
mometric parameter [6e8]. The advantage of this approach lies in
the ease of spectral separation of the emission bands, which arises
from the unique characteristics of the 4f-4f electronic transitions of
Ln3þ ions. However, the small absorption cross sections and narrow
absorption bands of Ln3þ require careful selection of the excitation
wavelength and high excitation source [13]. Additionally, the
limited susceptibility of Ln3þ luminescence to temperature changes

restricts the thermometric performance of such thermometers. To
overcome these limitations, various approaches have been pro-
posed to enhance the thermometric performance of Ln3þ-based
thermometers while maintaining the narrow and well-separated
emission of Ln3þ ions [14,15]. One such approach relies on codop-
ing Ln3þ-based thermometers with transition metal (TM) ions to
play the role of a sensitizer of Ln3þ ions (the so-called antenna ef-
fect) [16e19]. As it was already proved the high absorption cross
section and broad absorption bands of TM as well as the TM/Ln3þ

energy transfer enable the boost of the luminescence brightness
and the thermometric performance of such thermometers signifi-
cantly. Among TM ions, Cr3þ ions appear to be the most promising
candidates for sensitization, exhibiting the highest absorption cross
section and susceptibility to crystal field strength, which signifi-
cantly affects the position of the energy levels of Cr3þ ions and
hence the probability of Cr3þ to Ln3þ energy transfer [16,17].
However, a lack of systematic studies on the correlation between
the crystal field strength and the enhancement of the thermometric
performance of the Ln3þ-based luminescent thermometer has
limited the full potential of this approach and the design of on-* Corresponding author.
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demand thermometers. Therefore, in order to create such an op-
portunity and fill this gap, this work aims to find a correlation be-
tween the structural properties of the host material and the
thermometric properties of the luminescent thermometer. Since
the position of 4f energy levels of Ln3þ is barely affected by the local
ion's environment, the modification of the host material will
modify the crystal field strength that affects the Cr3þ ions tunning
the position of their energy levels. The probability of the phonon-
assisted energy transfer between Cr3þ and Ln3þ depends on the
energy mismatch between energy levels of interacting ions. Hence,
the change in the energy of the Cr3þ states enables modification of
the thermal quenching rate of the Ln3þ luminescence, which in
consequence will affect the relative sensitivity and luminescence
quenching temperature (T1/2) of the temperature sensor. This hy-
pothesis is examined here on the Nd3þ, Er3þ-based luminescent
thermometers sensitized by the Cr3þ ions in five different host
materials, that is, Y3Al5O12, Y3Al2Ga3O12, LaGaO3, GdScO3, and
LaScO3. Their structural, spectroscopic, and thermometric proper-
ties were analyzed step by step in order to determine correlations
that allow the understanding of the sensitization process and its
capability to boost the thermometric properties of the Ln3þ-based
luminescent thermometers.

2. Experimental

2.1. Synthesis of YAl2Ga3O12, LaScO3, LaGaO3 codoped with Er3þ,
Nd3þ and Cr3þ, Er3þ, Nd3þions

The following starting materials were used for the synthesis
without further purification: yttrium oxide (Y2O3 with 99.995%
purity from Stanford Materials Corporation), scandium oxide
(Sc2O3 with 99.995% purity from Stanford Materials Corporation),
lanthanum oxide (La2O3 with 99.995% purity from Stanford Mate-
rials Corporation), erbium oxide (Er2O3 with 99.995% purity from
Stanford Materials Corporation), neodymium oxide (Nd2O3 with
99.998% purity from Stanford Materials Corporation), aluminium
nitrate nonahydrate (Al(NO3)3$9H2O Puratronic 99.999% purity
from Alfa Aesar), gallium(III) nitrate nonahydrate (Ga(NO3)3$9H2O
Puratronic 99.999% purity from Alfa Aesar), chromium nitrate
nonahydrate (Cr(NO3)3$9H2O, 99.99% purity from Alfa Aesar), citric
acid (C6H8O7 with 99.5þ% purity from Alfa Aesar), and poly(-
ethylene glycol) (PEGC2H6O2 BioUltra 200 from Sigma).

The powders of Y3Al2Ga3O12, LaScO3, LaGaO3 doped with 15%
Cr3þ, 1% Er3þ, 1% Nd3þ, and 1% Er3þ, 1% Nd3þ doped were synthe-
sized viamodified Pechini method. The concentration of lanthanide
ions (Er3þ, Nd3þ) was calculated with respect to the molar amount
of Y3þ or La3þ ions, whereas the Cr3þ in respect to the Al3þ or Ga3þ

or Sc3þ. The Pechini synthesis has been carried out as follows: A
stoichiometric amount of rare earth oxides was dissolved in
distilled water and ultrapure nitric acid (96%). The formed rare
earth nitrates were recrystallized three times using small quantities
of distilled water. After this, stoichiometric quantities of desired
salts Ga(NO3)3$9H2O, Al(NO3)3$9H2O, and Cr(NO3)3$9H2O were
diluted in distilled water and added to an aqueous solution of the
obtained rare earth nitrates. Themixturewas stirredwith citric acid
for 1 h in 363 K to form a clear solution of the metal complex. The
molar ratio of citric acid to all metals was set to 6:1. Afterward, to
the solution, the PEG-200 was added and maintained for 1 h and
heated up to the temperature, which enables the initiation of the
polymerization process. The molar ratio of PEG-200 to citric acid
was 1:1. Then, the solution was dried for 1 week at 363 K. At this
time, a resinwas formed. Finally, the nanocrystals were obtained by
annealing the resin in air for 12 h at 1273 K.

The Y3Al5O12 and GdScO3 codoped with 1% Nd3þ, 1% Er3þ and
codoped with 1% Nd3þ, 1% Er3þ, 15% Cr3þ ions were prepared using
the previously described in Refs. [16,17], respectively, procedures.

2.2. Characterization

All of the synthesized materials were examined by X-ray pow-
der diffraction measurements carried out on PANalitycal X'Pert
diffractometer, equipped with an Anton Paar TCU 1000 N temper-
ature control unit, using Ni-filtered Cu-Ka radiation (V ¼ 40 kV,
I ¼ 30 mA).

The emission spectra were measured using a FLS1000 Fluores-
cence spectrometer from Edinburgh Instruments with a R928P side
window photomultiplier tube from Hamamatsu as a detector and
the 445 nm and 808 nm laser diode as an excitation sources. The
excitation spectra were also recorded using the FLS1000 Fluores-
cence spectrometer with a R928P side window photomultiplier
tube from Hamamatsu as a detector with a 450 W halogen lamp.
The temperature of the sample was controlled using a THMS 600
heatingecooling stage from Linkam (0.1 K temperature stability
and 0.1 K set point resolution).

In order to obtain the results of relative sensitivity with lower
uncertainty, all luminescent intensity ratio values were fitted ac-
cording to the Mott-Seitz equation (Eq. S1).

3. Results and discussion

The investigated host materials belong to two families of crystal
structuresdgarnets and perovskites. The garnets Y3Al5O12 (here-
inafter YAG) and Y3Al2Ga3O12 (hereinafter YAGG) crystalize in the
cubic structure of Ia-3d (No. 230) space group. In this case, in the
general chemical formula of garnets of C3A2D3O12, the Y3þ ions
occupy the dodecahedral ‘C’ sites and mixed Al3þ/Ga3þ ions occupy
both the octahedral ‘A’ and tetrahedral ‘D’ sites. It is generally
acknowledged that Cr3þ ions preferentially locate in the octahedral
sites, while Ln3þ ions like Nd3þ and Er3þ will substitute Y3þ crys-
tallographic sites (Fig. 1a). A summary of the parameters of crys-
tallographic sites is presented in Table 1. It is worth noting that the
included misfit factor (mf), which, as a ratio of effective ionic radii
(EIR) of dopant and substituted ions, assesses which of host ma-
terial ions is more likely to be replaced with dopant ions. On the
other hand, LaGaO3, GdScO3, and LaScO3 are perovskites that
belong to the same orthorhombic space group Pnma (no. 62) (for
LaGaO3 preferentially denoted as Pbnm) (Fig. 1bed). According to
Table 1, the coordination of RE3þ ions in these structures is different
for each of the host materials, but their substitution by Nd3þ and
Er3þ ions was confirmed by many reports. All these perovskites
host materials possess octahedral sites (Ga3þ or Sc3þ), which are
suitable for Cr3þ ions. An important structural parameter that has
so far been used in the literature to determine correlations with
spectroscopic properties is the distance between the ions whose
crystallographic sites are preferentially substituted by luminescent
centers and their ligands (O2� ions in the case of oxides), denoted as
R(M-O2-) (Fig. 1f). The R(M-O2-) distances were determined based
on the adequate CIF files (ICSD 23848 e YAG, ICSD 280106- YAGG,
ICSD 50388- LaGaO3, ICSD 65513- GdScO3, ICSD 242159- LaScO3). It
can be found that in this group of host materials, the R(Cr3þ-O2-)
ranges from 1.937 to 2.102 Å, for YAG and LaScO3, respectively.
Comparing the metal-oxygen distances with the data from Tables 1,
it can be found that the EIR of the ions which are substituted by
Cr3þ ions increases with increasing R(M(Cr3þ)-O2-), while for the
same EIR values (i.e., occurring for the same ions), the ions in the
second coordination sphere play a secondary role (compare Y3þ
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and La3þ in YAGG and LaGaO3, respectively, and Gd3þ and La3þ in
GdScO3 and LaScO3, respectively). Nevertheless, it should be
considered that R(Cr3þ-O2-) is a more accurate and simpler struc-
tural parameter to implement. On the other hand, due to the energy
transfer processes between Cr3þ and Ln3þ ions considered later in
this work, the shortest Cr3þ and Ln3þ distance should be also
considered (Fig. 1g). In this case, the largest distance was found for
YAGG with the value of 3.380 Å and slightly lower for YAG and
LaScO3. In contrast, the replacement of La3þ ions by Gd3þ ions in
GdScO3 led to a significant decrease in R(Cr3þ-Ln3þ) from 3.347 Å to
3.215 Å.

The phase purity of the synthesized powders was verified with
X-ray powder diffraction patterns (Fig. 1e, see also Figs. S1eS3). All
of the observed crystallographic reflections correlate with the
reference data confirming the phase purity of the obtained pow-
ders both in the case of Nd3þ, Er3þ and Nd3þ,Er3þ,Cr3þ codoped
phosphors (YAGG - ICSD 280106, LaGaO3 - ICSD 50388, LaScO3 -
ICSD 242159). It can be found that in the case of YAGG, codoping
host material with 15% Cr3þ results in a slight shift of the reflection
toward smaller 2Q angles in respect to undoped counterpart,
whereas for LaGaO3 and LaScO3, there is a slight shift toward bigger
2Q angles. Both observations are related to the expansion or

Fig. 1. The visualization of the polyhedra that can be replaced by the Cr3þ and Ln3þ ions in the YAG, YAGG e a) LaGaO3 e b), GdScO3 e c), LaScO3 e d); the comparison of the XRD
pattern with the reference data of the synthesized powders e e); comparison of R(Cr3þ-O2-) e f) and R(Cr3þ- Ln3þ) distance in investigated host materials e g).

Table 1
Summary of the structural parameters for the analyzed host materials.

host material Crystallographic site preferred for Ln3þ dopants Crystallographic site preferred for Cr3þ dopant

Ion and its coordination EIR (pm) mf (Nd3þ) mf (Er3þ) Ion and its coordination EIR (pm) mf (Cr3þ)

YAG Y3þ (VIII) 101.9 108.8% 98.5% Al3þ (VI) 53.5 115.0%
YAGG Y3þ (VIII) 101.9 108.8% 98.5% Al3þ/Ga3þ (VI) 53.5/62 115.0%/99.2%
LaGaO3 La3þ (IX) 121.6 95.6% 87.3% Ga3þ (VI) 62 99.2%
GdScO3 Gd3þ (VI) 93.8 104.8% 94.9% Sc3þ (VI) 74.5 82.6%
LaScO3 La3þ (VIII) 116 95.6% 86.6% Sc3þ (VI) 74.5 82.6%
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contraction of the crystallographic unit cell, respectively, associated
with the difference in the ionic radii between the Cr3þ and
substituted host material ion.

The spectroscopic properties of the Nd3þ, Er3þ, Cr3þ ions can be
explained based on the simplified configurational coordination
diagram of Cr3þ ions and energy level diagrams of Nd3þ, Er3þ ions
presented in Fig. 2a. Nd3þ ions are characterized by a very rich
energy level scheme and their luminescence can be observed upon
different excitation wavelengths. However, due to the very high
absorption cross section of 4I9/2 / 4F5/2, 4S3/2 band and the lack of
its spectral overlap with Cr3þ absorption bands the lexc ¼ 808 nm is
used in this study. Upon this excitation, the 4F5/2, 4S3/2 state is
populated followed by nonradiative transitions to the metastable
4F3/2 state. Its radiative depopulation results in the occurrence of
three emission bands at 880 nm, 1060 nm, and 1350 nm corre-
sponding to the 4F3/2 / 4I9/2, 4F3/2 / 4I11/2, and 4F3/2 / 4I13/2
electronic transitions, respectively. Due to the fact that the 4F3/
2 /

4I11/2 band is usually the most intensive further analysis will be
limited to this transition. In the presence of the Er3þ codopant the
4F3/2 level of Nd3þ ions can be also nonradiatively depopulated via
Nd3þ/Er3þ energy transfer. Due to a small energy mismatch be-
tween the 4F3/2 state of Nd3þ ions and the 4I11/2 state of Er3þ ions
the energy transfer occurs with the assistance of phonons. This
process is followed by nonradiative depopulation to the 4I13/2 state
of Er3þ ions and results in the emission band at 1530 nm related to
the 4I13/2 / 4I15/2 electronic transition. Indeed, Nd3þ and Er3þ

emission bands were observed for different host materials upon
excitation through ~808 nm wavelength [16,17,20,21]. Strong
thermal dependence of the probability of phonon assisted energy
transfer between those ions results in the thermally induced
change of their emission intensities ratio, which can be exploited

for temperature sensing. However, when the Cr3þ codopant is
introduced the Ln3þ luminescence can be obtained via the sensi-
tization process. Cr3þ ions are characterized by broad absorption
bands typically peaked at 450 nm and 650 nm associated with the
4A2/

4T1 and 4A2/
4T2 electronic transitions. As a result of non-

radiative processes the metastable 2E energy state is populated.
Subsequently, interionic Cr3þ/Nd3þ and Cr3þ/Er3þ energy
transfers are possible, which probably take place between the 2E
level of Cr3þ ions and 4F7/2, 4S3/2 of Nd3þ ions or 4I9/2 of Er3þ ions.
Nevertheless, it should be noted that the energy difference be-
tween 2E and 4F7/2, 4S3/2 is smaller, favoring the efficiency of
Cr3þ/Nd3þ energy transfer over Cr3þ/Er3þ. Since the crystal field
strength affects the energy of the excited states of Cr3þ ions, the
spectral position and energy mismatch between Cr3þ and Ln3þ

states can be modified depending on the host material used. The
occurrence of both Cr3þ/Nd3þ and Cr3þ/Er3þ energy transfers
can be confirmed by the presence of broad excitation bands of Cr3þ

ions in the excitation spectra of Cr3þ, Nd3þ, Er3þ codoped host
materials performed for lem ¼ ~1060 nm (Nd3þ) as well as
lem ¼ ~1530 nm (Er3þ) (wavelengths were adjusted to emission
maxima depending on the host material) (Fig. 2c and Fig. S4). The
bands whosemaxima are located in the range from 418.5 to 461 nm
(from ~23,895 to ~21,689 cm�1) and from 560 to 648 nm (from
~17,865 to ~15,435 cm�1) can be assigned to 4A2/

4T1 and 4A2/
4T2

electronic transitions, respectively. The gradual shift of the maxima
of the 4T1 and 4T2 bands is shown in Fig. S5. On the other hand, the
comparison of the excitation spectra of the analyzed phosphors
with and without Cr3þ ions can be found here (Figs. S6 and S7) and
the assignment of the energy of the absorption bands to the elec-
tronic transitions for five investigated host materials are presented
as Table S1 and Table S2, respectively. Based on the energy of the

Fig. 2. Schematic configurational coordinate diagram for Cr3þ, Nd3þ and Er3þ ions e a); comparison of emission spectra (lexc ¼ 445 nm) e b) and excitation spectra
(lem ¼ ~1060 nm, Nd3þ emission) for five different host materials co-doped with Nd3þ, Er3þ, Cr3þ at 123 K e c); dependence of R(Cr3þ-O2-)�5 on Dq/B e d); dependence of R(Cr3þ-
O2-) on energy of 2E excited state of Cr3þ ions e e).
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4A2/
4T1 and 4A2/

4T2 bands, it is possible to estimate the pa-
rameters of the crystal field affecting Cr3þ ions using Eq. S2-4. The
resulting parameters are summarized in Table S3. Fig. 2d compiles
the crystal field strength parameter Dq/B with 1/R(Cr3þ-O2-)n for
n¼ 5 to show quasi-linear trend [22]. In addition, it is worth noting
that Dq/B values above 2.4 classify into the intermediate or strong
crystal field, which determines that the lowest excited level of the
Cr3þ ions will be 2E. Therefore, using the Tanabe-Sugano diagram
for 3 d3 electronic configuration, it can be seen that in addition to
the significant influence of crystal field strength on the position of
levels 4T1 and 4T2, the position of level 2E slightly changes. Using the
results presented so far in the literature, it is possible to compile the
energies corresponding to the position of zero-phonon line
(otherwise known as R-line) for the analyzed materials [23e27]. As
it can be clearly seen, the energy of the 2E level increases with
increasing Dq/B values (Fig. S8). Therefore, E(2E) is expected to
decrease with increasing R(Cr3þ-O2-), which is confirmed in Fig. 2e.

3.1. Comparison of thermometric properties

To investigate the effect of the presence of Cr3þ ions on the
thermometric properties of the luminescent thermometers based
on Nd3þ and Er3þ emission, the thermal evolution of the emission
spectra was investigated for five investigated phosphors undoped
with Cr3þ ions and co-doped with 15% Cr3þ ions (please compare
representative examples in Fig. 3a and b, other thermal evolution
spectra can be found in Fig. S9). In the case of solely Nd3þ,Er3þ

codoped phosphors, the Er3þ emission intensity increases with
respect to the Nd3þ ones as described previously. However,
observed changes are not spectacular over a wide temperature
range from 123 K to ~593 K in materials doped with 1% Nd3þ and
1% Er3þ (Fig. 3a). However, with the introduction of Cr3þ ions
imposes spectacular changes in the relative emission intensities.
To analyze the influence of Cr3þ ions on the thermal evolution of

Ln3þ emission in detail, their integral intensities were analyzed.
The representative results for YAGG are presented in Fig. 3c and d.
The Nd3þ intensity in the case of the sample without Cr3þ ions
decreases by around 3% in the considered temperature range,
while the emission intensity of the same band decreases by 95%
for the Cr3þ codoped system. A similar effect of the presence of
Cr3þ ions on the quenching rate of Nd3þ emission was observed
for other host materials (Fig. S10). The increased quenching rate of
Nd3þ emission in Cr3þ-codoped systems may indicate the occur-
rence of two processes: (1) the dominant influence of Cr3þ/Nd3þ

energy transfer or (2) the increasing probability of back
Nd3þ/Cr3þ energy transfer. However, the fact that the emission
intensity brightness of the Ln3þ emission intensities increases by
over one order of magnitude for the Cr3þ codoped systems clearly
confirms that the (1) is dominant. On the other hand, Er3þ emis-
sion intensity increases at elevated temperature due to the
Nd3þ/Er3þ energy transfer for the sample without Cr3þ, whereas
it remains temperature invariant up to 350 K followed by the
quenching by 30% for the Cr3þ codoped system (Fig. S11). Similar
thermal performance of Er3þ emission as YAGG:Nd3þ, Er3þ is
presented by GdScO3:Nd3þ, Er3þ, but at 523 K, it reaches 230% of
the initial value and at 743 K even 350% of initial value. On the
other hand, the presence of Cr3þ ions in GdScO3 host material
results in a much more drastic quenching rate, where the Er3þ

emission signal at 403 K assumes a value of 12% of the value at
123 K. On the contrary, the thermal evolution of Er3þ emission for
LaGaO3 samples with and without Cr3þ ions is relatively similar, as
evidenced by the temperature at which the signal reaches 50% of
the initial value equal to 413 K and 293 K, respectively. Due to the
multiple nonradiative processes occurring in Nd3þ, Er3þ and Nd3þ,
Er3þ, Cr3þ doped systems, whose contribution to the thermal
evolution of emission bands also varies depending on the
considered host material, it was decided to determine the lumi-
nescent intensity ratio, defined as:

Fig. 3. Thermal evolution of emission spectra of YAGG:Nd3þ, Er3þ (lexc ¼ 808 nm) e a) and YAGG:Nd3þ, Er3þ, Cr3þ phosphors (lexc ¼ 445 nm) e b); comparison of thermal evolution
of Nd3þ e c) and Er3þ emission intensity in YAGG co-doped with Nd3þ, Er3þ (bright violet dots) and Nd3þ, Er3þ, Cr3þ (dark violet dots) e d); comparison of thermal evolution of LIR
for Nd3þ, Er3þ co-doped (brighter dots) and Nd3þ, Er3þ, Cr3þ co-doped (darker dots) phosphors: YAG e e); YAGG e f); LaGaO3 e g); GdScO3 e h); LaScO3 e i).
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As shown in Fig. 3(e)-(i), in the case of YAG:Nd3þ,Er3þ 50% of
initial value was noticed at 583 K, in respect to 333 K for the 15%
Cr3þ-codoped counterpart, while the LIR value at 573 K reached
only 5% of value at 123 K. For LaGaO3, 50% of the initial value was
reached at 433 K and 283 K for 0% and 15% Cr3þ, respectively. In
comparison, in GdScO3, such LIR values were noted at 313 K and
293 K. This suggests a lack of correlation between LIR values for
Nd3þ, Er3þ-codoped host materials or Nd3þ, Er3þ, Cr3þ-codoped
host materials.

In order to elucidate the difference in the thermal change of LIR
for analyzed host materials after the introduction of Cr3þ ions, the
phenomenological energy level scheme of dopant ions was
analyzed (Fig. 4a, Figs. S12eS13). Literature data [23e27] were used
to determine the energies of the lowest vibronic level of excited
states of Cr3þ ions (indicated by a solid line in Figures), while the
energies of the Stark levels of Nd3þ and Er3þ were determined from
excitation spectra taken for Nd3þ and Er3þ-doped materials (indi-
cated by a dashed line in Figures). It can be clearly seen that the

energies of both the 2E and 4T2 level parabola bottoms of the Cr3þ

ions change depending on the structure, which stands in contrast to
the almost constant energy positions of the bands of the Nd3þ and
Er3þ ions. Comparing the position of the Nd3þ and Er3þ bands in
respect to the lowest excitation band of the Cr3þ ions, that is, 2E, it
can be seen that the Nd3þ ion bands are energetically closer to the
Cr3þ ions. Therefore, it can be assumed that when energy transfer
between Nd3þ/Er3þ ions and Cr3þ ions occurs, the vast majority of
the energy will be transferred to or through Nd3þ ions. The first
closest Nd3þ level underneath the 2E level of Cr3þ ions is over-
lapping Stark components of the 4F7/2, 4S3/2 levels. In order to
compare this quantitatively, it the energy difference DE between
the 2E level and the highest Stark component of the 4F7/2, 4S3/2 level
shown graphically as arrows in Fig. 4a was calculated. It is note-
worthy that due to the analysis of host materials belonging to two
families of compounds, DE of ~850e950 cm�1 were obtained for
garnets, DE ¼ ~450 cm�1 for perovskite LaGaO3, and only
DE¼ ~40 cm�1 for scandate perovskites GdScO3 and LaScO3. Due to
the multiplicity of nonradiative processes that occur between the
three luminescent centers, it was assumed in this study that, using
the temperature dependence of the LIR parameter based on the
emission ratio of Nd3þ and Er3þ ions, it is possible to include all
temperature-dependent processes that take place within the
Nd3þþEr3þ system. In this way, the comparison of thermal de-
creases of LIR in materials undoped and codoped with Cr3þ ions
should only take into account processes that are related to Cr3þ

Fig. 4. The comparison of positions of energy levels of Cr3þ and Nd3þ ions in different host materials e a); the influence of R(Cr3þ-O2-) distance e b) on DT1/2, the on DT1/2 as a
function of Dq/B e c) and DT1/2 as a function of DE e d).
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-Ln3þ interaction. On this basis, the parameter DT1/2 was used to
evaluate an influence of the appearance of Cr3þ ions in the host
material, defined as:

DT1=2 ¼ T1=2ðLIRÞ0%Cr3þ � T1=2ðLIRÞ15%Cr3þ (2)

which represents the difference between the temperatures at
which the LIR reaches 50% of its value of 123 K for phosphor
undoped and codoped with Cr3þ ions. First, in line with the pre-
vious discussion, it is noted that DT1/2 decreases with increasing
R(Cr3þ-O2-) distance (Fig. 4b). These parameters have not been
directly correlated so far, so attentionwas drawn to the comparison
of the temperature dependent parameter DT1/2 with the position of
the 2E level (Fig. S14). It is expected that a similar trend would be
obtained for the 4T2 level (which can be seen in Fig. 4a), but, as
previously mentioned, it is more likely to assume an influence of
the lowest excited level of the Cr3þ ions on the temperature
properties of the Ln3þ ions, and in all the host materials analyzed,
the lowest energy level is 2E. The correlation between the DT1/2 and
the Dq/B parameter (Fig. 4c) confirms that the host material
directly affects the thermal dynamics of LIR changes. Finally, the
correlation between DT1/2 and DE from Fig. 4d) shown in Fig. 4a)
reveal a more accurate correlation, due to the fact that DE includes
not only the effect of the host material on Cr3þ ions but also on Ln3þ

ions. Obtained results clearly indicate that the thermal dependence
of Ln3þ emission intensity in the Cr3þ,Ln3þ codoped system can be
altered by the crystal field modification.

The clear correlation between the thermal quenching temper-
ature and the crystal field strength affecting Cr3þ modified by the
R(Cr3þ-O2-) imposes the capability to alter the thermal stability of
LIR by the selection of the host material. To verify how this tech-
nique affects the thermometric properties of the Cr3þ sensitized

Ln3þ-based luminescence thermometry the relative sensitivity was
determined for Cr3þ undoped and codoped systems as follows:

SR ¼
1
LIR

DLIR
DT

,100% (3)

where DLIR represents the change of LIR for the DT change of
temperature. A summary of results obtained for the five host ma-
terials shown in Fig. 5a and b (plots comparing SR vs temperature
within individual host materials are shown in Fig. S15) reveals a
beneficial effect of Cr3þ ions on relative sensitivity values was
observed in all cases. While the SR for the Nd3þ,Er3þ-based lumi-
nescent thermometer for most of the host materials under
consideration does not exceed SR ¼ 0.25% K�1 value, significant
enhancement of the sensitivity was found for the Cr3þ codoped
systems. The highest SRmax value was obtained for YAG equal to
1.11% K�1 at 384 K. For the temperature at which the maximum SR
values were obtained for phosphors doped with 15% Cr3þ ions, no
direct correlation was also observed (Fig. 5c). However, it is note-
worthy that the obtained luminescent thermometers can operate
in different temperature ranges, as confirmed by the wide range of
T(SRmax) values from ~200 K to ~390 K. To quantify observed
changes in sensitivity after Cr3þ codoping, the enhancement factor
was calculated by the comparison of the SRmax for the Cr3þ-doped
system with the corresponding SR at the same temperature for
luminescent thermometers without Cr3þ (Fig. 5d). In this case, the
best value was obtained for LaGaO3, close to a ~550% improvement
in relative sensitivity (with SRmax ¼ 0.54% K�1). Noting the emer-
gence of two separate groups of points, it is possible to propose a
hypothesis suggesting that a more effective improvement in rela-
tive sensitivity (exceeding enhancement factor ~4.0) will be
observed for materials for which DE is not close to zero, that is, 2E
and 4F7/2, 4S3/2 levels are not energy-matched. On the other hand, it

Fig. 5. The thermal evolution of the relative sensitivity in phosphors co-doped with Nd3þ, Er3þ e a) and Nd3þ, Er3þ, Cr3þ ions e b); comparison of T(SRmax) e c) and SR enhancement
factor for different host materials e d).
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is worth noting that the relatively small enhancement factor ¼ ~3
for GdScO3 is not the only factor affecting the overall relative
sensitivity of the luminescent thermometer, since the
SRmax ¼ 0.96% K�1 obtained for this material is the second best
SRmax value, after YAG:Cr3þ, Nd3þ, Er3þ. Nevertheless, it should be
emphasized that for all investigated phosphors, there was at least a
2-fold enhancement in relative sensitivity, which offers promising
prospects for this method of increasing the sensitivity of ther-
mometers. The results obtained allow stating that the thermo-
metric parameters of these luminescent thermometers can be
modulated by appropriate host material selection at least in the
analyzed group of matrices. However, it is very likely that the
described approach can be extrapolated to a much wider group of
materials. In addition, it should be emphasized, what has been
previously demonstrated, that the use of Cr3þ as a sensitizer not
only leads to an increase in the relative sensitivity of luminescent
thermometers based on Ln3þ emission but also enhances up to a
30-fold their luminescence intensity [17]. This is a key result that
enables the reduction of uncertainty in temperature determination.

4. Conclusions

In the present work, the spectroscopic properties of five
different phosphors codoped with Nd3þ, Er3þ and Cr3þ, Nd3þ, Er3þ

ions were studied as a function of temperature in order to find a
correlation between the material parameters of the host material
and the potential to enhance the thermometric performance of
thermometers based on Ln3þ emission by the sensitization with
Cr3þ ions. As expected, the Cr3þ-O2- distance differentiating the
selected host materials directly affected the strength of the crystal
field interacting with Cr3þ ions therebymodifying the energy of the
excited levels of Cr3þ ions. In addition, a slight effect of the host
material on the energy of the Stark components of the Nd3þ levels
was observed. It was shown that codoping of the investigated
luminescent thermometers does not cause significant structural
changes while significantly affecting the rate of LIR thermal
changes. As shown, this is directly related to the Cr3þ/Ln3þ energy
transfer, the probability of which depends on the distance between
the energy levels of the sensitizer (Cr3þ) and activator (Nd3þ) DE. As
theDE increases, the effect of Cr3þ on lowering the T1/2 temperature
is strengthened in a sublinear manner. In addition, the enhance-
ment of the relative sensitivity of the luminescent thermometer by
introducing Cr3þ ions is directly dependent on the strength of the
crystal field interacting with the Cr3þ ions. We believe that the
proposed technique and presented results will contribute to the
intentional design of Ln3þ-based luminescence thermometers with
predefined thermometric parameters.
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ABSTRACT: A new thermographic nanocrysta l l ine
Sr4Al14O25:Mn4+,Tb3+ phosphor was developed, and the concen-
trations of both dopants and the synthesis conditions were
optimized. The combination of the thermally quenched
luminescence from the Mn4+ ions to the almost temperature-
independent emission from Tb3+ provides a sensitive luminescent
thermometer (SR = 2.8%/°C at 150 °C) with strong emission color
variability. In addition, a figure of merit for this luminescence
thermochromism was proposed, as the relative sensitivities of the x
and y CIE coordinates, which for this phosphor reaches at 150 °C
SR(x) = 0.6%/°C and SR(y) = 0.4%/°C, respectively. Noncontact
thermal imaging was demonstrated with this phosphor using a
single consumer digital camera and exploiting the ratio of red (R)
and green (G) channels of the RGB images, thereby confirming
the high application potential of Sr4Al14O25:Mn4+,Tb3+ nanocrystals for thermal sensing and mapping.

KEYWORDS: manganese, terbium, Sr4Al14O25 nanocrystals, luminescent thermometer, thermal imaging, thermochromicity,
chromatic coordinates, relative sensitivity

■ INTRODUCTION

Luminescence thermometry (LT) is a class of optical
techniques exploiting the temperature dependence of lumines-
cence processes of tracers introduced in transparent fluids or
solids or coated onto surfaces to measure their temperature
remotely.1−6 By allowing spatial, temporal, and spectral
discrimination in both laser excitation and luminescence
detection processes, luminescence thermometry allows remote
sensing with high spatial and temporal resolution and can be
applied in environments with high luminosity, which are
significant advantages against intrusive probes and infrared
thermography.7−10 These lends LT a large application
potential, in particular for nanothermometry, for example, on
microelectronics,11 lab-on-a-chip systems,12 and in biomedi-
cine;9,13 for the study of rapidly varying phenomena, for
example, in fluid flows14 or on rotating parts;15 and for robust
thermometry in harsh environments with significant luminos-
ity, for example, on burning materials16 or in internal
combustion engines.16 Among luminescence thermometers,
inorganic phosphors doped with transition metals (TM) and
lanthanides ions are particularly attractive because of their high
thermochemical and photo stability.17

Lanthanide (Ln)-doped thermographic phosphors are some
of the most commonly used materials for this type of
applications. However, it is well-known that for f−f electronic

transitions occurring in Ln3+ ions, multiphonon relaxation is
usually responsible for thermal quenching of the whole
luminescence emission, which occurs only at elevated temper-
ature. This has the advantage of a detectable emission over
wide temperature ranges, with measurements reported up to
1400 K,18 but it also results in the limited temperature
sensitivity of this response around ambient temperature when
the goal is to detect smaller temperature variations. On the
other hand, TM ions are well-known for their strong
susceptibility to thermal quenching, which has the additional
advantage that it can be tuned by the strong susceptibility of
the energy levels positions on the choice of host. However, for
robust temperature measurements, monitoring only the
absolute intensity of the quenched luminescence emission is
not adequate because this signal is also linked to the local
excitation intensity, the concentration of the luminescence
tracer and losses in the detection systems. Instead, the decrease
in the luminescence lifetime as a result of this quenching is
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often preferred as it uses temporal separation to achieve self-
reference measurement but this requires using pulsed
excitation and multiple detection gates.19,20 Another approach
is to simultaneously detect the luminescence emission from
another independent radiative transition, which is temperature
insensitive and therefore acts as a reference to extract a
temperature dependent ratio of intensities. In the approach
presented here, this role is assumed by a codoped trivalent
lanthanide ion because Ln3+ ions exhibit high quenching
temperatures.
Among all TM ions, the Mn4+ ion is one of the most

promising ones because of its bright red emission. Mn4+ ions,
which prefer to occupy octahedral sites are characterized by a
strong crystal field strength (CFS) caused by their high
positive effective charge. This crystal field does not affect the
location of the emission band, but it determines the rate of its
thermal quenching.
When selecting the lanthanide dopant to act as the reference

emitter, it is important to choose one with emission lines that
do not spectrally overlap with the temperature probe band.
Additionally, Mn4+ emission being in the red region, choosing
a reference emission located in the blue or green region would
lead to a high variability in the emission color output with
temperature, which can then be monitored by a single color
sensor array, greatly simplifying the verification of the
temperature change. Therefore, in this particular case, the
Tb3+ ion with its intense green emission was used for this
purpose.21 Finally, the selection of the host material is also very
important in the design of luminescence thermometers. This
choice should be oriented toward high thermal and mechanical
stability and an appropriate local symmetry around the ionic
sites, which will be occupied by the dopant ions. The SrO−
Al2O3 system seems to be a proper host for TM and Ln3+

dopant because the small difference in the ionic radii between
strontium (132 and 140 pm for 6- and 8-coordinated Sr2+,
respectively) and aluminum ions (53 and 67.5 pm for Al3+ in
tetrahedral and octahedral coordination, respectively). Among
six different structures, SrAl2O4 and Sr4Al14O25 arouse big
interest as bright luminescence emissions from trivalent Ln

ions (especially Eu3+,22−25 Ce3+,25 and Dy3+23,24) were
reported in that matrix. However, when those structures are
doped with Mn4+ ions, the difference in optical response is
noticeable, that is, no emission of manganese in SrAl2O4:Mn4+

was observed22 while for Sr4Al14O25:Mn4+ intense red
luminescence was reported. It indicates that in SrAl2O4
nanocrystals, Al3+ ions are substituted by Mn3+ ions whose
emission is seldom observed rather than by Mn4+ ions whose
emission is clearly visible in the Sr4Al14O25 (hereinafter SAO)
host. In the SAO structure, two Sr2+ sites that can be
substituted by Ln3+ ions and six inequivalent Al3+ sites of two
different coordination which can be occupied by TM ions can
be found. This great number of possible crystallographic
positions enable the significant modification of their
spectroscopic properties and makes SAO an especially
interesting host for LT applications.
In this work, a detailed structural and luminescence

characterization study is presented, which is aimed at
optimizing the synthesis conditions and dopant concentrations
to obtain a highly sensitive ratiometric LT. The conducted
research is devoted to obtain a thermometric phosphor with a
high variability of the emission color with temperature. A proof
of concept experiment is then presented, which exploits the
luminescence thermochromism of SAO:Mn4+, Tb3+ nanocryst-
als with a consumer digital camera to image transient
temperature gradient in a powder stud placed in contact
with a hotter body.

■ RESULTS AND DISCUSSION

Structural and Morphological Characterization. The
SAO host crystallizes in an orthorhombic system of
centrosymmetric Pmma space group (a = 24.785, b = 8.487,
and c = 4.866 Å). According to the bond valence theory, the
crystal lattice is composed of two double layers made up of
(AlO4)

5− tetrahedra, which are similar to a SrAl2O4 unit cell
separated by an (AlO6)

9− octahedral layer (Figure 1a). In a
single unit cell that is composed of two formula units, there are
three inequivalent tetrahedral Al3+ sites (Al1, Al2, and Al3) and
three octahedral ones (Al4, Al5, and Al6). Strontium ions are

Figure 1. Crystal structure of the SAO unit cell (view from the z-axis; red balls represent O2− ions) (a). X-ray diffraction patterns of SAO:0.1%
Mn4+ powders annealed at different temperatures (b). Representative TEM images (c) (scale bar: 20 nm),(e) (50 nm), (g) (200 nm), (i) (500
nm), particle size distributions for SAO:Mn4+ powders (d,f,h,j) annealed at different temperatures (800, 900, 1000, and 1100 °C, respectively).
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located in two different sites, that is, the Sr1 and the Sr2, with 7-
and 10-fold coordination to oxygen ions, respectively.22,26,27

Because of the similar ionic radii, the Mn4+ ions occupy the
Al3+ sites in this structure (Shannon ionic radius equals 67.5
pm for both Al3+ and Mn4+ in octahedral coordination).
However, strong covalent bonds make (AlO4)

5− tetrahedra
highly improper for Mn4+. Therefore, the most likely possibility
is that Mn4+ ions incorporate into the (AlO6)

9− octahedron.
Moreover, according to Peng et al.,28 Mn4+ ions occupy the
more covalent Al4 and Al5 sites after doping, rather than the Al6
site.
The 0.1% Mn4+ dopant concentration was based on the

research of Peng et al.28 who showed that the most intense
emission of SAO:Mn4+ can be obtained for this concentration.
To optimize the synthesis conditions and understand the
influence of annealing temperature on the phase purity, the X-
ray powder diffraction (XRPD) patterns of SAO/0.1%Mn4+

samples annealed at 800, 900, 1000, and 1100 °C were
measured (Figure 1b). At 800 °C, a wide band, which indicates
a highly amorphous phase and only one diffraction peak
matched to the ICSD 24249 pattern, which probably
corresponds to SrO2 presence, can be found. When the
annealing temperature increases to 900 °C the amount of
amorphous phase seems to decrease and XRPD peaks
corresponding to Al2O3 (ICSD 9770), SrO (ICSD 163625),
and SrO2 appear. Finally, for annealing temperatures above
1000 °C patterns corresponding to a phase pure SAO structure
are obtained (ICSD 88527). The broadening of the diffraction
peaks in respect to the reference pattern is related to the small
size of the SAO particles (Figure S1). For an annealing
temperature of 1100 °C, no evidence of phase change or
additional peaks were found. However, the significantly
narrower diffraction peaks indicate an enlargement of the
SAO particles. Therefore, for further analysis, the 1000 °C
temperature was chosen as an optimal one for crystallization of
SAO nanoparticles. The ICP-OES (inductively coupled plasma
optical emission spectrometry) measurements conducted for
0.1% Mn4+ and x % Tb3+ (x = 1, 5, 10, 20) codoped SAO
powders annealed at 1000 °C confirm close to expected Tb3+

concentrations in those samples (Table S1). XRPD studies
conducted for 0.1% Mn4+ and x % Tb3+ (x = 1, 5, 10, 20, 50)
codoped SAO powders annealed at 1000 °C indicate that the
samples with 1 and 5% Tb3+ concentration are characterized by
pure SAO structure, while for 10 and 20% Tb3+ concentration,
single peaks originating from SrO2 (2θ = 51.5°) can be seen
(Figure S2). The observed shift of the peak positions by

around 0.03−0.08° toward higher angles in comparison to the
reference pattern comes from the contraction of the cell size
associated with the difference in the ionic radii between the
Sr2+ ions and the smaller Tb3+ activator ions. In the case of the
0.1% Mn4+, 50% Tb3+ codoped powder, additional peaks which
correspond to terbium, strontium, and aluminum oxides phases
can be found indicating the dephasing of the SAO structure.
The transmission electron microscopy (TEM) studies of
SAO:Mn4+ nanocrystals annealed at 800, 900, 1000 and 1100
°C indicate well-crystallized and mostly agglomerated grains
which are formed as two-dimensional sheet-like structures,
similar to the SEM images obtained by Peng et al.28 (Figure
1c,e,g,i; additional TEM and selected-area electron diffraction
(SAED) images for SAO:Mn4+ annealed at 800, 900, 1000, and
1100 °C can be seen in Figures S3−S6, respectively). The
crystallization process that has already begun in samples
annealed at 800 and 900 °C is confirmed by the presence of
crystals in Figure 1c,e and afterward by reflection spots
observed on SAED patterns in Figures S3b and S4b. Diffuse
rings noticed for nanoparticles annealed at 800 and 900 °C
correspond to the presence of an amorphous phase, meanwhile
the absence of those rings for nanocrystals annealed at 1000
and 1100 °C (Figures S5b and S6b) assures entire
crystallization. The analysis of reflection spots shown in Figure
S2b allows to confirm several crystallographic planes with the
strongest intensities (Figure S7). The shape of the nanocrystal
resembling flat sheets makes the obtention of a high contrast
difficult. For annealing temperatures above 800 °C, the
attribution of planes is unclear because of superimposed
reflections and a significant amount of theoretical values with
similar interatomic spacing dhkl and intensities. It is worth
noting that the pattern observed on the 1100 °C sample
(Figure S6b) affirms that the created crystal system is
orthorhombic.29 The representative TEM images for SAO
codoped with Mn4+ and Tb3+ ions annealed at 1000 °C are
shown in Figure S8. The histograms for SAO:Mn4+ (Figure
1d,f,h,j for 800, 900, 1000, 1100 °C, respectively) indicate that
the average grain size increases with the annealing temper-
atures from 800 to 1100 °C as follows: 32, 45, 90, and 140 nm,
respectively.

Luminescent Properties Characterization. In order to
understand the spectroscopic properties of Mn4+ ions of d3

electron configuration, a schematic configurational coordinate
diagram is performed in Figure 2a. The violet arrows represent
λexc = 266 nm, used here, which enables the transition of the
electrons from the 4A2 ground state to the 4T1 excited state.

Figure 2. Configurational coordinate diagram for Mn4+ and Tb3+ ions (a). Room temperature excitation (dashed line) and emission (solid line)
spectra of SAO:0.1% Mn4+ powders (b). Thermal evolution of emission spectra for Sr4Al14O25:0.1% Mn4+ powders annealed at different
temperatures (c). Thermal evolution of band integral intensities in 650−658 nm range for SAO:Mn4+ samples annealed at 1000 and 1100 °C,
respectively (d). QY of SAO:0.1% Mn4+ powders as a function of annealing temperature (e).
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Subsequently, nonradiative relaxation processes lead to the
population of the 2E state which radiative depopulation leads
to the generation of a red emission (the red arrow). The lack
of distortion of the 2E state in respect to the 4A2 one results in
the occurrence of the narrow emission line at around 650 nm.
That emission line, as well as the broad band centred at 664
nm, are 2E Stokes-like phonon sidebands which originate from
electric dipole vibronic transitions induced by lattice
vibrations.30,31 Meanwhile, in accordance with the magnetic
dipole nature, the zero-phonon line emission intensity is very
weak and observed only in emission spectra measured below
40 K.30,32 However, for the samples annealed at 800 and 900
°C, inhomogeneously broadened emission bands are observed,
which results from the fact that emission from Mn4+ ions
localized in different crystallographic sites contribute to the
emission. This indicates a high fraction of amorphous phase
and the presence of additional oxide phases. The two broad
excitation bands, observed for SAO annealed at 1000 and 1100
°C (Figure 2b), are related to 4A2 →

4T2 (centred in 449−460
nm range) and 4A2 → 4T1 (312−338 nm) spin-allowed
transitions. The spectroscopic properties of SAO powders were
examined in a wide temperature range from −150 to 270 °C
(Figure 2c) in which, as a consequence of the presence of an
intersection point between the 2E and 4T2 parabolas, a
luminescence thermal quenching process occurs. At elevated
temperatures, the electronic population of higher vibronic
levels of 2E state gradually increases. When the provided
thermal energy is sufficient to overcome the intersection point
(higher than ΔEa) the 4T2 state becomes populated which is
followed by its rapid nonradiative depopulation to the ground
state.33,34 Therefore, ΔEa is a crucial parameter from the
thermometric point of view. Its value can be directly
determined from the emission intensity versus temperature
plot (Figure S9) according to the eq 1

E
k T

I
I

1
ln 1a 0

em

−Δ · = −
(1)

where I0 is the initial emission intensity (in this case at T =
−150 °C) and k is Boltzmann constant. At low temper-
aturesΔEa ≈ 0.31 eV (2466 cm−1) was found.
The activation energy ΔEa depends on the relative positions

of the 4T2 and 2E parabolas. However, since the spectral
position of the 2E → 4A2 emission band does not change, the
location of the 4T2 state determines ΔEa which in turn is
associated with the CFS. Empirical equations for Dq, local CFS
and the Racah parameter B (eqs 2−4) were applied35−37 and
compiled in Table 1.
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The spectral positions of particular bands were determined
based on the excitation spectra (Figure 2b) obtained for λem =
652 and 664 nm for SAO:Mn4+ annealed at 1000 and 1100 °C,
respectively. The broadening of the excitation bands related
with 4A2 →

4T2 and
4A2 →

4T1 electronic transitions results
from the fact that they are superpositions of those bands for

different Al3+ sites (octahedral Al4, Al5 and Al6) occupied by
Mn4+ ions.28 To examine that, the CFS values for both samples
are compared as a function of Rav

−5 and Rmin
−5 (where Rav and

Rmin are average and minimum metal−oxygen distance,
respectively) for Al4, Al5 and Al6 sites (Figure S10). According
to the band assignment theory of Peng et al., the correlation
observed for the 1000 °C sample would indicate that the
excitation bands at 19683 cm−1 (∼508 nm) and at 29842 cm−1

(335 nm) can be ascribed to the Mn4+ ion in the Al4 position
and those at 22049 cm−1 (453.5 nm) and at 29226 cm−1 (342
nm) to the Al6 site. In accordance with the Tanabe−Sugano
diagram for d3 configuration, the minimum of 4T1 is localized
beyond the 2E parabola [16] [25] in the case of strong CFS
approximation (namely, above 1.7), due to the fact that 2E is t2

3

electronic orbital derivative whereas 4T1 originates from t2
2e.

The thermal evolution of the integral emission intensities of
Mn4+ ions for SAO annealed at 1000 and 1100 °C presented in
Figure 2d (see also Figure S11) indicates that up to 90 °C no
significant difference in the luminescence thermal stability
between these two samples can be found. However, above 90
°C, faster thermal quenching was noticed for the sample
annealed at 1000 °C. In this case at 210 °C, the emission is
totally quenched, while for the sample annealed at 1100 °C,
the emission can still be observed until 290 °C. Because of the
fact that sidebands at 654 nm are quenched faster than the
sideband at 670 nm, the integral intensity of the whole Mn4+

emission intensity was considered in further studies. The
difference in the thermal dependence between these two
signals can be explained by their thermal coupling, which was
confirmed by the fitting procedure using the Boltzmann
equation (see Figure S12).
Additionally, for a better understanding of de-excitation

processes, the impact of the annealing temperature on the
quantum yield (QY) was measured (Figure 2e) and an evident
enhancement of the QY value with the increase in annealing
temperature was noted. The values of QY were QY800 = 0.11%,
QY900 = 2.56%, QY1000 = 3.81%, QY1100 = 11.95%, respectively.
It can clearly be seen that the reduction of the nonradiative
losses associated with the high fraction of surface effects results
in an enhancement of the QY by about one order of
magnitude.

Optimization of the Co-dopant Concentration. If
another emission presenting a different thermal quenching
behavior than that from the Mn4+ ions could be probed
simultaneously, then the ratio of the intensities of the two
emissions could be used as a robust temperature readout.

Table 1. Comparison of Crystal Field Parameters for
SAO:Mn4+

annealing temperature
[°C]

λem
[nm]

band
maximum Dq CFS B

1000 652 lower energy 2205 3.24 680
higher
energy

2281 2.34 977

664 lower energy 1968 1.71 1154
higher
energy

2199 1.73 1273

1100 652 lower energy 2204 3.01 732
higher
energy

2491 3.23 772

664 lower energy 2193 2.89 759
higher
energy

2459 3.06 804
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Here, Tb3+ ions, which emission typically only quenches at
high temperatures, were selected to provide the reference
emission. In order to optimize the Tb3+ concentration,
spectroscopic properties of a series of SAO:0.1% Mn4+,x %
Tb3+ powders (x = 1; 5; 10; 20) annealed at 1000 °C were
examined in a wide temperature range. The emission spectra of
the obtained nanocrystals exhibit beside the previously
described Mn4+ emission bands, three additional bands at
490 nm, 545 nm, and 587 nm associated with the 5D4 →

7F6,
5D4 →

7F5, and
5D4 →

7F4 electronic transitions of Tb
3+ ions

(Figure 3a). Excitation spectra were also measured for Tb3+

ions, by monitoring at 545 nm (Figure S13a). Among others,
the peaks correspond to transitions between the ground state
7F6 and subsequent levels 5H5 (301 nm), 5H7 (318 nm), 5L6

(340 nm), 5G4 (350 nm), 5D2 (355 nm), 5G5 (362 nm), and
5L10 (370 nm) states. A broad excitation band with maximum
intensity (centerd in the range 373−378 nm) originates from
the 7F6 →

5D3 electronic transition of Tb3+ ions. Interestingly,
the Mn4+ excitation bands previously described are absent in
the excitation spectra for Tb3+ λem = 545 nm, which indicates

that there is no Mn4+ → Tb3+ energy transfer (Figure S13a).
Analogously, excitation spectra measured for λem = 654 nm
(Mn4+ emission) consist only of Mn4+ absorption bands
(Figure S13b). The lack of interionic energy transfer reveals
that the f states of Tb3+ ions are directly excited confirming
their high performance as a luminescent reference.
It is noteworthy that the contribution of the Tb3+

luminescence in the emission spectra of SAO:Mn4+,Tb3+

depends on the Tb3+ concentration. The room temperature
emission spectra clearly indicate that with the increase of the
Tb3+ amount up to 10% of Tb3+ ions, an enhancement of the
Tb3+ emission intensity in respect to the Mn4+ one can be
observed (Figure 3b). In the case of SAO:Mn4+,20% Tb3+, a
slight lowering of the Tb3+ emission intensity can be found,
which can be explained in terms of either structural changes for
this sample or by the energy migration among the excited
states of Tb3+ ions toward the surface quenchers. This
concentration effect has natural implications in the change of
the emission color. Chromatic coordinates (CIE 1931) for all
samples are located in the red region, wherein the impact of
the Tb3+ concentration is substantial. The enhancement of the
Tb3+ concentration causes a shift of the emission color toward
the orange region (Figure 3c).
The analysis of the kinetics of the excited states of Mn4+ and

Tb3+ ions provides additional insight into the process of light
generation in the SAO:Mn4+,Tb3+ nanocrystals (Figures 3d
and S14). Surprisingly the lifetime of the 2E state of Mn4+

increases from 1.65 ms for SAO:Mn4+,1% Tb3+ to 2.08 ms for
SAO:Mn4+,5% Tb3+. The origin of this effect is not clear but is
probably related to the modification of the Mn4+ local ions
symmetry by the introduction of the Tb3+ ions causing a
lowering of the probability of radiative depopulation of the 2E
state. As seen, above 5%, increasing the Tb3+ concentration
does not affect the decay constant of the 2E excited state of
Mn4+, which would agree with the lack of the interionic energy
transfer between Mn4+ and Tb3+ ions previously discussed
basing on the excitation spectra analysis.
The thermal evolution of the emission spectrum of the

SAO:0.1% Mn4+,5% Tb3+ phosphor, representative of the
behavior, is shown in Figure 4a (the thermal evolution of the
emission spectrum for all Tb3+ concentration can be found in
Figure S15). Similarly to outcomes observed in SAO:Mn4+

Figure 3. Emission spectra (a) and CIE 1931 chromaticity diagram
for SAO:0.1% Mn4+,x % Tb3+ (x = 1, 5, 10, 20) powder at room
temperature (b). Integral intensities (c). and average lifetime of Mn4+

and Tb3+ excited states as a function of Tb3+ concentration (d).

Figure 4. Thermal evolution of the emission spectra for SAO:0.1% Mn4+,5% Tb3+ powder annealed at 1000 °C (a). LIR of SAO:0.1% Mn4+,x %
Tb3+ (x = 1, 5, 10, 20) powders (b). Influence of Tb3+ ions concentration on the thermal evolution of relative sensitivity SR in SAO:0.1% Mn4+,x %
Tb3+ powder (c). Photographs of the SAO:0.1% Mn4+,5% Tb3+ powder under 266 nm laser light illumination at different temperatures (d). CIE
1931 chromacity diagram for SAO:0.1% Mn4+,5% Tb3+ powder (e). Thermal evolution of SR of chromacity coordinates x and y (f).
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powders, in codoped nanoparticles, the intensity of the
manganese emission is also gradually quenched up to about
210 °C, which guarantees a high temperature sensitivity. On
the other hand, the Tb3+ emission intensity is temperature
independent, which results from the high energy gap between
emitting 5D4 and the next lower laying 7F0 state (above 14,000
cm−1). This sufficiently prevents the 5D4 state depopulation via
the multiphonon processes and thus thermal quenching of
Tb3+ luminescence. Surprisingly, a high Tb3+ dopant
concentration increases the rate of thermal quenching of the
2E → 4A2 electronic transition at temperatures above 150 °C.
The most significant changes of the Mn4+ luminescence were
found in the case of SAO:Mn4+,5% Tb3+ ions, for which a
decrease by three orders of magnitude was noted. On the other
hand, the emission intensity of Tb3+ at 545 nm becomes
almost temperature-independent in a wide range, namely, from
−150 to 300 °C, which facilitates the ratiometric temperature
readout. To verify this thesis, the luminescence intensity ratio
(LIR) defined as follows

E
LIR

A (Mn )
D F (Tb )

2 4
2

4

5
4

7
5

3= →
→

+

+
(5)

was used as a thermometric parameter (Figure 4b). Below 50
°C only a slight change of LIR can be found independently of
the Tb3+ concentration. However, above 50 °C, a drastic
decrease of the LIR by over two orders of magnitude can be
observed, which results from the significant quenching of Mn4+

emission intensity. To quantify the observed thermally induced
changes, the relative sensitivity of SAO:Mn4+,Tb3+ nano-
powders to temperature changes was calculated as follows

S
T

1
LIR

LIR
100%R = · Δ

Δ
×

(6)

where ΔLIR represents change of LIR corresponding to ΔT
change of temperature (Figure 4c). Independently on Tb3+

concentration, at temperatures below 50 °C the SR ∼ 0.5%/°C
was found. Above this critical temperature the enhancement of
SR up to 2.8%/°C at 150 °C was noticed. For a Tb3+

concentration of 5%, a relative sensitivity over 2%/°C was
maintained over a temperature range as wide as 150 °C (80−
230 °C). The further increase of the Tb3+ amount to 20%
results in the gradual narrowing of the temperature range, in
which this high relative sensitivity was obtained to only 90 °C
(the range from 80 to 170 °C). Excitation spectra measured
over the −150 to 300 °C temperature range for the
representative SAO:0.1% Mn4+,5% MnTb3+ powder when
monitoring the Tb3+ (Figure S16a) and Mn4+ (Figure S16b)
emissions do not show any thermally induced change in the
band position and shape. This indicates the CFS does not
change with temperature. Moreover the thermometry perform-
ance of SAO:Mn4+,Tb3+ powder in terms of stability was
confirmed by measurements of the LIR readout within 10
heating-cooling cycles (Figure S17), which showed excellent
repeatability (maximum deviation of 1.9%). In order to
determine the useful temperature range, the signal to noise
ratio-based LIR uncertainty at each temperature was converted
using the relative temperature sensitivity into a temperature
uncertainty (Figure S18). A value of δT = 0.5 °C within the
50−210 °C temperature range promises a high performance in
that range. An additional advantage of the SAO:Mn4+,Tb3+

thermographic phosphor is the great variability of its emission
color with temperature (Figure 4d). The emission color shifts

from bright red at 0 °C to green at 300 °C. These changes,
visible to the naked eye, are confirmed by the strong shift of
the chromatic CIE coordinates from red to green shown in
Figure 4e. Thermographic phosphors with a high variability in
their emission colors are of great importance as their
temperature can be measured with a single color array,
which makes for an easy to use and inexpensible temperature
sensor, which can be used, for example, for the early detection
of overheating spots on different surfaces. Several studies have
reported using a CIE diagram a strong color response of some
luminescent compounds for thermometry.38−42 In order to, in
the future, compare the thermochromic performance of these
materials, we, for the first time, suggest to consider the relative
sensitivity of the emission color CIE coordinate as figure of
merit parameters [SR(x), SR(y) calculated using eq 6]. These
parameters would be the chromatic counterpart of the relative
sensitivity, which is an accepted figure of merit for the ratio of
intensities between transitions from thermalized levels. In the
case of SAO:0.1% Mn4+,5% Tb3+ nanocrystals, chromatic
relative sensitivities as high as SR(x) = 0.6%/°C and SR(y) =
0.4%/°C were found at 150 °C. In addition, as shown in Figure
S19, the Mn4+ and Tb3+ emission are located in regions where
there is very little overlap between the color filter curves of
consumer digital cameras, so that the two emission can be
almost completely separated between the red and the green
channel.

Proof-of-Concept Temperature Imaging Experiment.
The applicative potential of SAO:0.1% Mn4+,5% Tb3+

nanocrystals for noncontact temperature sensing was verified
by a proof-of-concept experiment (Figure 5). A quartz tube (5
mm in diameter) was filled with the SAO:0.1% Mn4+,5% Tb3+

powder and placed on a heating plate at a temperature of 25
°C. At t = 0 the set point temperature of the heating plate was
increased up to 250 °C and from there on, every 5 s, digital
color camera images (Figure 5a) and infrared thermography

Figure 5. Photographs from digital color camera (a) and
thermovision camera (b) of quartz tube with SAO:0.1% Mn4+,5%
Tb3+ powder under UV light excitation recorded at different times of
heating exposition; zoom in of the photography with the line along
which the thermal gradient was analyzed (c); maps presenting the
emission intensity in red (d,e) and green (f,g) channels at time t = 0 s
(d,f) and t = 70 s (e,g); LIR of green to red channels as a function of
distance from the heating plates at different measurement moments
(h) and thermal profile obtained at different moments using SAO:
0.1% Mn4+,5% Tb3+ nanocrystals and thermovision camera (i).
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camera images (Figure 5b) were recorded. It can clearly be
seen that upon 256 nm excitation light, the emission of the
powder, which is intense red at the start of the experiment
gradually changes with time into green, as heat diffuses from
the plate into the power. The profile of the color change along
the line shown in Figure 5c was analyzed (see also Figure S20).
Because of the fact that CIE coordinates of SAO Mn4+, Tb3+

nanocrystals changes from red to green in the analyzed
temperature range, the noncontact temperature readout using
a digital camera may be simplified to the analysis of the
intensity of red (R) and green (G) channels of RGB color
images (Figure 5d−g). This allows to obtain two-dimensional
LIR images, from which a profile as a function of the distance
from the heating plate was plotted at different t (Figure 5h).
This profile is then converted to temperature using a
calibration curve obtained by measuring the LIR at different
controlled temperatures (monitored by the thermal imager)
under steady state conditions (Figure S21), and is shown in
Figure 5h. As shown, with time, the maximum thermal gradient
decreases while its spatial extent increases, which is a textbook
illustration of the one-dimensional time-dependent heat
equation. To assess the measurement uncertainty, the
temperature profile obtained from the luminescence and
from the IR imager were compared. Until t = 70 s, the
maximum deviation between the profiles is about 5 °C, which
demonstrates excellent accuracy in the range 25−150 °C
(Figure S22). At t = 90 s, larger deviations are observed, which
may be explained by two factors. As the plate temperature
increases, the amount of thermal radiation emitted from the
plate and reflected by the tube, which has a reflectivity of (1 −
ε), where ε is the emissivity, grows with the fourth power of
the plate temperature. This can lead to an overestimation of
the tube temperature. Reflection radiation interference is a
well-known issue of IR thermography, which is also discussed
in ref 46. The emissivity of quartz, which is measured as 0.93 at
40 °C, decreases with temperature. It is also worth noticing
that the thermal imager measures mainly the tube temperature
while luminescence thermometry measures the powder
temperature, which thermal profiles may differ. In addition,
above 200 °C, the signal in the red channel approaches the
noise floor so that nonlinearity and signal interference may
alter the temperature reading of the luminescence thermom-
etry. However, as reported in ref 49, the camera includes an IR
blocking filter, which may be lead to a 75% signal loss in the
red channel. Removing this filter should allow to increase the
temperature range of this thermal imaging concept. Finally,
using an RGB image of the powder on the heated plate under
steady state conditions, the deviation from a uniform
temperature field was used to estimate the random uncertainty
or precision of the technique for single exposures, which was
found to be better than 1.6 °C at 150 °C and for a resolution
of 14 line pairs per mm.
This experiment clearly confirms the high application

potential of SAO:Mn4+,Tb3+ nanocrystals for temperature
imaging using a simple and cheap digital camera. Additionally,
it is worth noticing that in contrary to the thermovision
camera, no information concerning the emissivity of the object
is required.

■ CONCLUSIONS
In this work, step-by-step optimization of the synthesis
condition and Tb3+ dopant concentration of SAO:Mn4+,Tb3+

nanocrystals was presented in order to obtain a highly sensitive

ratiometric luminescent thermometer. It was found that above
100 °C the intense red emission of SAO:Mn4+,Tb3+ nano-
crystals associated with the 2E → 4A2 electronic transition of
Mn4+ ions was drastically quenched while the 5D4 → 7F5
emission of Tb3+ stayed almost thermally independent. The
SAO:0.1% Mn4+,5% Tb3+ nanocrystals displayed a thermal
sensitivity above 2%/°C over the range 80−250 °C with a
maximum of SR = 2.8%/°C at 150 °C. Because of the distinct
spectral location of the emissions from the two ions, the
thermal quenching of the Mn4+ emission was associated with a
pronounced change in emission color, which can be captured
by a consumer digital camera, as shown in the proof-of-concept
experiment. For future comparison, a chromatic temperature
sensitivity was quantified as a figure of merit on the basis of the
x and y coordinates.
The developed nanophosphors were demonstrated to

provide sensitive temperature measurements in the range of
25−150 °C, which includes the boiling point of liquids used
for spray cooling43 and the glass transition temperature of
polymers used in 3D printing,44 and which is also relevant to
the thermal management of batteries, fuel cells, and electric
motors.45 Those applications demand the observation of
complex thermal phenomena which impacts the process
performance but the implementation of IR thermography is
not possible because of the opacity of liquids and polymers,
and to reflections of thermal radiation by inner surfaces of
battery, fuel cell, and motor assemblies.46 This combined to
the flexibility of the ratiometric approach and the simplicity of
detection of color change with consumer cameras holds great
promises for widespread use as a temperature imaging sensors
in key industrial processes.

■ MATERIALS AND METHODS
The SAO powders can be obtained using various synthesis procedures
such as combustion,22 solid state reaction,23,47 or ceramic methods;24

however, a modified Pechini method48 was applied in this case
because of its simplicity and the lower annealing temperatures in
respect to other methods.47 Sr(NO3)2 (99.9965% purity, Puratronic),
Al(NO3)3·xH2O (x ≈ 9, 99.999% purity, Alfa Aesar), Mn(NO3)2·
4H2O (99.99% purity, Sigma-Aldrich), Tb4O7 (99.999% purity,
Stanford Materials Corporation), C6H8O7 (>99.5% purity, Alfa
Aesar), and H(OCH2CH2)nOH, (PEG-200, Alfa Aesar) were used
as starting materials. Stoichiometric amounts of aluminum, strontium,
and manganese nitrates were dissolved in deionized water in separate
glasses and then mixed together. Terbium oxide was dissolved in
deionized water with the addition of a small amount of HNO3 (65%
purity, Avantor), then recrystallized three times to remove the excess
nitrogen and added to the water solution of nitrates. After that, an
anhydrous citric acid and polyglycol were added to the mixture of
nitrates. The molar ratios of citric acid to all metals, and that of PEG-
200 to citric acid were set to 6:1 and 1:1, respectively. Subsequently,
the obtained solution was dried for 24 h at 100 °C until a resin was
formed. The produced resin of the sample with 0.1% molar Mn4+

concentration in respect to Al3+ ions was annealed in porcelain
crucibles for 12 h in air at 800, 900, 1000, and 1100 °C. The samples
with 0.1% Mn4+ and x % Tb3+ (x = 1, 5, 10, 20) concentration in
respect to the number of Sr2+moles ions were annealed for 12 h in air
at a temperature of 1000 °C. All of the synthesized materials were
examined by XRPD measurements carried out on a PANalitycal
X’Pert diffractometer, equipped with an Anton Paar TCU 1000 N
temperature control unit, using Ni-filtered Cu Kα radiation (V = 40
kV, I = 30 mA). The ICP-EOS measurements were taken using a
Thermo Scientific ICAP 7000 spectrometer with a charge injection
device detector.

Transmission electron microscope (TEM) images were taken using
a Philips CM-20 SuperTwin TEM microscope. The samples were
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dispersed in methanol, and a droplet of such suspension was put on a
microscope copper grid. Next, the samples were dried and purified in
a plasma cleaner. Studies were performed in a conventional TEM
procedure with 160 kV parallel beam electron energy.
The sizes were determined manually using ImageJ software by

measuring the longest linear size (Feret diameter) of each particle.
The emission spectra were measured using the 266 nm excitation

line from a laser diode (20 mW) and a Silver-Nova Super Range TEC
spectrometer from StellarNet (1 nm spectral resolution) as a detector.
The temperature of the sample was controlled using a THMS 600
heating-cooling stage from Linkam (0.1 °C temperature stability and
0.1 °C set point resolution).
The excitation spectra and luminescence decay profiles were

recorded using a FLS980 Fluorescence spectrometer from Edinburgh
Instruments with a 450 W xenon lamp and μFlash lamp as an
excitation sources and a R928P side window photomultiplier tube
from Hamamatsu as a detector. The luminescence QY of the
synthesized nanocrystalline powders was measured using the above-
mentioned system equipped with an integrating sphere and Al2O3
powder as a reference. Average decay constant of the excited states
was calculated as follows

I t t t

I t t

( ) d

( )d

∫
∫

τ⟨ ⟩ =
·

(M1)

where I(t) represents the emission intensity at time t. Thermovision
images were collected using a T540 camera from FLIR.
The digital images were taken using a Canon EOS 400D camera

with a EFS 60 mm macro lens using a 1 s integration time, 14.3 lp/
mm spatial resolution. After capturing color images of the quartz
cuvette filled with SAO:Mn4+,Tb3+ powder the emission maps for red
and green channels (RGB) were extracted using IrfanView 64 4.51
software. After that obtained pictures were divided by each other
using OriginLab 2019 Software in order to obtain LIR profiles along
the quartz tube. No smoothing was applied to the image. LIR profiles
were converted into temperature profiles using the calibration curve.
To obtain this calibration curve, the SAO:Mn4+,Tb3+ powder was
placed on the heating plate and LIR was calculated using the above-
described procedure as a function of temperature. The temperature of
the powder was controlled by the thermovision camera. The
emissivity of the SAO:Mn4+,Tb3+ powder was estimated by the
comparison of the temperature of the powder placed on the heating
plate of constant temperature (40 °C monitored by IR camera) with
the temperature of the Scotch 130C tape of standardized emissivity
(0.95). The emissivity of the quartz tube has been estimated using the
same procedure.
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Table S1. Results of ICP-EOS measurements for samples co-doped with Mn4+ and Tb3+ ions.

Concentration (in respect to the Al3+)
Sample

Mn4+ (%) +/- Tb3+ (%) +/-

SAO 0.1% Mn4+,1% Tb3+ 0.1000 0.0051 1.000 0.053

SAO 0.1% Mn4+,5% Tb3+ 0.1015 0.0051 5.000 0.267

SAO 0.1% Mn4+,10% Tb3+ 0.1000 0.0051 9.609 0.534

SAO 0.1% Mn4+,20% Tb3+ 0.0956 0.0051 19.47 0.890
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S-2

Figure S1. The narrowing of the X-ray diffraction peak of SAO:0.1%Mn4+ powders annealed at different 
temperatures. 

Figure S2. X-ray diffraction patterns of SAO:0.1% Mn4+, x% Tb3+ powders annealed at 1000 °C. 
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Figure S3. The representative TEM image –a and SAED reflection spots for SAO:Mn4+ powder –b annealed at 
800 °C.

Figure S4. The representative TEM image –a and SAED reflection spots for SAO:Mn4+ powder –b annealed at 
900 °C.
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Figure S5. The representative TEM image –a and SAED reflection spots for SAO:Mn4+ powder –b annealed at 
1000 °C.

Figure S6. The representative TEM image –a and SAED reflection spots for SAO:Mn4+ powder –b annealed at 
1100 °C.
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Figure S7. Analysis of SAED reflection spots for SAO:Mn4+ powder annealed at 800 °C – a and 900 °C - b.

Figure S8. The representative TEM images –a,b for SAO:0.1%Mn4+, 5%Tb3+ powder annealed at 1000 °C.

283



S-6

Figure S9.  Integral emission intensity in function of 1/T for 650-658 nm range in SAO:Mn4+ annealed at 1000 
°C.

Figure S10. CFS as function of average (Rav) and minimum metal-oxide bond (Rmin) for Mn4+ ions in different 
Al3+ sites in SAO:Mn4+ annealed at different temperatures. 
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Figure S11. Thermal evolution of band integral intensities in 660-677 nm range for SAO:Mn4+ samples annealed 
at 1000 and 1100 oC respectively.

Figure S12. Graphic rerepresentation of the Boltzmann distribution through the ratio of the the bands in the 650-
658 and 660-677 nm range in SAO:Mn4+ annealed at different temperatures.
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Figure S13. The influence of Tb3+ ions concentration on excitation spectra in SAO:Mn4+, Tb3+ for 545 nm – a 
and 654 nm - b.

Figure S14. The influence of Tb3+ ions concentration on luminescent decays in SAO:Mn4+, Tb3+ for λem = 654

nm – a and 545 nm - b.
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Figure S15. Thermal evolution of emission spectra for SAO:0.1%Mn4+, 5%Tb3+-a; and the zoom of the same 
spectra in the 620-720 nm spectral range-b. 

Figure S16. The influence of temperature on excitation spectra in SAO:0.1%Mn4+, 5%Tb3+ for 545 nm – a and 
654 nm – b.
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Figure 17 The heating-cooling cycle of the LIR for the representative sample of SAO:0.1%Mn4+, 5%Tb3+.

Temperature determination uncertainty was calculated using eq.S1:

 (eq. S1)1

R

LIRT
S LIR

δδ =

SR is the relative sensitivity and δLIR/LIR determines the uncertainty of the LIR determination.

where δLIR/LIR was determined as follows:

 (eq. S2)
2 2

Tb Mn

Tb Mn

I ILIR
LIR I I

δ δδ ⎛ ⎞ ⎛ ⎞
= +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
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Figure S18. Thermal dependence of temperature estimation uncertainty for SAO:0.1%Mn4+, 5%Tb3+.

Figure S19. The comparison of the normalized emission spectra of SAO:Mn4+,Tb3+ nanocrystals measured at 
80oC and 250oC with the colour filter curves of consumer digital cameras
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Figure S20. Photographs from digital camera – a, red – b and green channels of RGB colour images – c and 
photographs from thermovision camera of quartz tube with SAO:0.1%Mn4+, 5%Tb3+ powder under UV light 

excitation recorded at different times of heating exposition – d.
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Figure S21. The calibration curve obtained by measuring the LIR as a emission intensity of Red to Green 
channels vs temperature controlled using thermovising camera.

Figure S22. Thermal map of SAO:Mn4+,Tb3+ powder placed on the heating plate at 150oC –a and ε calculated 
across the doted red line presented in a- b. 
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ABSTRACT: It is well-known that the chemical composition of the host material significantly
affects the spectroscopic performance of transition metal ions. However, it is worth noting that also
the structure and symmetry of crystallographic sites play significant roles in transition metal ion
luminescence. In this study, we demonstrate three perovskite structures of strontium titanate
forming so-called Ruddlesden−Popper phases doped with Mn4+ ions. The observed reduction in
the average Ti4+−O2− distance in the series SrTiO3−Sr2TiO4−Sr3Ti2O7 allowed for a record-
breaking shift in the spectral position of Mn4+ emission band with a maximum of around 734 nm
and led to an improvement of the already impressive thermometric performance of SrTiO3:Mn4+ in
ratiometric and lifetime-based approaches. This research encourages a further search for structures
that, with the help of the developed correlations between structural and optical properties, could
lead to the discovery of phosphors beyond the limits established so far.

■ INTRODUCTION

Tetravalent manganese (Mn4+) ions are some of the most
intensively investigated transition metal ions as luminescent
centers for inorganic phosphors.1−3 The main reason for this is
their unique characteristics, including the high absorption
cross-section in a wide spectral range of excitability from
ultraviolet (UV) up to even 600 nm and bright red/near-
infrared (NIR) emission, which lead to the selection of Mn4+
luminescence as suitable for many specific applications.4−6 It is
known from previous studies that the spectroscopic properties
of Mn4+ ions, as well as their susceptibility to temperature
changes, are strongly dependent on the host material in which
they are embedded. Several reviews have presented the
correlations between the structure of Mn4+-doped phosphors
and their luminescence and thermometric properties.6−8 It
should be noted that even small differences in the crystallo-
graphic structure of the host material in, for example, polytypes
can result in a significant modification of the luminescence
range and its thermal quenching rate.9

Among the materials investigated to date, it has been
determined that the Mn4+ emission band maximum ranges
between 620 and 725 nm associated with the 2E → 4A2
electronic transition. The fact that the 2E level is the first
excited state of Mn4+ ions is the result of the high positive
effective charge of the Mn4+ ions, which ensures that the crystal
field strength (CFS) is limited to be strong (roughly Dq/B >
2.2).10 To date, the lowest CFS affecting the Mn4+ ions
(parameter Dq/B ≈ 2.47) has been reported for SrTiO3 with
an emission maximum located at ∼725 nm.11 In addition, it is
worth noting that the great susceptibility of the spectroscopic
properties of Mn4+ in SrTiO3 to temperature changes makes it

a promising material for use in luminescence thermometry.
The strontium titanate SrTiO3 owes the aforementioned
parameters to the regular distribution of well-ordered Ti4+
octahedra and less ordered Sr2+ cations.11,12 However, the
other strontium titanate perovskite structures present different
configurations for a similar group of atoms known as
Ruddlesden−Popper (R-P) phases. Similar to SrTiO3, other
R-P phases contain Ti4+ octahedral sites, suitable for Mn4+
ions, but differences in the surroundings of the dopant ions will
affect their luminescence and temperature dependence. In this
way, it is possible to shift the position of the Mn4+ emission
maximum above the so far defined limit of 725 nm and
enhance thermometric performance with respect to the
SrTiO3:Mn4+ phosphor.
In this work, the influence of a structure of three

representatives of the R-P group of perovskite strontium
titanates, e.g. SrTiO3, Sr2TiO4, and Sr3Ti2O7, on the
luminescence of Mn4+ ions was investigated. The theoretically
calculated positions of the energy levels of Mn4+ ions were
compared with experimentally determined excitation and
emission spectra. Also included in the discussion is the
influence of the charge transfer transition between Ti4+ and the
O2− ions, as well as the Ti3+ luminescence observed in
Sr3Ti2O7:Mn4+. Thermal evolution of emission spectra and
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luminescent decay profiles were analyzed and therefore three
temperature-sensitive parameters were developed, which
complement each other to achieve high sensitivity in the
temperature range of 13−300 K.

■ EXPERIMENTAL SECTION

The SrTiO3:0.1% Mn4+, Sr2TiO4:0.1% Mn4+, and Sr3Ti2O7:0.1%
Mn4+ phosphors were synthesized using a modified Pechini method.13
The following starting materials were used as reagents without further
purification: Sr(NO3)2 (99.9965% purity, Alfa Aesar), Ti(OC4H9)4
(99+% purity, Alfa Aesar), 2,4-pentanedione (C5H8O2, 99% purity,
Alfa Aesar), MnCl2·4H2O (>99.0% purity, Sigma-Aldrich), and citric
acid (C6H8O7, >99.5% purity, Alfa Aesar). First, stoichiometric
amounts of Sr(NO3)2 and MnCl2·4H2O were dissolved in deionized
water and mixed together. In a separate beaker, an appropriate
amount of Ti(OC4H9)4 was mixed with 2,4-pentanedione in a 1:1
molar ratio in order to stabilize the Ti(OC4H9)4 solution. The
contents of the beaker were gently stirred until a transparent,
yellowish solution was obtained, which was then combined with the
stabilized nitrate solution. Immediately after that, anhydrous citric
acid was added to the mixture with the molar ratio of citric acid to all
metals set to 6:1. Finally, PEG-200 was added to the mixture in a 1:1
molar ratio with respect to citric acid. The resulting solutions were
then dried for 7 days at 363 K until resins were formed. Next, the
samples with 0.1% Mn4+ with respect to the Ti4+ ions were calcined in
an air atmosphere. SrTiO3:0.1% Mn4+ and Sr2TiO4:0.1% Mn4+ were
annealed at 1173 K for 3 h. In the case of Sr3Ti2O7:0.1% Mn4+, a
series of materials were made under different annealing conditions to
optimize them (at a temperature in the range of 1173−1773 K, for 3
or 12 h). Finally, the obtained powders were ground in an agate
mortar.

No uncommon hazards were noted.
Characterization. All of the synthesized materials were examined

by powder X-ray diffraction (XRPD) measurements carried out on a
PANalitycal X’Pert diffractometer equipped with an Anton Paar TCU
1000 N temperature control unit using Ni-filtered Cu Kα1 radiation
(1.54056 Å, V = 40 kV, I = 30 mA).

The excitation and emission spectra were measured using a double-
grating FLS1000 spectrometer from Edinburg Instruments Ltd.
equipped with a 450 W xenon lamp and a 60 W xenon flash lamp
as excitation sources for continuous and pulse excitation, respectively,
and a Hamamatsu R928P high-gain photomultiplier detector cooled
to 253 K with a Peltier plate. The sample was mounted on the copper
holder of a closed-cycle helium cryostat (Lake Shore Cryotronics,
Inc.) using Silver Adhesive 503 glue from Electron Microscopy
Sciences.

Thermal dependences of the luminescence intensity ratio (LIR)
were fitted using the Mott−Seitz model (eq S1). The average lifetimes
of the excited states were calculated with the use of a double-
exponential function according to the procedure described in eqs S2
and S3 in the Supporting Information.

■ RESULTS AND DISCUSSION

Structural and Morphological Characterization. Rud-
dlesden−Popper (R-P) phases are a group of materials that
belongs to the perovskite family which, in the case of strontium
titanates, may be expressed with the chemical formula:
Srn+1TinO3n+1. Their structure can be described in terms of n
layers with structures of the perovskite type (SrTiO3)
separated by unit cells with the rock-salt-type structure
(SrO) (Figure 1a). The repeat unit of each R-P structure is
defined by the n number from its general formula; i.e. for
Sr3Ti2O7 when n = 2, there are two layers of SrTiO3
surrounded by single SrO layers. However, for the most
common SrTiO3 host material, n = ∞ is due to the lack of SrO
type layers. This kind of structural change results in the
reduction of symmetry from the cubic system of the Pm3̅m

space group for SrTiO3 to the tetragonal system of the I4/
mmm space group for other R-P phases. Moreover, it can be
noted that Sr2+ ions are located in 12-fold and 9-fold
coordinated sites in SrTiO3 and Sr2TiO4, respectively, while
in Sr3Ti2O7 a combination of 12-fold and 9-fold coordination
of Sr2+ occurs. However, regardless of the host material, the
structure contains 6-fold-coordinated Ti4+ octahedral sites.
When considering the doping of R-P phases with Mn4+ ions,

due to the preferred 6-fold coordination and the same
electronic charge, Mn4+ will mostly be located in Ti4+ sites.
For the octahedral Ti4+ site in the SrTiO3 structure, six equal
bonds with R = 1.9517 Å are reported. Therefore, a Ti4+ site is
characterized by the Oh point group. In the case of Sr2TiO4,
the distortion of the octahedra with stretching along the c axis
(parallel to the distribution of the SrTiO3 planes) results in the
contraction of the four bonds with R = 1.9433 Å at the expense
of two longer Ti4+−O2− distances with R = 1.9803 Å.
Moreover, the replacement of the SrTiO3-like single layer with
the double layer in Sr3Ti2O7 leads to further modifications of
the Ti4+ sites. The contraction of the Ti4+ octahedra along the
c-axis to R = 1.9157 Å and the expansion of two different pairs
of bonds with R = 1.9500 Å can be observed. Therefore, for
Sr2TiO4 and Sr3Ti2O7 the point group of the Ti4+ site is
reduced to D4h with respect to SrTiO3. Comparing the average
Ti4+−O2− distances for n = 1, 2 and ∞, it can be found that the
highest Rav = 1.9556 Å was achieved for Sr2TiO4 and the
lowest Rav = 1.9271 Å for Sr3Ti2O7 with respect to 1.9517 Å for
SrTiO3.
XRPD patterns of three R-P materials were compared with

reference data (ICSD 94573, 194713, and 34629 for SrTiO3,
Sr2TiO4, and Sr3Ti2O7, respectively) to verify their phase
purity (Figure 1b). In the case of SrTiO3 and Sr2TiO4
materials doped with 0.1% Mn4+ ions, the XRPD patterns

Figure 1. (a) Schematic comparison of structures of R-P phases. (b)
XRPD patterns of SrTiO3, Sr2TiO4, and Sr3Ti2O7 doped with 0.1%
Mn4+ ions. (c−e) Representative TEM images and (f−h) particle size
distributions of (c, f) SrTiO3, (d, g) Sr2TiO4, and (e, h) Sr3Ti2O7
doped with 0.1% Mn4+ ions.
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correspond well with the ICSD standard patterns. In the case
of Sr3Ti2O7, optimization of the annealing conditions was
performed (Figure S1). For samples annealed at 1173−1473
K, additional reflections originating from the SrTiO3 and
Sr2TiO4 phases were observed. Above 1673 K, the presence of
Sr2TiO4 was reduced, but still reflections associated with
SrTiO3 were found. Finally, a pure phase was achieved after
annealing at 1773 K. This is consistent with the lattice energy
calculations reported by Haeni et al., who confirm that it is
possible to obtain nanocrystalline Sr3Ti2O7 at a temperature
higher than that for the other two R-P phases.14 A more
detailed analysis of the structure was carried out using Rietveld
refinement (Figure S2). It was observed that the unit cell
parameter a (which equals b) decreases in the following order:
SrTiO3 > Sr3Ti2O7 > Sr2TiO4 (Table S1). This suggests that
when the number of the SrO layers increases with respect to
perovskite layers (from 0:1 for SrTiO3 to 1:1 for Sr2TiO4), the
a−b plane area decreases. On the other hand, the c parameter
increases with n with the order n = ∞, 1, 2, which is expected
due to the decrease in symmetry and the need to include more
atoms in the unit cell.
For SrTiO3 and Sr2TiO4 annealed at 1173 K and Sr3Ti2O7

annealed at 1773 K, TEM images were performed (Figure 1c−
e and Figures S3−S5). The obtained images reveal that the
materials under investigation consist of well-crystallized
particles with a tendency to agglomerate, which is a typical
feature of materials prepared with the Pechini method. For
SrTiO3, particles with a more rounded shape were obtained
compared to Sr2TiO4 prepared under the same annealing
conditions, which corresponds well with a reduction in
symmetry from a cubic to a tetragonal system. On the
contrary, Sr3Ti2O7 tends to form elongated needle-shaped
particles, which can be related to the significantly elongated
unit cell in the z-direction. Such a modified shape of the unit
cell of Sr3Ti2O7 and a much higher annealing temperature are
reflected in the particle size distribution (Figure 1f−h). Despite
the presence of small (<50 nm) particles in all R-P materials, it
can be clearly seen that the smallest particles were obtained for
SrTiO3 and the largest for Sr3Ti2O7. This is in agreement with
the average particle sizes, which equal 29, 62, and 133 nm for
SrTiO3, Sr2TiO4, and Sr3Ti2O7, respectively.
Characterization of Luminescent Properties. The

simplified form of a well-known configurational coordinate
diagram for TM ions with a 3d3 electronic configuration (like
Mn4+) is presented in Figure 2a. Using an appropriate
excitation wavelength, it is possible to efficiently excite
electrons of Mn4+ ions from the 4A2 ground state to the 4T1
or 4T2 excited state, followed by the nonradiative depopulation
to the lowest 2E excited state. As a result of its radiative
depopulation, the emission in the red spectral range associated
with the 2E → 4A2 electronic transition can be observed. At
first, based on crystal field theory, local site symmetry is
considered to determine the degeneracy of both the orbital
triplet and doublet states, which affects the width of the
excitation bands. The exchange charge model of crystal field15
was used to calculate the Mn4+ energy levels in all studied
materials. For R-P materials, the Oh point group in SrTiO3 and
the D4h point group in Sr2TiO4 and Sr3Ti2O7 can be
considered as the relatively high symmetry of Mn4+ sites. For
this reason, the number of non-zero crystal field parameters is
only 2 for SrTiO3 whereas it is 3 for Sr2TiO4 and Sr3Ti2O7
structures (Table 1). Moreover, it should be mentioned that
due to the reduction of the octahedral symmetry from Oh to

D4h, the irreducible representation of the excited states should
be changed; however, to keep the nomenclature and labeling
simple and comparable among all three host materials, the
designations of the excited states corresponding to the Oh
symmetry are used in the manuscript. Therefore, no
degeneracy removal of the orbital triplet and doublet states
in SrTiO3 is expected, while in the two other host materials,
4T2 and 4T1 triplets and 2E doublets will be split.
To verify this, Figure 2b−d compares the experimental

excitation spectra measured at 13 K and the emission spectra
taken at 13 and 220 K with the values of the calculated energy
levels (obtained by the diagonalization of the corresponding
crystal field Hamiltonians with the crystal field parameters
from Table 1) for Sr2TiO4 (Figure 2b), SrTiO3 (Figure 2c),
and Sr3Ti2O7 (Figure 2d) doped with Mn4+ ions. The exact
values of the theoretical data are listed in Table S2. It can be
seen that the calculated energies of 4T1, 4T2, and 2E levels
correspond well with the experimental data. Comparing the
maxima of both 4A2 → 4T1 and 4A2 → 4T2 excitation bands
and 2E → 4A2 emission bands, it can be seen that their energies
decrease in the order Sr2TiO4 > SrTiO3 > Sr3Ti2O7, in
agreement with the average metal−oxygen distance Rav
(Figures S6 and S7).
Another well-detectable band in the emission spectrum of

SrTiO3:Mn4+ is a broad band centered at 500 nm, which has
been attributed to a charge transfer (CT) transition from Ti4+
to O2− ions. Figure S8 shows the effect of the excitation
wavelength on the ratio of CT and Mn4+ emission bands in
SrTiO3:Mn4+. Although the use of λexc = 365 nm would excite

Figure 2. (a) Simplified configurational coordinate diagram for Mn4+
ions. Comparison of the calculated Mn4+ energy levels (vertical lines)
with experimental excitation (measured at 13 K) and emission spectra
(measured at 13 K in light color and at 220 K in deep color) in (b)
Sr2TiO4, (c) SrTiO3, and (d) Sr3Ti2O7.

Table 1. Non-Zero Parameters of Crystal Field Bp
k and

Racah parameters B and C (all in cm−1) for Mn4+ in SrTiO3,
Sr2TiO4, and Sr3Ti2O7

SrTiO3 Sr2TiO4 Sr3Ti2O7

B2
0 0 −706 1464

B4
0 5064 4895 5073

B4
4 25320 25994 23887

B 570 690 650
C 3254 3030 3053
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the Mn4+ emission so that CT luminescence would be virtually
impossible to detect, λexc = 380 nm that allows the most
intense emission of Mn4+ ions, which are the focus of the work,
was selected for further measurements (Figure S9). In
addition, it should be mentioned that the CT emission band
was also detectable for Sr2TiO4:Mn4+ and Sr3Ti2O7:Mn4+, even
though its intensity was much lower with respect to the Mn4+
band (Figure S10). It should be mentioned that the position of
the observed CT bands in Sr2TiO4 and Sr3Ti2O7 stays in
agreement with the previously reported results in the
literature.16,17 Comparing the position of both the emission
and excitation bands of the CT transition, it was noted that
their energy decreases in the same order as the bands of Mn4+
ions (Sr2TiO4 > SrTiO3 > Sr3Ti2O7), confirming that they are
also affected by the decrease in Rav value.
In the case of the emission spectra of Sr3Ti2O7, a broad band

with a maximum at ∼850 nm with intensity similar to or even
higher than that of the Mn4+ emission band is observed.
Comparing the quenching rate of the excitation band for λem =
850 nm, it can be seen that it is faster than for the maximum of
Mn4+ emission, namely λem = 733.5 nm (Figure S11).
Considering the possibilities of the electronic transitions that
may occur in Sr3Ti2O7 solely doped with Mn4+ ions, it may be
suggested that the emission band at 850 nm is related with the
2E → 2T2 transition of Ti3+ ions. To confirm this, the emission
spectrum for the undoped Sr3Ti2O7 material was verified
(Figure S12). It was found that there is a broad band with a
maximum at 804 nm with a weak intensity with respect to the
Mn4+-doped counterpart. Furthermore, using the strategy of
stabilizing Ti3+ ions with La3+ ions presented so far in the
Sr2+Ti4+O3 host material,18,19 emission and excitation spectra
were performed for Sr3Ti2O7:1% La3+ (Figure S13). In this
case, a broad emission band centered at about 780 nm was also
observed. The shift in the position of this band for
Sr3Ti2O7:1% La3+ with respect to 850 nm in Sr3Ti2O7:1%
Mn4+ may be the result of a change in local symmetry with the
assumption that the most intense emission comes from Ti3+
ions stabilized with La3+ ions with respect to Ti3+ ions formed
with the presence of oxygen vacancies, which at the same time
should play the role of suppressing the emission of luminescent
centers. In addition, a broad band with a maximum at 350 nm

was noted in the excitation spectrum, which did not overlap
with the excitation bands of Mn4+ ions.
Nevertheless, it is important to mention that the spectral

location of the Mn4+ emission band maximum in the
investigated R-P materials is among the most red-shifted
2E(Mn4+) positions reported so far. Based on the Racah
parameters from Table 1 the nephelauxetic parameter β1 was
calculated, which is known to have a good quasi-linear
correlation with the energy of the 2E state (eq S4). The
results obtained for the R-P materials are compared with those
for other representative host materials in Table S3 and Figure
S14.20,21,30−39,22,40,41,23−29 Indeed, the proposed materials
present both the lowest 2E energies as well as some of the
lowest β1 values. Furthermore, it should be noted that the
obtained results fit into a linear trend that has been reported so
far in several reviews.7

Influence of Temperature on Mn4+ Emission in R-P
Materials. Due to the relatively low energy of the 2E and 4T2
levels, the luminescence of Mn4+ ions in R-P materials is
expected to be strongly temperature dependent. Therefore, the
thermal evolution of their emission spectra was carried out
(Figure 3a and Figures S15 and S16). In fact, it was observed
that the emission of the three analyzed phosphors is barely
detectable already at about 300−400 K. However, performing
thermal evolution from 13 K made it possible to observe a
dynamic change in the spectral position of the band maximum
(Figure 3b). First, in the case of the SrTiO3:Mn4+ phosphor,
the emission band maximum occurs at 13640 cm−1 (733.1 nm)
at 13 K and shifts rapidly toward 13670 cm−1 at 50 K, implying
a mixed influence of ν3 and ν4 vibronic states in this
temperature range. This information complements previous
scientific works, which reported a band maximum for
SrTiO3:Mn4+ at ∼13800 cm−1 (∼724.6 nm) at 80 K.5,11,42 It
stays in agreement with a significant jump in the position of the
band maximum to 13810 cm−1 (ν6, 724.1 nm) at 60 K, which
gradually decreased above this temperature until 13750 cm−1

(727.3 nm) at 310 K.
A similarly low value of the emission band maximum was

also reached in Sr3Ti2O7:Mn4+: i.e., 13630 cm−1 (733.7 nm) at
13 K. However, in this case, this maximum remained at a
similar energy up to 110 K with an observed slight shift to

Figure 3. (a) Thermal evolution of emission spectra of Sr3Ti2O7 doped with 0.1% Mn4+ (λexc = 387 nm). (b) Thermal evolution of the spectral
position of 2E → 4T2 emission band maximum for Mn4+ doped R-P materials. Influence of the host material composition on the thermal evolution
of emission intensity of (c) 730−745 nm spectral range and (d) 690−705 nm spectral range and (e) their LIR and (f) relative sensitivity.
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13620 cm−1 (734.2 nm). Thereafter, the maximum was
covered by the vibronic ν4 state in the 120−180 K range
with an energy of ∼13720 cm−1 (728.9 nm), and finally above
190 K the maximum occurred at 13800 cm−1 (724.6 nm)
corresponding to the dominant influence of the ν6 vibronic
state. In the case of Sr2TiO4, the least spectral changes were
obtained: i.e., in the 13−70 K range the main impact on the
emission band shape was made by the ν4 state with 13720
cm−1 (728.9 nm), and at 70−290 K it was the ν6 state, which
maximum gradually shifted from 13820 cm−1 (723.6 nm) to
13760 cm−1 (726.7 nm) due to the thermal promotion of the
higher vibronic levels of the 4A2 state.
Interesting changes were observed also in the thermal

evolution of emission band intensity (Figure S17). By
considering a broad spectral range (670−760 nm) covering
the entire band originating from the 2E → 4T2 transition of
Mn4+ ions (Figure S17a) it can be noted that in Sr2TiO4 the
emission increases slightly to maximally 115% of its initial
value in the range of 13−250 K. Above 250 K, there is a sharp
decrease in intensity, and above 300 K the intensity does not
interfere with 10% of the initial value. On the other hand, Mn4+
emission in SrTiO3 is quenched rapidly in the range 13−100 K
to reach 60% of the initial intensity, after which the thermal
quenching slows down considerably so that at 230 K the signal
remains at 57%. Above 230 K there is a significant drop in
intensity again, and only 13% of the signal from 13 K remains
at 300 K. In the case of Sr3Ti2O7:Mn4+, the signal intensity is
77% of the initial value at 50 K, followed by a slight increase in
intensity to 85% at 120 K. This is probably due to the Ti3+ →
Mn4+ energy transfer, as well as the quenching of the Ti3+ band
which is spectrally overlapped with the Mn4+ emission band in
Sr3Ti2O7. Above 120 K, thermal quenching occurs, as
evidenced by 10% of the initial value noted at 280 K. Although
the interpretation of the thermal evolution of the Mn4+ band in
Sr3Ti2O7 is hampered by the presence of the broad Ti3+
emission band, it can be noted that the rate of thermal
quenching increases in the following order: Sr2TiO4 > SrTiO3
> Sr3Ti2O7. This corresponds with the average metal−oxygen
distances Rav. To explain this, it is necessary to take into
account the energy difference between the 2E parabola and its
intersection with the 4T2 parabola, the so-called activation
energy ΔE (see Figure 1a), which determines the energy to be
supplied for effective thermal quenching to occur. The
activation energy was determined from eq 1
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where Iem is the emission intensity at temperature T, I0 is the
initial emission intensity at T = 13 K, and k is the Boltzmann
constant (k ≈ 0.6950 cm−1/K). Thus, values of ΔE = 2362,
2041, and 1867 cm−1 were obtained for Sr2TiO4, SrTiO3, and
Sr3Ti2O7, respectively. Therefore, it is expected that thermal
quenching of Mn4+ emission will be most effective in the
Sr3Ti2O7:Mn4+ phosphor. Additionally, although the intense
CT band is only observed on the emission spectra of
SrTiO3:Mn4+, it is also detectable for Sr2TiO4:Mn4+ and
Sr3Ti2O7:Mn4+ and its thermal evolution is compared in Figure
S17b. In all three materials, the rate of thermal quenching of
the CT band is uniform over the whole measurement range,
while a quenching rate is arranged in the order Sr2TiO4 >
Sr3Ti2O7 > SrTiO3. It may suggest that the thermal quenching
of the CT band in Sr3Ti2O7 is hampered by the Ti3+ → CT

and Mn4+ → CT energy transfers, as thermal quenching was
expected to be the fastest of the three host materials.
As mentioned in the case of changes in the Mn4+

luminescence band maximum position as a function of
temperature in R-P materials, significant differences can be
observed between the thermal evolution of different spectral
regions within the Mn4+ band on the emission spectra.
Therefore, it was proposed to evaluate which spectral regions
are characterized by inverse behavior with a change in
temperature (Figure S18). It was observed that, in all
investigated R-P phosphors, the Mn4+ band quenched most
rapidly in the 730−745 nm spectral range, while the most
impressive increase in intensity with respect to the initial value
(at 13 K) was noticed in the 690−705 nm range. The resulting
thermal evolution of integrals in the given ranges is shown in
Figure 3c,d, respectively. Therefore, in the 730−745 nm range,
the Mn4+ emission intensity follows a curve similar to that of
the whole band shown previously in Figure S17a, but it is
devoid of any intensity increase. On the other hand, in the
690−705 nm spectral range in Mn4+-doped R-P materials, a
band located energetically above the zero phonon lines (ZPL)
of Mn4+ emission was noted, the intensity of which increases
with increasing temperature.42 Therefore, the intensity of this
band increases between 13 and 240 K. Due to the near-zero
intensity of the signal coming from this spectral range at 13 K,
the relative values take on impressive quantities: i.e., more than
155 times the 13 K intensity at 240 K and 133 times the
intensity at 150 K for Sr2TiO4 and Sr3Ti2O7, respectively.
Surprisingly, in the case of SrTiO3, this increase is 2 orders of
magnitude lower, reaching only 1.65 at 220 K of the initial
value. Additionally, the thermal evolution of emission spectra
of Sr3Ti2O7:Mn4+ under excitation λexc = 387 nm and λexc =
415 nm was compared (Figure S19). It was observed that the
intensity of the Mn4+, Ti3+, and CT bands varied depending on
the excitation used. Therefore, also for λexc = 415 nm, a faster
thermal quenching in the 730−745 nm range was obtained,
but also a smaller intensity increase in the 690−705 nm range
when comparing to λexc = 387 nm (Figures S20 and S21).
Considering the encouraging intensity vs temperature plots
with different monotonicities, a luminescence intensity ratio
(LIR) calculation was proposed as follows:
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The values obtained for SrTiO3, Sr2TiO4, and Sr3Ti2O7
doped with Mn4+ are shown in Figure 3e. For SrTiO3:Mn4+
due to the small increase in intensity in the range 690−705
nm, the LIR values increased almost linearly in the range of
13−310 K, reaching a maximum value of 13.4 at 310 K. The
Sr2TiO4:Mn4+ phosphor presented more variability, reaching a
∼48 times increase at 100 K with respect to its initial value,
followed by the slowdown of its rate and finally reaching 242.1
at 400 K. However, the most impressive result was determined
for Sr3Ti2O7:Mn4+, for which the LIR = 92.7 at 100 K, while
the maximum reached LIR = 976.8 at 300 K. Interestingly,
regardless of the excitation used (λexc = 387 nm or λexc = 415
nm), the LIR parameter as a function of temperature had a
similar course for Sr3Ti2O7:Mn4+, so it was decided to preserve
the results obtained upon λexc = 387 nm in the main analysis
(Figure S22). The intense increase of the LIR in the low-
temperature range was encouraging to treat the LIR as a
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temperature-dependent parameter and to verify the relative
sensitivities of the potential optical thermometers, according to
eq 3

= ×S LIR
T

1
LIR

100%R (3)

where ΔLIR represents the change of LIR for the change of
temperature ΔT. The obtained SR values are summarized in
Figure 3f. In the case of the SrTiO3:Mn4+ host material, SRmax =
1.75% K−1 at 13 K was obtained, which gradually decreased
with increasing temperature, reaching 0.39% K−1 at 210 K and
then increasing slightly up to 300 K, reaching 1.45% K−1.
However, much more impressive results were obtained for
Sr2TiO4 and Sr3Ti2O7 doped with Mn4+ in the temperature
range below 100 K. Maximum sensitivity values of SRmax =
8.99% K−1 and SRmax = 10.37% K−1 were obtained at 40 K for
Sr2TiO4:Mn4+ and Sr3Ti2O7:Mn4+, respectively. However, it is
also worth noting that the SR value was not lower than 2.20%
K−1 and 3.73% K−1 in the 13−100 K range for these materials.
Above 40 K, there was a gradual decrease in SR value in both
cases, associated with a flattening of the LIR vs temperature
plot curvature, resulting in values lower than SR = 0.1% K−1 at
290 K. In addition, it was proposed to consider the
temperature determination uncertainty, denoted as δT, which
describes the potential utility of the luminescence thermometer
more accurately than SR (eqs S5 and S6). The values of δT as a
function of temperature are shown in Figure S23. It can be
found that from 13 to 200 K, δT is within the range of 0.05−
0.12 K for all three R-P materials. It is worth noting, despite
the reduction in SR values above 40 K, the increase in signal
intensity coming from the spectral bands selected for the LIR
calculation also has a positive effect on the accuracy of the
temperature readout. With a sharp decrease in SR value above
200 K, δT increased, reaching values on the order of 8.0 K for
Sr2TiO4 and Sr3Ti2O7. Therefore, the useful range of a
thermometer based on the LIR parameter should be limited to
the 13−200 K range. Despite achieving a relatively high value

of SR = 10.37% K−1, it should be emphasized that similar
results obtained in the cryogenic temperature range have
already been reported in the literature.43−45 This is the result
of thermal activation of many nonradiative processes in this
temperature range in the host material. Moreover, temperature
readout in the realistic application may be hampered since
such a high increase of LIR value and such a high increase in
LIR by as much as 3 orders of magnitude mean that the
intensities of the spectral ranges under consideration are
significantly different. It may prevent the precise detection of
the two signals necessary for temperature determination.
Therefore, it was decided to evaluate the lifetime potential of
Mn4+ ions as a temperature-dependent parameter for
applications in luminescence thermometry.

Temperature-Dependent Performance of Lifetimes
in Mn4+-Doped R-P Materials. The thermal depopulation of
the emitting 2E state of Mn4+ in the R-P materials should affect
the kinetics of the Mn4+ ions as well (Figure 4a and Figure
S24). By fitting the luminescence decay profiles with the
biexponential curve, average lifetimes of τav were determined
(eqs S2 and S3 and Figure 4b). It was found that τavr = 1.30 ms
at 13 K for Sr2TiO4:Mn4+ is significantly longer than τavr = 0.54
ms and τavr = 0.69 ms in the cases of SrTiO3 and Sr3Ti2O7,
respectively. In Sr2TiO4, a gradual shortening of lifetimes was
observed in the 13−340 K range, which was close to linear up
to 240 K followed by an increase in the quenching rate at
higher temperatures.
Surprisingly, the Mn4+ lifetime in SrTiO3 in the range 13−80

K is almost doubled, reaching τav = 1.02 ms. Then it undergoes
a gradual quenching and above 140 K reaches values similar to
that of the Sr2TiO4:Mn4+ phosphor. On the other hand, in the
case of Sr3Ti2O7, a slight elongation of lifetimes to 0.75 ms
from 13 to 40 K was observed, which then shortened to 0.54
ms at 140 K. Surprisingly, there is a renewed elongation to
∼180 K, above which there is a gradual shortening of lifetimes
up to 300 K, similar to the other two R-P materials. To
understand the abnormal thermal evolution of τav in Sr3Ti2O7,

Figure 4. (a) Thermal evolution of luminescent decay profiles of emission from 2E excited state in Sr3Ti2O7:Mn4+. (b) Influence of host material
composition on the thermal evolution of Mn4+ average lifetimes. (c) Thermal evolution of components of τav: τ1 and τ2 for Sr3Ti2O7:Mn4+
phosphor. (d) Comparison of the thermal evolution of average lifetimes in Sr3Ti2O7:Mn4+ for different λem. Thermal evolution of SR value of
thermometer based on (e) the Mn4+/Ti3+ lifetime in Sr3Ti2O7 (f) the Mn4+ lifetime in R-P materials.
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the thermal evolution of two components derived from the
biexponential fitting, namely τ1 and τ2, was analyzed (Figure
4c). It was observed that the thermal evolution of τ1 for
Sr3Ti2O7:Mn4+ presents a shape similar to that found for
Sr2TiO4:Mn4+, but with a different shortening rate, which is the
expected effect due to the difference in the activation energy
described above. Meanwhile, τ2 reflects the occurrence of a
significant shortening of τav to 180 K. This may be indicative of
the contribution of the 2E level of Ti3+ ions to the lifetimes
observed at λexc = 387 nm and λem = 724.5 nm in the range
13−180 K, which subsequently quenches and leaves a
dominant contribution of the 2E level of Mn4+ ions above
180 K.
To confirm this hypothesis, we analyzed the thermal

evolution of τav for different excitation and emission wave-
lengths (Figures S25 and S26 and Figure 4d). Comparing the
thermal evolution of τav for different λem at fixed λexc, it can be
seen that the lifetime observed in the range of 13−180 K
decreases with increasing λem, which is also related to the
increasing contribution of Ti3+ luminescence to the received
τav. Thus, for λem = 733.5 nm and λexc = 415 nm a 3-fold
shorter τav value, i.e. 0.25 ms, was achieved at 60 K than for λem
= 724.5 nm and λexc = 387 nm. This suggests that Ti3+ ions
lead to a shortening of the lifetimes recorded for λem = 724.5
nm in the range 13−180 K, and then, its effect is significantly
reduced. On the other hand, the choice of λexc also determines
the contribution of the lifetimes of the 2E states of Mn4+ and
Ti3+ ions in the average lifetime value. This also manifests itself
as a clear difference in lifetimes in the range 13−180 K.
Comparing the thermal evolution of the excitation spectra of

Ti3+ and Mn4+ ions in Sr3Ti2O7, it is expected that λexc2 = 415
nm should excite Mn4+ more effectively than Ti3+ ions with
respect to λexc1 = 387 nm. Figure S27 shows that the
contribution of τ2 to τav is similar for all combinations of λem
and λexc. This interpretation is consistent with the obtained
thermal evolution of τav for the emission wavelength falling at
the Ti3+ band maximum, i.e. λem = 850 nm, where the greatest
influence of Ti3+ lifetimes was obtained at low temperatures
(below 180 K) and Mn4+ in the higher temperature range
(Figure S28 and Figure 4d). The value of τav at 13 K is 0.20 ms
and then it gradually decreases to reach 0.089 ms at 150 K.
Above this value, there is a sharp increase in τav up to 0.48 ms
at 210 K, which, however, should be interpreted as the lifetime
of Mn4+ ions. The strong thermal variability of τav suggests its
high potential for optical thermometry. Hence, its SR value was
determined (Figure 4e). In the 13−150 K range, it adopts
relatively small SR values, reaching a maximum of −1.70% K−1

at 150 K. However, the rapid elongation in lifetimes provided
that a relatively impressive SRmax = 7.86% K−1 at 170 K was
achieved. However, it is also worth noting the SR values at
around room temperature, where a sharp shortening in
lifetimes ensured the achievement of |SR| > 4.5% K−1 in the
range 280−290 K. The sharp increase in τav in the temperature
domain associated with a shortening of the lifetime of one
luminescent center while maintaining the lifetime value of the
other luminescent center taking over the dominant role on the
luminescent decay profile can be considered as a novel strategy
to design highly sensitive thermometers.
In a similar manner, SR values were calculated for SrTiO3,

Sr2TiO4, and Sr3Ti2O7 (Figure 4f). In contrast to the LIR-
based approach in the range 13−200 K the SR values for the
luminescence kinetics are not high and do not exceed ∼0.50%
K−1. The exceptionx zfd the negative SR valuex for

SrTiO3:Mn4+, which reache a maximum of SR = −1.73% K−1

at 20 K. The negative sign is due to the elongation of the
lifetimes observed in this temperature range. On the other
hand, the more pronounced SR values of all three materials can
be found above 230 K, as a result of a sharp reduction in
lifetimes up to 300−320 K. Consequently, the maximum SR
values are 3.04% K−1, 3.70% K−1 and 4.68% K−1 obtained in
the range 280−290 K for SrTiO3, Sr2TiO4, and Sr3Ti2O7,
respectively. Nevertheless, it should be emphasized that
temperature determination above 320 K with these materials
is not further possible due to both the rapid shortening of
lifetimes and the almost complete quenching of Mn4+
luminescence around these temperature. In order to take
both of these aspects into account in assessing the application
potential of lifetime-based thermometers, the temperature
determination uncertainty δT was calculated (eq S7 and Figure
S29). Therefore, due to the small SR values, in the range 13−
200 K the δT value varies between 0.3 and 1.0 K. However,
above 200 K δT decreases to δT ≈ 0.10 at 270−280 K for
SrTiO3:Mn4+ and Sr2TiO4:Mn4+. For Sr3Ti2O7:Mn4+, the
decrease in δT is more pronounced and even reaches δT =
0.013 at 280 K. This demonstrates the high application
potential of thermometers based on the lifetimes of Mn4+ ions.

■ CONCLUSIONS

In this work, the spectroscopic and thermometric parameters
of Mn4+ luminescence in three Ruddlesden−Popper strontium
titanate structures were compared. It was observed for the first
time that the emission band maximum of Mn4+ in SrTiO3
reaches 733.2 nm (13640 cm−1) at 13 K and shifts to the
previously reported 723.75 nm (13820 cm−1) at 110 K. On the
other hand, in Sr3Ti2O7 the emission band maximum falls at
733.6 nm (13630 cm−1) at 13 K, which even shifts to 734.2 nm
(13620 cm−1) at 110 K, meaning that it is the most red-shifted
emission band maximum for Mn4+ ions among those reported
so far. The shapes of excitation and emission spectra were
compared with theoretical calculations. Among the three
materials, a correlation was observed between the average
metal−oxygen Rav distance and spectroscopic properties such
as the position of excitation and emission bands β1, activation
energy ΔE, and thermal quenching rate. Finally, the thermal
performance of the 2E → 4A2 emission band and lifetime of 2E
excited state were compared for the three structures and
verified for thermometric applications. By determination of the
two temperature-dependent parameters, thermometers capable
of operating over a wide range from cryogenic to room
temperatures were obtained. The proposed new
Sr3Ti2O7:Mn4+ phosphor allowed an improvement in the
relative sensitivity of the LIR-based thermometer from 1.50%
K−1 to 10.37% K−1 at 40 K, as well as in the lifetime-based
strategy from 3.04% K−1 to 4.68% K−1 at 280 K in the
SrTiO3:Mn4+ material. Taking also into account SRmax = 7.86%
K−1 at 170 K obtained for the novel Mn4+/Ti3+ mixed lifetime
approach, Sr3Ti2O7:Mn4+ can be considered as a multi-
parameter thermometer, achieving high sensitivities in the
range of 13−300 K.
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The integral intensities of the emission bands were fitted with Mott-Seitz equation (Eq. S1): 

(Eq. S1)0I =
exp( ) 1

I
WC

k T
⋅ − +

⋅

where: I – the intensity in temperature T, I0 – the intensity in the initial temperature, 

W - the activation energy, k – Boltzmann constant, C – the dimensionless constant

The average lifetime of the Mn4+ excited states were calculated with the equation Eq. S2:

(Eq. S2)���� = �1�12 + �2�22�1�1 + �2�2
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where: τ1, τ2 are the decay parameters and A1, A2 are amplitudes of the bi-exponential function:

(Eq. S3)�(�) = �0 + �1 ∙ exp ( ― ��1) + �2 ∙ exp ( ― ��2)
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Figure S1. Influence of annealing parameters on XRPD patterns of Sr3Ti2O7:0.1% Mn4+ powder.

Figure S2. Rietveld refinement of R-P materials doped with 0.1% Mn4+ Sr2TiO4 – (a), SrTiO3 – (b), Sr3Ti2O7 – 

(c).
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Table S1. Unit cell parameters calculated with Rietveld refinement for R-P materials doped with 0.1% Mn4+.

host a (Å) c (Å) V (Å3) R profile (%)
weighted

R profile (%)
goodness of fit

SrTiO3:0.1% Mn4+ 3.906 -//- 59.59 1.309 1.843 3.358

Sr2TiO4:0.1% Mn4+ 3.885 12.582 189.95 1.243 1.764 2.946

Sr3Ti2O7:0.1% Mn4+ 3.898 20.346 309.08 1.067 1.610 4.079

Figure S3. Representative TEM images of SrTiO3 powder doped with 0.1% Mn4+.
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Figure S4. Representative TEM images of Sr2TiO4 powder doped with 0.1% Mn4+.
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Figure S5. Representative TEM images of Sr3Ti2O7 powder doped with 0.1% Mn4+.

Table S2. Calculated spin-quartet energy levels (in cm-1) for Mn4+ in SrTiO3, Sr2TiO4, Sr3Ti2O7.

The orbital doublet states are denoted with an asterisk.

SrTiO3 Sr2TiO4 Sr3Ti2O7

4A2 0 0 0
2E 14126 14221, 14247 14005, 14064
2T1 14564 14831*,14835 14528*, 14585
4T2 19291 18750*, 19805 18199, 19031*

2T2 21569 21661, 21701* 21394*, 21451
4T1 25349 25543, 26566* 25005*, 26990
2A1 31333 30889 30549
2T2 33240 32691*, 33751 32210, 32286*

2T1 33476 33522*, 33977 32650, 33715*

2E 35116 35241, 35273 34586, 34676
2T1 37704 38099, 38774* 37212*, 38992

4T1 (4P) 41075 41507, 41566* 40446, 40907*
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Figure S6. Comparison of excitation spectra performed at 13 K for R-P materials doped with 0.1% Mn4+.

Figure S7. Comparison of emission spectra performed at 13 K and normalized to 2E→4T2 band maximum for R-

P materials doped with 0.1% Mn4+-(a) and the zoom of the spectra in the 700-760 nm spectral range-(b).
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Figure S8. Comparison of emission spectra of SrTiO3 doped with 0.1% Mn4+ performed with different 

excitation wavelength.
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Figure S9. Comparison of excitation spectra of SrTiO3 doped with 0.1% Mn4+ for different emission 

wavelength.
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Sr2TiO4 SrTiO3 Sr3Ti2O7

Figure S10. Comparison of CT emission bands – (a) and their excitation spectra – (b) performed at 13 K 

for R-P materials doped with 0.1% Mn4+.

Figure S11. Thermal evolution of the excitation spectra of Sr3Ti2O7 doped with 0.1% Mn4+ for λem = 850 nm 

(2E→2T2 of Ti3+) – (a) and λem = 733.5 nm (2E→4T2 of Mn4+) – (b).
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Figure S12. The emission spectra (λexc = 400 nm) – (a) and the excitation spectra performed for different 

emission wavelength – (b) of undoped Sr3Ti2O7 powder.

Figure S13. The emission spectra (λexc = 400 nm) – (a) and the excitation spectra performed for different 

emission wavelength – (b) of Sr3Ti2O7 doped with 1% La3+.

The nephelauxetic parameter β1 was calculated with the following equation (Eq. S4):

(Eq. S4)�1 = ( ��0)2 + ( ��0)2
where (B, C) and (B0, C0) are related to the values of the Racah parameters in a crystal field 
and in a free state, respectively.
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Table S3. Comparison of the Racah parameters, β1 and the energy of 2E→4T2 maximum of Mn4+ ions in 

representative host materials from literature and this work.

host material B (cm-1) C (cm-1) β1 E(2E) maximum (cm-1) Ref.

Y2Sn2O7 700 3515 1.016 15563 1

Sr4Al14O25 790 3172 1.004 15361 2

Sr4Al14O25 680 3397 0.983 15361 3

Y3Al5O12 525 3728 0.977 15271 4

CaMg2Al16O27 737 3247 0.986 15267 5

CaAl2O4 520 3700 0.970 15198 6

Mg2TiO4 790 3172 1.004 15193 7

SrAl12O19 949 2766 1.040 15162 8

SrMgAl10O17 802 3069 0.993 15151 9

Li3Mg2TaO6 757 3163 0.983 15129 10

CaZrO3 754 3173 0.983 15054 11

LiGa5O8 660 2640 0.837 14959 12

Y2Ti2O7 600 3500 0.964 14956 1

Li2Mg2TiO5 756 3038 0.961 14749 13

Li2MgTi3O8 765 3004 0.960 14706 14

NaLiTi3O7 772 2988 0.962 14684 15

Ba2LaNbO6 670 3290 0.958 14679 16

La2MgTiO6 700 3136 0.946 14492 17

YAlO3 720 3025 0.938 14450 18

Li2Ge4O9 588 3253 0.910 14286 19

PbTiO3 780 2890 0.950 14236 20

LaAlO3 695 2941 0.909 14034 21

SrLa2Al2O7 645 3032 0.898 13966 22

Sr2TiO4 690 3030 0.922 13726 This work

SrTiO3 570 3254 0.902 13639 This work

Sr3Ti2O7 650 3053 0.904 13631 This work
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Figure S14. Representative correlation between the β1 parameter with the energy of 2E→4T2 maximum 

of Mn4+ ions in host materials from literature and this work (blue, green and red dot represent Sr2TiO4,

SrTiO3 and Sr3Ti2O7, respectively).

Figure S15. Thermal evolution of emission spectra (λexc = 380 nm) of SrTiO3 doped with 0.1% Mn4+ presented 

in a full-(a) and the short spectral range –(b).
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Figure S16. Thermal evolution of emission spectra (λexc = 380 nm) of Sr2TiO4 doped with 0.1% Mn4+ in a full-

(a) and the short spectral range –(b).

Figure S17. Thermal evolution of 2E→4T2 emission band of Mn4+ ions – (a) and charge transfer band – (b) of R-

P materials doped with 0.1% Mn4+.
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Figure S18. The thermal evolution of integral subtotal for 1 nm and 0.75 nm steps of SrTiO3 (λexc = 380 nm) – 

(a), Sr2TiO4 (λexc = 380 nm) – (b) and Sr3Ti2O7 (λexc = 387 nm) – (c) doped with 0.1% Mn4+.

Figure S19. Thermal evolution of different emission band in Sr3Ti2O7 doped with 0.1% Mn4+ when excited by 

λexc = 387 nm – (a) and λexc = 415 nm – (b).
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Figure S20. The thermal evolution of integral subtotal for 0.75 nm steps on the emission spectra (λexc = 415 nm) 

of Sr3Ti2O7 doped with 0.1% Mn4+.

Figure S21. Comparison of thermal evolution of emission intensity of 730-745 nm spectral range – (a) and 690-

705 nm spectral range – (b) for different excitation wavelength for Sr3Ti2O7 powder doped with 0.1% Mn4+.

316



0 100 200 300
100

101

102

103

λexc = 

387 nm
415 nm

LI
R

temperature (K)

Figure S22. Comparison of thermal evolution of LIR for different excitation wavelength for Sr3Ti2O7 powder 

doped with 0.1% Mn4+.

Temperature determination uncertainty for ratiometric approach was calculated using Eq. S5:

(Eq. S5)
1

R

LIRT
S LIR

δδ = ⋅

where: SR is the relative sensitivity and δLIR/LIR determines the uncertainty of the LIR 

determination where δLIR/LIR was determined as follows:

(Eq. S6)
������� = (��1�1 )2 + (��2�2 )2
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Figure S23. Thermal evolution of temperature determination uncertainty for LIR approach of R-P materials 

doped with 0.1% Mn4+.

Figure S24. Thermal evolution of luminescent decay profiles of emission from 2E excited state in Sr2TiO4 – (a) 

and SrTiO3 – (b) doped with 0.1% Mn4+.
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Figure S25. Thermal evolution of luminescent decay profiles of emission from 2E excited state in Sr3Ti2O7

doped with 0.1% Mn4+ with λexc = 380 nm, λem = 729.0 nm – (a), λexc = 380 nm, λem = 733.5 nm – (b) or λexc = 

415 nm, λem = 724.5 nm – (c), λexc = 415 nm, λem = 729.0 nm – (d), λexc = 415 nm, λem = 733.5 nm – (e).

Figure S26. Thermal evolution of the average lifetimes in Sr3Ti2O7 doped with 0.1% Mn4+ with different 

excitation and emission wavelengths.
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Figure S27. Thermal evolution of τ1 –(a) and τ2 –(b) parameters from the double-exponential fit in Sr3Ti2O7

doped with 0.1% Mn4+ with different excitation and emission wavelengths.
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Figure S28. Thermal evolution of luminescent decay profiles of emission from 2E excited state of Ti3+ ions 

in Sr3Ti2O7 doped with 0.1% Mn4+ (λexc = 400, λem = 850 nm).

Temperature determination uncertainty for lifetime based approach was calculated using Eq. S7:

(Eq. S7)�� = 1�� ⋅ ���������
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Figure S29. Thermal evolution of temperature determination uncertainty for lifetime approach of R-P materials 

doped with 0.1% Mn4+.

Figure S30. Thermal evolution of luminescent decay profiles of CT emission – (a) and average lifetimes – (b) in 

SrTiO3 doped with 0.1% Mn4+.
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Figure S31. Luminescent decay profiles of CT emission at 13 K for Sr2TiO4 (λexc = 360 nm, λem = 440 nm) – (a) 

and Sr3Ti2O7 (λexc = 350 nm, λem = 485 nm) – (b) doped with 0.1% Mn4+.

Table S4. Comparison of average lifetimes of CT emission at 13 K obtained for R-P materials doped with 

0.1% Mn4+.

host τavr of CT band

SrTiO3 1.018±0.012 ns

Sr2TiO4 1.239±0.005 ns

Sr3Ti2O7 0.125±0.001 ms
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Strong sensitivity enhancement in lifetime-based
luminescence thermometry by co-doping of
SrTiO3:Mn4+ nanocrystals with trivalent lanthanide
ions†

W. M. Piotrowski, a K. Trejgis,a M. Dramicanin b and L. Marciniak *a

The co-doping of SrTiO3:Mn4+ luminescent nanocrystals with trivalent lanthanide ions (Ln3+ = Lu3+,

Tm3+, Er3+, Ho3+, Dy3+, Eu3+, and La3+) is demonstrated as a new strategy for significant sensitivity

improvement of lifetime-based luminescent thermometers. SrTiO3:Mn4+:Ln3+ nanocrystals of about

25 nm diameter were prepared by the modified Pechini method and characterized using X-ray powder

diffraction and electron microscopy techniques. The temperature dependence of Mn4+ emission in

SrTiO3 was considerably altered by the co-doping of Ln3+ due to the cooperating effects of Mn4+ -

Ti3+ and Mn4+ - Ln3+ energy transfers. A substantial enhancement of the relative sensitivity of lifetime-

based thermometry as high as 145% with respect to the unco-doped nanocrystals reveals the success of

the approach. The obtained values of maximal relative sensitivity for different Ln3+ co-dopants are

5.10% K�1 at 290 K for Er3+, 5.00% K�1 at 301 K for Eu3+, 4.84% K�1 at 303 K for Dy3+, 4.71% K�1 at

289 K for Ho3+, and 3.87% K�1 at 290.7 K for Lu3+.

Introduction

Luminescence thermometry (LT) enables the remote temperature
measurements from changes in the luminescence properties of the
phosphor.1–8 These days, the general trend in LT aims to improve
the reliability of the temperature readouts and simplify measure-
ment methodology.5,7 LT is mainly focused on two techniques for
temperature readout from luminescence where the temperature is
determined based on the (i) intensity ratio of two emission bands
(the steady-state technique, the luminescence intensity ratio
method – LIR) and (ii) the kinetics of the emission (the time-
resolved technique, the lifetime method).9–19 Both approaches
provide self-referencing temperature readouts and present some
advantages over one another. The LIR technique is faster to
operate, simpler, and requires less sophisticated instrumentation
than the lifetime method.20–27 However, one of the major LIR
shortcomings is related to the effect of spectral heterogeneity of the
transmittance of the measuring medium which may lead to a
change in the shape of the luminescence spectrum and thus an
erroneous temperature readout.28–30 This effect does not occur in

luminescent thermometers based on the lifetime of the excited
level.5 Unfortunately, in this case, the commonly obtained thermo-
meter sensitivities to temperature changes are much lower than in
the case of the luminescence intensity ratio counterparts.5,16–18,31,32

Therefore, extensive research is ongoing to develop new phosphors
and/or to thermally activate different physical processes taking
place in them to improve the sensitivity of lifetime-based lumines-
cent thermometers. Recently, it has been shown that the
SrTiO3:Mn4+ nanocrystals show favourable thermometric properties
not only in the LIR approach but also in the lifetime-based
approach.33 The position of the Mn4+ emission in SrTiO3:Mn4+ at
725 nm results from the location of the 2E emitting state of the
Mn4+ ions at relatively low energy compared to other Mn4+ doped
phosphors. This is related to both the relatively long Ti–O bond
lengths (1.95 A) compared to other Mn4+ doped phosphors which
slightly decrease in energy with decreasing crystal field strength
according to the Tanabe–Sugano diagram and with the covalency
and the corresponding nephelauxetic effect. According to the
calculation performed by Brik et al. in order to enhance the relative
sensitivity of LT based on theMn4+ luminescence, the host material
should have the lowest possible b1 value and low energies of the 4T2
and 2E levels. Versatile analysis revealed that among all oxide and
fluoride host materials reported so far, SrTiO3 showed the lowest b1
value of 0.9102, and the lowest energies of 2E level of 13795 cm�1

and 4T2 level of 18201 cm
�1,34 thus being the most promising host

for Mn4+ for thermometric applications. The maximum relative
sensitivity of this kind of luminescent thermometer has been
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reported as SR = 3.57% K�1 at 318 K. Our recent findings indicate
that the co-doping of the SrTiO3 nanocrystals with lanthanide
(Ln3+) ions leads to the reduction of the Ti4+ to the Ti3+ ions.35

Since Ti3+ is optically active and the position of its energy levels is
located in the close vicinity of the 2E state of Mn4+, co-doping with
Ln3+ is presented in this paper as a novel strategy for the improve-
ment of the relative sensitivity of the lifetime-based SrTiO3:
Mn4+,Ln3+ luminescent thermometer. The main conception of
the manuscript is presented in Fig. 1. According to the previously
reported results35 the introduction of Ln3+ ions to the Sr2+ sites in
the SrTiO3 structure induces charge compensation by the local
reduction of titanium from Ti4+ to Ti3+. Therefore, the doping of the
SrTiO3 lattice with Mn4+ and any of Ln3+ ions shall contain also the
optically active Ti3+ centers. Moreover, the excited state of Ti3+ ions
is energetically located slightly below the 2E level of Mn4+ ions
(around 1100 cm�1) and thus extremely efficient energy transfer
Mn4+ - Ti3+ should be expected. Additionally, the 4f states of the
Ln3+ ions may lead to the Mn4+ - Ln3+ energy transfer which may
further enhance the sensitivity of luminescent thermometer.

Experimental

SrTiO3:0.1%Mn4+ and SrTiO3:0.1%Mn4+, 1%Ln3+ (Ln3+ = Lu3+,
Tm3+, Er3+, Ho3+, Dy3+, Eu3+, La3+) nanopowders were synthe-
sized using the modified Pechini method.36 Strontium nitrate
(Sr(NO3)2 of 99.9965% purity from Alfa Aesar), titanium(IV)
n-butoxide (Ti(OC4H9)4 with 99+% purity from Alfa Aesar),
2,4-pentanedione (C5H8O2 with 99% purity from Alfa Aesar),
citric acid (C6H8O7 of 99% purity from Sigma Aldrich) and
different lanthanide oxides: lutetium oxide (Lu2O3 with

99.995% purity from Stanford Materials Corporation), thulium
oxide (Tm2O3 of 99.99% purity from Alfa Aesar), erbium oxide
(Er2O3 of 99.999% purity from Sigma Aldrich), holmium oxide
(Ho2O3 of 99.997% purity from Stanford Materials Corpora-
tion), dysprosium oxide (Dy2O3 of 99.999% purity from Stan-
ford Materials Corporation), europium oxide (Eu2O3 of 99.99%
purity from Stanford Materials Corporation) and lanthanum
oxide (La2O3 of 99.99% purity from Stanford Materials Corpora-
tion) were used as the starting compounds. An appropriate
amount of nitrates was dissolved in deionized water. In the case
of Ln3+ co-doped nanocrystals, to obtain nitrates from oxides,
their stoichiometric amounts were diluted in an aqueous
solution of ultrapure nitric acid. Then, all aqueous solutions
of nitrates were mixed together. Subsequently, an appropriate
amount of Ti(OC4H9)4 was measured out into a small laboratory
beaker; then, a solution of 2,4-pentanedione in a stoichiometric
ratio of 1 : 1 was added to stabilize Ti(OC4H9)4 solution. The
contents of the beaker were gently stirred to obtain a transpar-
ent, yellowish solution, which then was combined with the
nitrate solution. After this, the solution was mixed with anhy-
drous citric acid. Subsequently, the obtained solution was dried
for 1 week at 363.15 K until a resin was formed and annealed at
1173.15 K for 3 hours in air atmosphere.

All materials were examined by X-ray powder diffraction
(XRPD) measurements carried out using a PANalytical X’Pert
diffractometer, equipped with an Anton Paar TCU 1000 N
temperature control unit, using Ni-filtered Cu-Ka radiation
(V = 40 kV, I = 30 mA).

Transmission electron microscope (TEM) images were taken
using a Philips CM-20 SuperTwin TEM microscope. The samples

Fig. 1 The visualization of the concept of the proposed approach: simplified energy diagram of Mn4+, Ti3+ and Ln3+ ions – (a); the polyhedral
visualization of the substitution of the octahedral Ti4+ sites with Mn4+ ions and cuboctahedrally coordinated Sr2+ sites with Ln3+ ions in the SrTiO3:Mn4+

structure – (b); thermal evolution of relative sensitivity SR(tavr) of SrTiO3:Mn4+ – (c) and SrTiO3:Mn4+,Tm3+ – (d) nanocrystals.
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were dispersed in methanol, and a droplet of this suspension was
put on a microscope copper grid. Next, the samples were dried
and purified in a plasma cleaner. Studies were performed using a
conventional TEM procedure with 160 kV parallel beam electron
energy.

The emission spectra were measured using the 400 nm
excitation lines from a laser diode and a Silver-Nova Super
Range TEC spectrometer from Stellarnet (1 nm spectral resolu-
tion) as the detector. The temperature of the sample was
controlled using a THMS 600 heating–cooling stage from
Linkam (0.1 K temperature stability and 0.1 K set point
resolution).

The excitation spectra and luminescence decay profiles were
recorded using a FLS1000 Fluorescence spectrometer from
Edinburgh Instruments with a 450 W xenon lamp and mFlash
lamp as the excitation sources and a R928P side window
photomultiplier tube from Hamamatsu as the detector. The
average lifetimes of the excited states were calculated with the
use of double exponential function using eqn (S1), ESI.†

Results and discussion
Structural and morphological characterization

SrTiO3 is one of the most widely investigated compounds from
the family of perovskite oxides with a general chemical formula
of ABO3.

37–42 In the case of strontium titanate, the ‘B’ sites
occupied by Ti4+ ions are octahedrally coordinated to six
O2� anions while the Sr2+ cations are cuboctahedrally coordi-
nated to the ‘A’ sites between the Ti4+ octahedrons. Since
manganese ions may exist in both the Mn2+ and Mn4+ oxidation
states; theoretically, manganese ions may occupy both the Sr2+

and Ti4+ sites. In this case, the occupation of the octahedral Ti4+

sites with Mn4+ (effective ionic radii (EIR) = 53 pm) is clear and

may be highly probable: EIRMn4+/EIRTi4+ = 53 pm/60.5 pm E
0.87. Therefore, due to the difference in the effective ionic radii
and in the coordination number mainly the Mn4+ ions in the
Ti4+ position are observed in the SrTiO3 structure.

33,43–46 Addi-
tionally Mn4+ as a 3d3 ion is thermodynamically extremely

stabilized in the octahedral fields. On the other hand, the
presence of Mn2+ in the Sr2+ sites in SrTiO3 was reported by
e.g. Tkach et al. in ceramics47 and Yang et al. in the
nanocrystals48 when these materials were synthesized under
favourable conditions, i.e. with the stoichiometric deficit of Sr2+

ions. There are no ionic radii reported by Shannon for the Mn2+

ions with coordination number (CN) above 8 (EIR = 96 pm for
8-fold coordinated Mn2+ ions).43 However, Trepokov et al.49 and
Tkach et al.47 suggest the extrapolation to CN = 12 from the EIR
values of Mn2+ for lower CN with the EIR = 127 pm as a result.

In this case, the misfit factor would equal EIRXII
Mn2þ

�
EIRXII

Sr2þ =

127 pm/144 pm E 0.88 instead of EIRVIII
Mn2þ

�
EIRXII

Sr2þ = 96 pm/
144 pm E 0.67. However, the EIR vs. CN dependence is not
clearly described and Shannon43 intentionally did not present
the ionic radius for Mn2+ with CN = 12. Nevertheless, the results
from the mentioned papers lead to the conclusion that both
Mn2+ and Mn4+ ions may be successfully located in the SrTiO3

lattice depending on the deficit of Sr2+ or Ti4+, respectively, and
for the synthesis of SrTi1�xMnxO3 compound, the only Mn4+

substituting Ti4+ ions should be expected. To validate the phase
purity of the synthesized phosphors, the X-ray powder diffrac-
tion (XRPD) patterns were analysed (Fig. 2a). Regardless of the
dopant, the SrTiO3 structure was obtained with no additional
phases. In the case of the sample doped with 0.1% Mn4+, the
observed shift of peak positions by B0.031 toward higher
angles in comparison to the reference pattern (ICSD 187296)
is a consequence of the contraction of the unit cell corres-
ponding to the Ti4+ with smaller Mn4+ ions (Fig. S1, ESI†). This
result clearly confirms that the Ti4+ site cannot be substituted
by Mn3+ or Mn2+ ions which would extend the cell size
(EIR = 64.5 and 83 pm for high spin with CN = 6, respectively).
On the other hand, the XRPD patterns of SrTiO3 doped with
Mn4+ and different Ln3+ ions (Table S1, ESI†) are shifted toward
lower angles. The Ln3+ preferably occupy the Sr2+ sites and all of
them are characterized by lower EIR than Sr2+ which should
cause even deeper contraction. However, as shown recently,
due to the difference in the ionic charge, the introduction of the
Ln3+ ions in the Sr2+ site of the SrTiO3:Ln

3+ structure leads to

Fig. 2 Structural characterization of the synthesized materials: the X-ray diffraction patterns of SrTiO3:Mn4+ with different Ln3+ dopants – (a); the
representative TEM images of SrTiO3:Mn4+ – (b) and SrTiO3:Mn4+,Tm3+ powders – (c); and the particle size distributions for SrTiO3:Mn4+ powder –
(d) and SrTiO3:Mn4+,Tm3+ nanocrystals – (e).
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the reduction of Ti4+ to Ti3+. In this case, the Ti3+ with
EIR = 67 pm in the octahedral coordination (CN = 6), which
has a greater impact on the local symmetry in comparison to
the dodecahedral Sr2+/Ln3+ site, generates the enlargement of
the cell size which is in the agreement with the presented
results. Additionally, the analysis of the transmission electron
microscopy (TEM) images is presented for the representative
powders of SrTiO3 doped with Mn4+ and co-doped with Mn4+

and Tm3+ (Fig. 2b and c). The analysis indicated that the
nanocrystals formed well-crystalized and mostly agglomerated
particles. For both phosphors, the average grain size achieved
similar magnitudes, namely average Feret diameters were
Df = 27.0 nm and 24.6 nm for SrTiO3:Mn4+ and
SrTiO3:Mn4+,Tm3, respectively (Fig. 2d and e).

In the case of the SrTiO3:Mn4+ nanocrystals, the mechanism
responsible for the luminescence of Mn4+ ions is depicted in
Fig. 3a. The lexc = 400 nm laser diode (25 000 cm�1, blue arrow
in Fig. 3a) excites electrons from the ground 4A2 state of Mn4+ to
its 4T1 state. After this, because of the nonradiative processes,
the 2E state is populated and its radiative depopulation leads
to the occurrence of the emission band centered at 725 nm
(2E - 4A2 electronic transition). At elevated temperatures, the
Mn4+ emission starts quenching since the higher vibrational
state of the 2E parabola starts to be gradually occupied, and,

when the provided thermal energy exceeds the energy at which
the 2E and 4T2 parabola intersects each other, the nonradiative
processes becomes more pronounced. However, when the Ln3+

ions are introduced to the structure as the co-dopant, two
additional processes are activated. First of them is the Mn4+ -

Ln3+ energy transfer, which due to the energy mismatch of the
2E state and the 4f states of the Ln3+ should occur with the
assistance of the phonon. Therefore, the presence of these
additional nonradiatively depopulating channels of the 2E state
will lead to both shortening of the lifetime of the 2E state and
its thermal quenching rate. However, as shown recently,35 the
difference in the ionic charge between the dopant and the Sr2+

ions leads to the reduction of Ti4+ to Ti3+, which is an optically
active ion. Therefore, the Ti3+ 2E excited state which is localized
below the 2E state of Mn4+ becomes the acceptor in the Mn4+ -

Ti3+ energy transfer. This effect was confirmed by the observa-
tion of the change in the emission thermal quenching rate of
the nanocrystals co-doped with optically inactive ions
SrTiO3:Mn4+,La3+ and SrTiO3:Mn4+,Lu3+. The co-dopant does
not affect the spectral position of the 2E - 4A2 emission bands
which means that any significant changes in the crystal field
strength after Ln3+ co-doping are not observed (Fig. 3b).
Except the Tm3+, the emission band of the Ln3+ ions
cannot be observed in the spectral range which overlaps with

Fig. 3 Configurational coordinate diagrams for Ti3+, Mn4+ and different Ln3+ ions (Tm3+, Er3+, Ho3+, Dy3+, and Eu3+) – (a); the emission spectra of Mn4+

ions measured at 123 K for SrTiO3 powders doped with Mn4+ and different Ln3+ ions – (b); the emission map as a function of temperature for
representative SrTiO3:Mn4+,Tm3+ sample – (c); and thermal evolution of the integral band intensities of the 2E - 4A2 transition of Mn4+ ion for different
Ln3+ ions in SrTiO3:Mn4+,Ln3+ nanocrystals – (d).
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the 2E - 4A2 band of Mn4+ ions. To analyze the possible
Mn4+ - Ln3+ energy transfer, the position of the 4f energy
levels localized in the closest energetical vicinity of the 2E state
of Mn4+ should be considered (Table 1). In this study, the exact
energy of the 2E energy level used for the calculation was based
on the Brik’s and Avram’s calculations.50 The small energy
difference between the 2E and 4f states of Ln3+ facilitates the
interionic energy transfer. From this perspective, it can be
clearly seen that the most beneficial energy level configuration
has Tm3+ with both the 3F3 and 3F4 levels located with the
energetic distance below 1000 cm�1 from the Mn4+ emitting
state. The 5I4 level of Ho3+ ions is the closest to the 2E
level (B300 cm�1) in contrast to its upper level 5F5 (above
1600 cm�1). A similar situation is observed for Dy3+; however,
both states are in the slightly larger energy distance from the 2E
of Mn4+. The largest energy separation was observed for Eu3+

ions where the 5D0 state is localized 3460 cm�1 above the
2E state.

Independent of the use of Ln3+ co-dopant, the excitation
spectra for Mn4+ emission (lem = 725 nm) consist of two broad
bands related to the 4A2 -

4T1 (with the maximum at 400 nm)
and 4A2 -

4T2 (centered at around 530 nm) transitions (Fig. S2,
ESI†). Therefore, the use of a 400 nm laser diode as the
pumping source provides the efficient excitation of Mn4+ ions
and its emission at B725 nm corresponding to the 2E - 4A2

transition (Fig. 3b and Fig. S3, ESI†). SrTiO3 is found to be a
host material of one of the lowest crystal field strength among
all Mn4+ doped phosphors (Dq/B = 2.47).50 Moreover, the
relatively low value of the activation energy between the
2E and 4T2 states found for the SrTiO3:Mn4+ nanocrystals
(DEa E 2950 cm�1) makes this phosphor especially attractive
from the luminescence thermometry perspective.33 Therefore,
to evaluate the luminescence thermal quenching in the
SrTiO3:Mn4+,Ln3+ nanocrystals, their emission intensity ratio
was analyzed in a wide temperature range (Fig. 3c, and Fig. S4,
ESI†). To avoid the spectral overlapping of the Mn4+ and Ln3+

emission bands which may affect the accuracy of the performed
readout (which is especially problematic for the 4F9/2 - 6H9/2

transition of Dy3+ at B751 nm or 5D0 - 7F4 of Eu3+ at
B700 nm), the Mn4+ emission signal was integrated in the
720–740 nm spectral range (Fig. 3d). The Mn4+ emission
intensity for SrTiO3:Mn4+ nanocrystals remains unchanged up
to around 203 K above which drastic quenching of intensity by
almost two orders of magnitude can be observed. However, the
thermal dependence of Mn4+ emission intensity changes when
the nanocrystals are co-doped with the Ln3+ ions. In the case of

the La3+ and Lu3+ co-doped systems, the quenching process
starts around 143 K due to the Mn4+ - Ti3+ energy transfer. The
Mn4+ emission intensity of the SrTiO3:Mn4+,La3+ nanocrystals
decreases with a smaller and almost constant slope in the
analyzed temperature range when compared to the intensity
of the Lu3+ co-doped counterpart. On the other hand, in the
case of the Lu3+ doped nanocrystals, an increase in the lumi-
nescence thermal quenching rate above 180 K can be observed.
Due to the lack of the 4f energy state and the similarities in the
electronic charge, the observed differences in the Mn4+ thermal
quenching rates can be explained in terms of the differences in
the ionic radii of the co-dopants. The difference in the size of
the ions localized in the second coordination sphere of the Ti3+

ions may modify its crystal field strength and thus change the
position of the 2E state of Ti3+. As a consequence, the prob-
ability of thermally dependent Mn4+ - Ti3+ energy transfer will
be modified. The analysis starts to be more complex when the
optically active Ln3+ ions are introduced to the SrTiO3 structure
due to the additional Mn4+ - Ln3+ energy transfer routes. The
fastest thermal quenching of the 2E - 4A2 emission intensity
was observed for SrTiO3:Mn4+,Tm3+ while the slowest was
observed in the case of SrTiO3:Mn4+,Dy3+ nanocrystals.

An increase in the luminescence thermal quenching rate
associated with Ln3+ co-doping may suggest the beneficial
influence of the co-doping process on the thermometric proper-
ties of lifetime based luminescent thermometers in SrTiO3:
Mn4+,Ln3+ nanocrystals. Indeed, an increase in temperature
results in the shortening of the luminescence decay profile of
the 2E state of Mn4+ ions and the gradual deviation from their
exponential shape (Fig. 4a and Fig. S5, ESI†). Therefore, to
perform a comparative analysis on the influence of temperature
on the decay kinetics, the average lifetimes were (tavr) calcu-
lated according to the procedure described in the ESI† (eqn (S1)
and (S2)). The initial analysis indicates that at low temperature
(at 123 K) tavr undergoes the shortening from the tavr = 1.72 ms
for SrTiO3:Mn4+ to 0.53 ms for SrTiO3:Mn4+,Tm3+ nanocrystals.
Above 200 K, the thermal shortening of the tavr can be observed
for all the nanocrystals, however, with different thermal
quenching rates. The thermal dependence of the tavr of Mn4+

can be very well fitted by the theoretical dependence (eqn (1)
and Fig. 4b):

tðTÞ ¼ tRð0Þ � tanh hn=2kBTð Þ
1þ tRð0Þ � tanhðhn=2kBTÞ=tNRð Þ � exp �DE=kBTð Þ;

(1)

where tR(0) is the radiative lifetime at T = 0K, kB = 0.69503476 cm
�1 K�1

is the Boltzmann constant, hn is the average energy of phonons
coupled to the 2E - 4A2 transition, 1/tNR is the non-radiative
decay rate, and DE is the activation energy of the process. To
quantify the observed thermally-induced variation of tavr, the
absolute (SA) relative sensitivity (SR) of luminescent thermo-
meters was calculated using the following equations:

SA ¼ Dtavr
DT

; (2)

Table 1 The differences between the 2E level of Mn4+ and Ln3+ states
located above and below it

Co-dopant ion Tm3+ Er3+ Ho3+ Dy3+ Eu3+

Excited state above 2E 3F3
4F9/2

5F5
4F9/2

5D0
Energy (cm�1) 689 1591 1658 7228 3436

Excited state below 2E 3F4
4I9/2

5I4
6F3/2

7F6
Energy (cm�1) 940 1107 299 560 8144
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SR ¼ 1

tavr
� Dtavr
DT

� 100%; (3)

where Dtavr is the change in the lifetime of the 2E excited state
corresponding to the change of temperature DT. The highest
values of SA were found for SrTiO3:Mn4+ nanocrystals with the
maximum at SAmax = 14.93 ms K�1 at 273 K (Fig. 4c). The smaller
values of SA observed for Ln3+ co-doped nanocrystals result
from the shorter tavr values in those cases. However, when SR is
considered the favorable influence of the Ln3+ ions on the
thermometric properties of these nanocrystals can be clearly
confirmed (Fig. 4d). The maximal value of SR = 3.57% K�1 at
318 K was found. The introduction of Ln3+ ions increases the SR
up to 5.19% K�1 for SrTiO3:Mn4+,Tm3+ at 298 K. This significant
enhancement of the relative sensitivity by around 145% with
respect to the unco-doped nanocrystals reveals the beneficial
role of the Ln3+ ions. The maximum values of relative sensitivity
in the case of the nanocrystals with other co-dopant were as
follows: 5.10% K�1 at 290 K for Er3+ ions, 5.00% K�1 at 301 K for
Eu3+ ions, 4.84% K�1 at 303 K for Dy3+ ions 4.71% K�1 at 289 K
for Ho3+ ions, and 3.87% K�1 at 290.7 K for Lu3+. Only in the
case of the La3+ co-doped nanocrystal a lower SR with respect to
that of the un-co-doped counterparts was observed which
results from the lower slope of the tavr(T) dependence. As
discussed above, the quenching of the Mn4+ emission intensity
starts at lower temperatures in this case which results in the
continuous quenching of the 2E - 4A2 luminescence in the
considered temperature range. This causes the broadening of
the usable temperature range of this luminescent thermometer
since the SR 4 1% K�1 can be observed already above 325 K for
SrTiO3:Mn4+,La3+. It is noteworthy that it the case of thermal

imaging using the lifetime approach usually two intensity
frames are divided by each other to receive a 2D thermal
map. Therefore, the acquisition time in this case is limited by
the value of tavr. Therefore, although the shortening of tavr
observed after the introduction of the Ln3+ co-dopants is
beneficial from the relative sensitivity perspective it may affect
the quality of thermal imaging by the limitation of the maximal
available acquisition time. Nevertheless, for thermal imaging of
the fast processes, the short tavr is favorable. Additional para-
meter which enables the verification of the quality of tempera-
ture readout using the luminescent thermometer is the
temperature determination uncertainty calculated as follows:

dT ¼ 1

SR

dtavr
tavr

(4)

where dtavr/tavr is the uncertainty in the determination of tavr
(determined as a standard deviation in 30 measurements
of tavr) (Fig. S6, ESI†). Due to the introduction of the Ln3+

co-dopants the temperature determination uncertainty
decreases from dT = 0.034 K at 310 K for SrTiO3:Mn4+ to
dT = 0.020 K for SrTiO3:Mn4+,Tm3+ nanocrystals (Fig. 4e). Even
the presence of Lu3+ ions enables the reduction of dT with
respect to the unco-doped counterpart. In order to confirm that
the reduction of the titanium ions to the Ti3+ oxidation state is
responsible for the changes in the spectroscopic properties of
the SrTiO3:Mn4+,Lu3+ nanocrystals, the charge compensation
has been used by the introduction of ions which (i) prefer the
(3+) oxidation state, (ii) are optically inactive and (iii) may
substitute the octahedral site of the Ti4+. All these requirements
are met by the Al3+ ions (Fig. S7, ESI†). The charge compensa-
tion can be written as follows:

Fig. 4 Thermal evolution of luminescence decays of the 2E excited state of Mn4+ for the representative SrTiO3:Mn4+,Eu3+ nanocrystals – (a); thermal
evolution of average lifetime tavr of the 2E excited state of Mn4+ ions – (b), absolute sensitivities SA – (c) and relative sensitivities SR – (d) of
SrTiO3:Mn4+,Ln3+; thermal dependence of temperature estimation uncertainty for SrTiO3:Mn4+ and SrTiO3:Mn4+,Tm3+ (e); and the influence of charge
compensator concentration (Al3+) on tavr at 123 K for SrTiO3:Mn4+,Lu3+,Al3+ – (f).
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SrTiO3 - Ti(4+) - Sr(2+) - Ti(4+) - (10+) (5)

SrTiO3:Mn4+ - Mn(4+) - Sr(2+) - Ti(4+) - (10+) (6)

SrTiO3:Mn4+,Ln3+ - Mn(4+) - Ln(3+) - Ti(3+) - (10+)
(7)

SrTiO3:Mn4+,Ln3+,Al3+ - Mn(4+) - Ln(3+) - Al(3+) - (10+)
(8)

The presence of the Al3+ ions lessens the probability of the
Ti4+ - Ti3+ reduction and, thus, should reduce the quenching
rate of the 2E state of the Mn4+ ions. Since this process is
possible when the Al3+ and Ln3+ ions are in the close vicinity,
excess of Al3+ with respect to the Lu3+ should be used. As shown
in Fig. 4f, the tavr of

2E which has been shortened after Lu3+

introduction starts to gradually elongate when the concen-
tration of Al3+ ions increases from 0.7 ms to 0.9 ms for 5%
Al3+ ions (Fig. S8, ESI†). However, the further increase in the
Al3+ amount leads to structural decomposition and the occur-
rence of additional reflections in the XRD patterns. The
obtained results confirm that quenching of the 2E state in
the Lu3+ co-doped nanocrystals is caused by energy transfer to
the Ti3+ ions. Although presented in this manuscript experi-
mental results may confirm the hypothesis that the presence of
the Ti3+ ions in the SrTiO3:Mn4+,Ln3+ nanocrystals are respon-
sible for the enhancement of the relative sensitivity of the
luminescent thermometer based on the lifetime of the 2E state
of the Mn4+ ions, further, more specific experiments such as
concentration-dependent photoluminescence studies or mag-
netic measurements will follow to elaborate on the hypothesis
of Ti3+ in future and enable to verify if other processes or
nonintentional dopants could also be responsible for the dis-
cussed effect. Presented data confirm the highly favorable
influence of Ln3+ co-doping on the thermometric properties of
the lifetime based luminescent thermometers in SrTiO3:Mn4+,Ln3+

nanocrystals.

Conclusions

In this work, a strategy for the improvement of a lifetime-based
luminescent thermometer in SrTiO3:Mn4+ nanocrystals by the
introduction of Ln3+ ions is proposed and investigated in detail.
It was found that the introduction of the Ln3+ ions leads to the
quenching of the lifetime of the 2E state and increases the
thermal quenching rate. This effect was discussed in terms of
the cooperation of two effects, Mn4+ - Ti3+ energy transfer and
Mn4+ - Ln3+ energy transfer. In the case of the former, it was
proved that the difference in the ionic charge between Sr2+ and
the co-dopant Ln3+ ions leads to the reduction of Ti4+ to Ti3+

which efficiently quenches the Mn4+ luminescence. This effect
can be compromised to some extent by the introduction of Al3+

ions as charge compensators. When the optically active Ln3+

ions are introduced to the nanocrystals, the cooperation of both
the effects occurs leading to the enhancement of the relative
sensitivity of the lifetime based luminescent thermometer by as
much as 145% for SrTiO3:Mn4+,Tm3+ (SR = 5.19%/K at 298 K)

with respect to its unco-doped counterpart SrTiO3:Mn4+

(SR = 3.57% K�1 at 318 K). Additionally, the presence of Ln3+

decreases the temperature determination uncertainty to
dT = 0.020 K for SrTiO3:Mn4+,Tm3+ nanocrystals. These results
clearly indicate that the proposed strategy enables the improve-
ment of the thermometric properties of the lifetime based
luminescent thermometry in strontium titanites and allows
the development of highly sensitive lifetime based luminescent
thermometers operating in biologically relevant temperatures.
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The average lifetime of the excited states were calculated with the equation Eq. S1:

(Eq. S1)
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where: τ1, τ2 – the average time, which is in accordance with the relation τ = t∙ln(2) and 
A1, A2 – amplitude, which are the parameters of the doubleexponential function:
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Figure S1. The zoom of the maximum of X-ray diffraction patterns of SrTiO3:Mn4+ with different Ln3+ dopants.

Table S1. Shannon effective ionic radii of SrTiO3 lattice and dopant ions.

Site
Coordination 

number (CN)
Shannon effective ionic radii (EIR) (pm)

Ti4+ Mn4+ Ti3+

octahedral VI (6-fold) 60.5 53 67

Sr2+ Lu3+ Tm3+ Er3+ Ho3+ Dy3+ Eu3+ La3+

preferred
VIII/X

(8-/10-fold)
-

97.7

(VIII)

99.4

(VIII)

100.4

(VIII)

101.5

(VIII)

102.7

(VIII)

106.6

(VIII)

 127 

(X)

cuboctahedral XII (12-fold) 144 120.4 e 122.4 e 123.4 e 123.4 e 125.5 e 129.5 e 136

e – extrapolated linearly (in the all cases R2 > 0.9987)
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Figure S2. Excitation spectra of SrTiO3:Mn4+, Ln3+ with different optically active-a) and passive -b) Ln3+ ions 
measured at 123 K for emission of Mn4+ (λem = 725 nm).

Figure S3. Emission spectra of SrTiO3:Mn4+, Ln3+ with different Ln3+ ions measured with λexc = 400 nm at 123 
K – a) with the zoom of the same spectra in the 715-740 nm spectral range – b).
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Figure S4. Thermal evolution of emission spectra excited by λexc = 400 nm for the SrTiO3:0.1% Mn4+ – a) and 
SrTiO3:0.1% Mn4+, Ln3+, where Ln3+ = Lu3+ – b), Tm3+ – c), Er3+ – d), Ho3+ – e), Dy3+ – f), Eu3+ – g), La3+ – h).
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Figure S5. Thermal evolution of luminescent decays of 2E excited state of Mn4+ for the SrTiO3:0.1% Mn4+ – a) 
and SrTiO3:0.1% Mn4+, Ln3+, where Ln3+ = Lu3+ – b), Tm3+ – c), Er3+ – d), Ho3+ – e), Dy3+ – f), Eu3+ – g), La3+ – 

h).

Table S2. The comparison of energy distances of Ln3+ excited states from 2E of Mn4+ ions and 
thermometric parameters.

co-dopant ion Eu3+ Dy3+ Er3+ Ho3+ Lu3+ La3+ Tm3+

energy distance of excited 
state above 2E (cm-1) 3436 7228 1591 1658 - - 689

energy distance of excited 
state below 2E (cm-1) 8144 560 11

07 299 - - 940

mean energy distance of 
excited state from 2E (cm-1) 5790 3894 1349 978.5 -- -- 814.5

τavr at 123 K (ms) 0.90 0.86 0.78 0.71 0.71 0.61 0.54

local minimum value of SA 2.5331 2.3892 1.9774 1.6879 2.066 ~0.8894 ~1.373
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(μs K-1)

temperature of SA min (K) 196.9 199.8 182.4 164.9 173.15 ~131.4 ~190.05

maximum value of SA (μs
K-1) 10.959 10.003 10.155 9.4355 7.5298 6.3693 7.1677

temperature of SA max (K) 263.5 265.2 254.7 251.9 249.15 248.9 261.9

Figure S6. Thermal dependence of temperature estimation uncertainty for different Ln3+ in SrTiO3:Mn4+, Ln3+

samples.
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Figure S7. X-ray diffraction patterns of SrTiO3:Mn4+, Lu3+ co-doped with 1% and 5% of Al3+ ions.

Figure S8. Thermal evolution of luminescent decays of 2E excited state of Mn4+ for the SrTiO3:0.1% Mn4+, 1% 
Lu3+, 1% Al3+ - a and SrTiO3:0.1% Mn4+, 1% Lu3+, 5% Al3+ - b.
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