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Abstract. A systematic study of photoluminescence transitions of samarium ion (Sm3+) 

incorporated in titanium dioxide (TiO2) powder with anatase structure has been performed. 

Perceptible changes of luminescence under direct excitation as compared with indirect 

excitation of Sm3+ in titanium dioxide (TiO2:Sm3+) have been detected. Measurements of 

photoluminescence excitation spectra for all detected radiative transition of Sm3+ were 

accomplished. The values of asymmetry ratio were calculated for different excitation 

wavelengths. The dependence of luminescent intensity on Sm3+ doping concentration in TiO2 

host was studied under direct and indirect excitation. Thus, evidences of the existence of the 

several Sm3+ sites in anatase TiO2 have been presented in this work. 

1.  Introduction 

Titanium oxide (TiO2) is a promising material for solar energy [1], optics [2] and photocatalysis [3] 

because of its relatively high chemical stability, high refractive index and unique photocatalytic 

properties. Due to the fact that titanium oxide is a semiconductor with a large band gap, especially in 

the form of anatase (the band gap is 3.2 eV), it is an also attractive host for activation by rare earth 

ions. The introduction of rare-earth ions in titanium oxide leads to a significant modification of its 

properties, which expands of its potential application. As shown in [4, 5], the introduction of rare-earth 

ions leads to an enhancement of the photocatalytic activity of titanium oxide. In addition, the potential 

of using rare-earth doped titanium oxide as material for anode in dye-sensitized solar cell [6] and gas 

sensors [7, 8] was previously demonstrated. The introduction of rare-earth ions into the crystal lattice 

of titanium oxide makes it possible to obtain efficient orange phosphors, which can be used in light-

emitting diodes [9]. 

Due to the large energy gap between the metastable 4G5/2 level and the nearest lower level 6F11/2, the 

samarium ion (Sm3+) exhibits strong photoluminescence in the visible region. Recently, special 

attention has been paid to the research of the radiation efficiency under direct excitation of Sm3+ in 

various host due to the development of highly efficient GaN laser diodes, which have the emission 

band overlapped with one of the absorption bands of the Sm3+ [10]. The luminescent properties of 

Sm3+ in titanium oxide (TiO2:Sm3+) have been previously reported in the works [11–16]. Special 

mention should be made that the works presented earlier are dedicated to the study of host-sensitized 

luminescence. Thus, to the best of our knowledge, there is a lack of the papers dealing with research of 

Sm3+ luminescence under direct activator excitation. 
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In this way, the purpose of this work is to study the luminescence parameters of TiO2:Sm3+ under 

direct photoexcitation of samarium ion. 

2.  Materials and methods 

2.1.  Synthesis of nanoparticles TiO2:Sm3+ 

TiO2:Sm3+ samples were obtained by sol-gel method based on hydrolysis and peptization of titanium 

tetraisopropylate in anhydrous alcohol [17]. The initial reagents for synthesis were titanium 

tetraisopropylate (Ti(OC3H7)4), isopropyl alcohol (C3H7OH), concentrated nitric acid (HNO3), distilled 

water (H2O), samarium oxide (Sm2O3). Reagent grade chemicals and distilled water with 18.2 MΩ·cm 

resistivity were used.  

Initially, Sm2O3 was dissolved in hot nitric acid to form nitrate solution, which then evaporated 

until drying-out. Then the dry samarium nitrate was used for preparation of 0.05 M alcoholic solution. 

At the next stage of the synthesis TiO2:Sm3+, an alcoholic solution of titanium tetraisopropylate were 

prepared under constant magnetic stirring. Next, an alcoholic solution of samarium nitrate and distilled 

water was successively added dropwise to the titanium tetraisopropylate solution. After turbidity of the 

solution, nitric acid was added to it. The amount of titanium tetraisopropylate was selected so that its 

final concentration was 0.25 M. To study the dynamics of concentration quenching, samarium was 

taken in the range from 0.125 to 1.25 mol% compared to the concentration of titanium 

tetraisopropylate. Nitric acid and water were taken in relation to titanium tetraisopropylate as 2:1 and 

4:1, respectively. The resulting sol was kept at room conditions for 48 hours until complete gelation. 

The gel was dried at 100 °C for 24 hours. At the last stage, the sample was annealed for 2 h at a 

temperature of 700 ° C in oxidation atmosphere. The annealing was carried out using a laboratory 

electric furnace SNOL 7.2 / 1100. 

2.2.  Characterization methods 

The structural properties of the obtained particles were studied by X-ray diffraction using the 

PANalytical Empyrean diffractometer. The diffraction patterns were collected using Cu Kα irradiation 

source (ex=0.15406 nm). The method of scanning electron microscopy (SEM) was used to 

characterize the morphology of the synthesized samples. SEM images were obtained on a TESCAN 

MIRA3 microscope. 

The photoluminescence, photoluminescence excitation and diffuse reflection spectra were 

measured on an automated installation assembled on the basis of a MDR-41 and MDR-23U 

monochromators (Lomo JSC). All spectral measurements were performed at room temperature. A 

high-pressure Xenon lamp was used as a source of excitation radiation in photoluminescence spectra 

measurement. The spectra of diffuse reflection and photoluminescence excitation were measured using 

a tungsten halogen lamp. The photoluminescence spectrum and photoexcitation of luminescence were 

corrected to instrumental response. MgO powder was used as a reference sample in all spectral 

measurements. 

3.  Results and discussion 

3.1.  Structural investigation of TiO2:Sm3+ 

Figure 1 shows of typical XRD pattern and SEM image of titanium dioxide particles doped Sm3+ and 

obtained via the sol-gel method. Figure 1(b) shows, that TiO2:Sm3+ powder is a mixture of 

agglomerated nanoparticles with the size below 100 nm.  
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Figure 1. XRD pattern TiO2:Sm3+ 0.75 mol% nanocrystalline powder and the standard card (JCPDS 

No 071-1166) for anatase TiO2 (a) and an electron microscopic image of TiO2:Sm3+ 0.75 mol% (b). 

 
An analysis of the XRD patterns of the experimental samples showed the presence of the anatase 

phase of titanium dioxide (JCPDS No 071-1166). No trace of any others impurity phases such as 

samarium oxide were detected. The crystallite sizes calculated using the Debye-Scherrer formula 

decrease from 41.5 nm to 18.6 nm for samples contained 0.125 mol% and 1.25 mol% Sm3+ 

respectively. The results of measuring crystallite sizes for all experimental samples are presented in 

Table 1. This dependence of crystallite sizes is typical for titanium oxide particles doped with rare-

earth ions [18]. 

 

Table 1. Crystallite size in dependence with Sm3+ concentration  

Sm3+ concentration, mol% Crystallite sizes, nm 

0.125 41.5 

0.25 36.4 

0.5 27.6 

0.125 23.5 

0.25 21.2 

0.5 18.6 

 

3.2.  Optical properties of TiO2:Sm3+ 

The estimation of the band gap for TiO2:Sm3+ was carried out on the basis of the Tauc plot for direct 

semiconductors presented in Figure 2(a). In the present measurements, the Kubelka–Munk function 

has been used as a measure of absorption of TiO2:Sm3+ samples.  

The optical band gap of all TiO2:Sm3+ samples were found to be around 3.2 eV [19]. In context 

with the crystallite sizes of experimental samples, that is much bigger than exciton Bohr radius of TiO2 

[20], we can make conclusion that the effect of quantum confinement on the band gap of our examples 

can be neglected. 
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Along with the fundamental absorption region, an activator absorption band with a maximum of 

2.53 eV (488 nm) was also detected on the spectrum, shown in the inset of Figure 1, a. This relatively 

wide band can be correlated with the transition of the Sm3+ ion from the 6H5/2 state to 4I11/2+4I13/2 states. 

The presence of activator bands in the region of 411 nm was also shown previously in the work [21]. 

We associated this absorption band with the 6H5/2→6P3/2+6P5/2 transition. 

 

 

Figure 2. Tauc plot for nanoparticles of TiO2:Sm3+(0.75mol%) sample (a) and emission spectra of 

TiO2:Sm3+(0.75mol%) under direct (λex=411 and 488 nm) and indirect (365 nm) excitation of Sm3+. 

 

Figure 2(b) shows the emission spectra obtained by excitation into activator absorption bands (411 

and 488 nm) and fundamental absorption band (365 nm). As can be seen from Figure 2(b) emission 

spectrum obtained by indirect photoexcitation into consists of three groups of sharp spectral lines with 

the main maxima at 589, 616 and 667 nm. The intraconfigurational 4f-4f transitions of the Sm3+ from  

excited level 4G5/2to stark splitting levels 6H5/2, 6H7/2 and 6H9/2 well correspond to these maxima. 

However, in the case of direct excitation, one additional maximum appear to each of the multiplets 

from the shortwave side. 

To reveal the nature of these additional peaks, the photoluminescence excitation spectra were 

measured for each of the observed spectral lines. The analysis of the resulting excitation spectra 

showed the presence of two types of photoexcitation spectral distributions, the shape of which is 

shown in Figure 3. 

 

 

Figure 3. Photoluminescence excitation 

(PLE) spectrum for samarium series A and B 

in TiO2:Sm3+(0.75mol%) sample. 
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Therefore, it is possible to divide the emission lines into two series A and B with difference in the 

shape of the photoexcitation spectra. Series A consist of additional spectral lines (567, 604 and 648 

nm), appearing under direct excitation. All spectral lines observed under indirect photoexcitation are 

included in series B. 

Special mention should be made of the difference by the efficiency of activation of luminescence 

centers under excitation into the fundamental absorption band. Because, the lines of series A aren’t 

observed in the photoluminescence spectra (Figure 2(b)) under excitation in fundamental absorption 

band, it can be concluded that the excitation efficiency of luminescence centers responsible for these 

transitions by indirect mechanism is small compared to the luminescence centers responsible for the 

spectral series B.  

As can be seen from Figure 3, the excitation spectra of these two series have a different position of 

the bands in visible region. It should mention that the shape of the photoexcitation bands has a non-

elementary character. Due to the fact that integrated intensity of band is produced by interplay of 

several transitions, the shift of the local maxima of the photoexcitation spectrum can be caused by the 

redistribution of the contributions of transitions Sm3+. It should mention that probability of electric-

dipole and magnetic-dipole transitions in different way depends from symmetry of luminescent center 

[22]. 

These differences indicate that, there are two sites of `Sm3+ in anatase TiO2 with different 

photoluminescent characteristics. These luminescent centers were respectively named site A and site 

B. 

To reveal the nature of the coordination environment of the luminescence center and its symmetry, 

the asymmetry ratio was determined upon different excitation wavelengths. Calculations of the 

asymmetry ratio have been performed to the procedure described in the work [23].However in the case 

of Sm3+, asymmetry ratio is defined as integral intensity ratio of induced electric dipole transition 
4G5/2→6H9/2 and magnetic-dipole transition 4G5/2→6H5/2 [10]. The analysis of the asymmetry ratio 

dependence, presented in Figure 4a, shows that the luminescent center responsible for additional 

spectral lines (site A) has value of the asymmetry ratio higher than the other luminescent center (site 

B). Thus, it can be concluded that Sm3+ placed in site A has lower symmetry than in site B. 

 

 

Figure 4. Asymmetrical ratio of TiO2:Sm3+(0.75mol%) as function of excitation wavelength (a) and 

normalized concentration dependences of 4G5/2→6H7/2 (λem=616 nm) intensity upon excitation 

wavelengths 365 and 405 nm (b). 

 

Figure 4(b) shows normalized concentration dependences of the luminescence of the most intensive 

transition 4G5/2→6H7/2 (616 nm) under different excitation wavelengths 365 and 405 nm. As seen from 

figure 4(b) optimal concentration for Sm3+ shift depending on excitation wavelengths. So, optimum 

Sm3+ concentration for indirect excitation was determined 0.5 mol% whereas for direct Sm3+ 
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excitation (405 nm) is about 0.75 mol%. This difference can be explained by the existence of an 

additional energy transfer pathway, that inverse to the indirect mechanism of photoexcitation. Thus, 

there is probability transfer energy from Sm3+ to the TiO2 host that can lead to energy dissipation.  

4.  Conclusion 

The nanocrystalline TiO2:Sm3+ with anatase structure was prepared by sol-gel methods. TiO2:Sm3+. 

The luminescence spectra of Sm3+ in TiO2 host were obtained under direct and indirect 

photoexcitation. Additional spectral lines for each transition Sm3+ in visible region were observed 

upon direct excitation. The spectral distributions of luminescence photoexcitation for all detected 

spectral lines were measured. The symmetry of luminescent centres local surrounding was estimated 

using the asymmetry ratio. Photoluminescence intensity as a function of doping concentration has 

been studying under direct and indirect excitation. Numerous experimental evidences of two Sm3+ 

sites in the anatase crystal lattice were obtained.  
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