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Abstract

:

The rare-earth ions in crystals such as terbium (YTaO4:Tb3+) and europium (YTaO4:Eu3+)-activated yttrium tantalate phosphors have a number of attractive features that predetermine their crucial role in practical application in contemporary optoelectronic devices. In this article, we employ the group-theoretical arguments aimed to reveal the group-theoretical classification of the crystal field levels and selection rules for the allowed optical transition between the crystal field components of Tb3+ and Eu3+ of the low symmetry crystal field in the activated yttrium tantalate phosphors. We also establish possible polarization rules for the lines corresponding to the allowed transitions. We deduce the symmetry-assisted results for the selection rules in the optical transitions accompanied by the absorption/emission of the vibrational quanta. The selection rules for the vibronic satellites of the zero-phonon lines are expected to be useful for the identification of the lines in the spectra of rare-earth ions with a weak vibronic coupling. The results of the low-temperature measurements of photoluminescence under the 325 nm excitation are in compliance with the group-theoretical analysis. The aim of the paper is to establish symmetry-assisted results that are the background of the quantitative crystal field theory based on the quantum-mechanical consideration.
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1. Introduction


Among highly efficient luminescent materials, the yttrium tantalate the crystals (YTaO4) should be specially mentioned. It is well known that non-activated YTaO4 is an efficient X-ray phosphor. The role of these phosphors is to reduce the exposure of the patient to X-rays while preserving the structural features of the X-ray image. The pronounced luminescence can be initiated through various kinds of excitation such as UV light cathode radiation or X-ray. Although the structure of YTaO4 was studied by Walten [1] and Brixner and Chen [2] half a century ago, these crystals still attract the attention of researchers due to their role in different practical applications, for example, in contemporary optoelectronic devices. Studies continued on both undoped YTaO4 [3] and activated YTaO4 with various rare-earth elements [4,5,6,7], including those with double activation [7,8,9].



The first reason for continuing investigation of these phosphors is to study the mechanism of Eu3+ and Tb3+ luminescence in the tantalite matrix lattice. The study of the rare-earth ions in crystals such as terbium and europium-activated yttrium tantalate phosphors (YTaO4:Tb3+, YTaO4:Eu3+) has been the subject of a large number of both experimental and theoretical works reflected in numerous publications [7,8,9,10,11,12]. The number of publications increases every year, as many observed phenomena have not found their explanation. Yttrium tantalates play a role of self-activated crystals because they can be used as a host that adopts the rare-earth ions that have interesting and practically useful properties. One must specially emphasize a possibility of efficient transfer of the excitation energy between impurity ions of different natures in these crystals. The charge transfer leading to luminescence of YTaO4-doped either with Tb3+ or with Eu3+ ions was first demonstrated by Blasse and co-workers [13,14,15]. They showed that charge transfer results in a strong luminescence band in green area of YTaO4:Tb3+ crystals under UV, VUV, CL, and X-ray excitation. Under the same types of excitation, the Eu3+-doped YTaO4 crystals exhibit a red emission band. It is to be noted that both phosphors are efficient materials in different applications [16], such as optoelectronic devices. The growing interest towards luminescence properties in a wide spectral range is closely interrelated with prospects for the new promising applications that stimulated the development of this area. Despite the fact that YTaO4 itself is a well-known self-activating phosphor, europium and terbium-activated yttrium tantalates and their electronic structure, the mechanism of optical absorption, and optical transitions are not fully understood. The main stimulus for the study of this phosphor is an attempt to achieve a better understanding of the mechanism of luminescence and optical transitions, taking into account the splitting of ion levels caused by the crystal field. Due to complicated structure of the sites occupied by the impurity ions found in the quantum-chemical studies of these systems, the number of the crystal field parameters is rather large. Under this condition, the use of the symmetry properties of the system can bring important information that can be supported by ab initio calculations of the crystal field parameters. In this view, the polarization selection rules in the optical transitions in doped phosphors so far mentioned can be useful.



The study of the optical spectra of impurity ions is usually reduced to two stages. The first one is the group-theoretical study of possible energy levels of an ion in the crystal field that includes derivation of the irreducible representations (irreps) to which the levels belong to as well as the selection rules predetermining number and intensities of the crystal field optical pattern. These data, based exclusively on the symmetry of the site and wave function of the impurity ion, are to be used at the second step of the study that includes quantum-mechanical evaluation of the crystal field parameters and consequently crystal field levels. For example, the number of states with the repeated irreducible representations determines the size of the energy matrices to be diagonalized. In this article, we solve the first problem focused on the symmetry properties.



This paper is devoted to the study of the selection rules in YTaO4-doped by Tb3+ and Eu3+ for the optical transitions in different polarizations because polarization selection rules and optical transitions in this type of materials have not been studied yet in detail. We also discuss the interpretation of their photoluminescence (PL) spectra under 325 nm excitation at 10 K. The theoretical symmetry-based calculations allow us to better understand the fine structure of emission transitions at low temperatures. Finally, we discuss further perspectives for the applications of symmetry-assisted theoretical approaches to the analysis of the terbium and europium-activated yttrium tantalate phosphors YTaO4:Tb3+, YTaO4:Eu3+.




2. Materials and Methods


2.1. Preparation of Samples


Terbium-activated yttrium tantalate Y0.95Tb0.05TaO4 and europium-activated Y0.95Eu0.05TaO4 samples were prepared by solid state reaction. The incorporation of Tb3+ and Eu3+ into the monoclinic crystal lattice of YTaO4 proves to be possible due to the proximity of the ionic radii of the activators and Y3+ in the host lattice in six-fold coordination [17,18]. A wide set of experimental data on the crystals having this structure are described in detail in the book [19]. Therefore, we will not give more details here. The influence of the flux nature and photoluminescent properties was investigated and Na2SO4 (99%) as flux was chosen as the best. The activator concentrations used and the main synthesis parameters are based on our previous works [6,19].



The reaction uses homogeneous mixtures of Y2O3 (99.9%) and Ta2O5 (Optipur) as oxide precursors for the host lattice, and Eu2O3 and/or Tb4O7 as activator system. The stoichiometric amounts of Y2O3, Ta2O5, and/or Eu2O3 and/or Tb4O7 together with 30 wt.% alkaline sulphates were ball-milled with acetone and dried at 70 °C. The planetary-mill of pulverisette type using agate balls and mill-beaker set was used to prepare the reactive oxide–flux mixture. The 5 mol% activator concentration was optimal. The powder mixture was baked in air at 1200 °C for 4 h and then cooled down to room temperature. At the final stage, the samples of the phosphor were water washed, dried, and sieved. The photoluminescence initiated by He-Cd laser at 325 nm was employed for the sample characterization. The measurements of the optical spectra were performed at low temperature (10 K) and then compared with room temperature data.




2.2. Crystal Structure of Yttrium Tantalate-Activated by Terbium (YTaO4:Tb3+) and Europium (YTaO4:Eu3+)


The YTaO4 crystalline matrix has long been known as a self-activating phosphor. Performances of these phosphors are related to composition, crystalline structure, particle dimensions, and luminescence properties of powders. Both natural fergusonite (yttrium-niobium tantalate) and synthetic YTaO4 crystallize in monoclinic symmetry and have space group I2/a, with yttrium tantalate YTaO4 having three types of crystal structure. The high-temperature tetragonal form (T) with a scheelite structure is distorted by a second-order phase transition at a temperature of about 1450 °C, into a monoclinic (M) structure having a fergusonite structure. We have discussed in detail the structure of M′-YTaO4 that gives rise to the most intensive light emission. Due to the second-order phase transition, the scheelite structure is distorted into a high-temperature tetragonal form (T). At temperatures below 1400 °C another monoclinic structure, called M′, can be directly synthesized. We consider in this work just this modification M′ because it is much brighter in comparison M and T structure, and shown in Figure 1. As a new structure type, M′ YTaO4 was first described by Wolten [1] and then improved by Brixner and Chen [2]. The average Y-O distance in YTaO4 is 2.355 Å. The tantalum atoms are in a distorted octahedral coordination with four shorter Ta-O bonds at 1.86 and 1.95 Å, and two longer ones at 2.23 Å. The unit cell parameters are a = 5.30, b = 5.45, c = 5.11 Å, and β = 96.5°. These distorted TaO6 units share edges to form strings. Yttrium, in eight-fold coordination with oxygen, interconnects the Ta-O strings.



In M′-YtaO4-doped by Eu3+ or Tb3+, the Y atoms are substituted by Eu3+ or Tb3+ and they are surrounded by eight-coordinated oxygen atoms, forming a distorted cube with averaged Y-O distance 2.37 Å. The Ta atoms have distorted octahedral coordination with four shorter Ta-O bonds (1.96 Å and 1.87 Å) and two longer ones (2.23 Å). The M′-YTaO4 structure contains two yttrium atoms, two tantalum atoms, and eight oxygen atoms.




2.3. Low-Temperature Photoluminescence Measurements


The scheme of the experimental setup used in the low-temperature measurements of photoluminescence (PL) is shown in Figure 2.



In the low-temperature experiments, we used the following measurement conditions: Source-325 nm He-Cd laser, Detector-PMT, Grating-1200 gr/mm, Scan Range: 450~720 nm, Slit size: 0.03 mm, Step: 0.05 nm, Temperature-10 K.





3. Results


3.1. Experimental Results forYTaO4:Tb3+


All experiments were performed at low temperature 10 K, because at room temperature, the spectra are poorly resolved and the fine structure is not visible. We made such measurements at room temperature in our previous works [6,19]. The general pattern of the emission spectrum of YTaO4:Tb3+ initiated by 325 nm He-Cd laser excitation at 10 K is presented in Figure 3.



The most intensive part of the spectrum is represented by the series of lines related to the transitions 5D4→7F5 for which |Δ J| = 1 that means that they belong to the allowed transitions in a free ion. The fine structure in each part is caused by the crystal field splitting with possible participation of the vibronic sidebands. Fragments of the energy transitions 5D4→7FJ (J = 6, 5, 4, 3) and the pattern optical lines are given in Figure 4a–d. The remaining allowed transitions J = 2, 1, 0 which appear under 325 nm excitation proved to be very weak and for this reason were not taken into consideration.




3.2. Experimental Results for YTaO4:Eu3+


The main transitions 5D0→7FJ (J = 1,2, 3, 4) and the pattern of optical lines are given in Figure 5a–d. The remaining transitions J = 5, 6, which appear under 325 nm excitation proved to be very weak and for this reason were not taken into consideration.



In regard to Eu3+ activation, only two narrow lines separated at 3 Å can be resolved at 10 K within the main intensive 5D0→7F2 set of transitions under 325 nm He-Cd laser excitation at room temperature (1) and 10 K (2) (Figure 5b).




3.3. Methods of Calculation and Theoretical Results


3.3.1. Nomenclature of Crystal Field Levels of Tb3+ and Eu3+ Ions in YTaO4 Crystals


The symmetry of the crystal that is described by discrete point groups is lower than the spherical (full rotation) symmetry of a free ion. According to the well-known quantum-mechanical rules, the energy levels of a free ion undergo splitting in the crystal field. The splitting, i.e., the number of the crystal field sublevels and their symmetry (irreducible representation associated with the eigen-functions) are determined by the symmetry of crystal field and full angular momentum of the ion. The qualitative analysis of the line pattern can be done with the use of the selection rules for the transitions involved. The transitions of the dipole type are allowed under the condition of the low symmetry field which in the present case does not possess an inversion center. Under this condition, the dipole-allowed transitions dominate, meaning that their intensities are much stronger than the magnetic dipole or electric quadrupole ones (see below). In our symmetry-assisted analysis, we will neglect the lines possessing low intensities. The electronic terms of a free rare-earth ion can be well described in Russell–Saunders coupling scheme and therefore the labels as LSJ can be used as the conventional notations. These states of the Tb3+ free ion (f8-shell) belong to the even irreducible representations (irreps)     D   J   +     of the full rotation symmetry group (J is the full angular momentum of the free rare-earth ion, the superscript “+” indicated parity, even” in the case under consideration). The nature of the optical emission and absorption lines of Tb3+ in a crystal is usually associated with the following set of transitions between the low-lying levels of Tb3+ free ion:


     D     5    4   →    F     7    6   ,     F       7     5   ,     F       7     4   ,     F       7     3   ,     F       7     2   ,     F       7     1   ,     F       7     0   .  



(1)







The crystal field created by the host lattice results in the splitting of the energy levels of a free ion. Our goal is to qualitatively study the crystal field energy levels and to establish the selection rules and polarization of the lines in crystal field (C2 point group) of the host lattice for the Tb3+ ion. This goal can be reached by the use of the general group-theoretical rule: to reveal the nomenclature of the crystal field levels, one should decompose the irreps     D   J   +     in the point group. In compliance with the set of the irreps of C2 obtained from decomposition of     D   J   +     [21], each LSJ multiplet is split into the Stark components labeled accordingly to the irreps of C2 as A, B (one-dimensional irreps of C2) [22]. Using the well-known group-theoretical procedure, one can find the following results for the decomposition    D J +   → irreps of C2:


    D   6   +   → 7 A + 6 B ,     D   5   +   → 5 A + 6 B ,     D   4   +   → 5 A + 4 B ,  



(2)






    D   3   +   → 3 A + 4 B ,     D   2   +   → 3 A + 2 B ,     D   1   +   → A + 2 B ,     D   0   +   → A .  



(3)







These results allow us find out the nomenclature (irreps) of crystal field multiplets for the Tb3+ ion in C2 point group. Since the C2 point group has only one-dimensional irreps, A and B the energy levels in crystal field are non-degenerate. Due to the lack of inversion in C2, the irreps do not involve the symbol of parity that allows a dipole transition to occur. The results of the group-theoretical classification of the crystal field terms are collected in Table 1.



The general pattern of crystal field splitting of 2S+1DJ multiplets for Tb3+ is shown in Figure 6. One has to mention that the ground term of the Tb3+ ion is       F       7     6     (J = 6).




3.3.2. Selection Rules for the Allowed Dipole Type Transitions in Tb3+ and Eu3+ Ions in YTaO4 Crystals


To make more a definite judgment regarding the composition of the optical lines, one can consider the selection rules for the transitions.



Since the set of point symmetry operations does not contain the inversion center, the selection rules do allow the dipole transitions that change the parity of the combined states in the systems containing an inversion center. Under this condition, the allowed dipole type transitions are the most intensive and therefore play a dominant role in the optical spectrum (see, for example, Ref. [23]). The components of the dipole moment are transformed accordingly to the irreps A and B: dz→A, dx, dy = B that define the disposition of the polarization vector. The selection rules for the allowed transitions and their polarizations can be found from the direct products of irreps of C2 for the two levels involved in the optical transition [24,25]; A × A = A, B × B = B, A × B. Therefore, we can distinguish between the transitions in z-polarization (vector polarization is aligned along C2 axis) and in x, y-polarization (polarization vector directed in plane perpendicular to C2). We will call them “parallel” and “perpendicular” polarizations, respectively, according to the components of the dipole moment involved in the transition. In this way, we arrive at the conclusion that A↔A and B↔B transitions have “parallel” (  | |  ) polarization, while A↔B lines have “perpendicular” (  ⊥  ) polarization.



The illustrative scheme in Figure 6 qualitatively provides a picture of possible number of the lines allowed in   | |   and   ⊥   polarizations and a qualitative pattern of the crystal field components in the spectrum for Tb3+. It is to be underlined that the energy gaps or alternatively, intervals, separating crystal field levels cannot be determined on the basis of symmetry solely, but the group-theoretical consideration lies at the background of the ab initio evaluation of the crystal field parameters and positions of the lines in the spectral pattern (this task has been solved in our paper [23] devoted to consideration of SrAl2O4:Eu2+ phosphor). In particular, the dimensions of the matrices of the crystal field operators can be reduced if one used the wave functions spanning the irreps of C2 group. Actually, the rank of the crystal field matrices to be diagonalized is equal to the number of the repeated (the same) representations that is lower than the dimension of the full Hilbert space.



To solve this problem of the energy pattern, it is also required to get some additional data such as the relative intensities. In particular, some lines are allowed according to the symmetry rules, but their intensities could be small. Some useful conclusions can be deduced under the realistic assumption that only the low-lying crystal field sublevel originated from the 5D4 term is populated. At very low temperatures, this can be either an A or B level. For instance, if the ground sublevel is A, we have only the line corresponding to the transition A↔A (that has   | |   polarization) in the spectral region corresponding to 5D4→7F0 lines. A similar scheme of the levels for the Eu3+ ion (4f6) is illustrated in Figure 7.



One can observe that the order of the low-lying levels is reversed with respect to that in Tb3+ (4f8). Now, the ground state is 7F0 (J = 0), which gives rise to a singlet A in the crystal field. The correspondence of the crystal field sublevels and LSJ multiplets is similar to that that has been already considered and listed in Table 1. Considering the selection rules revealed so far, one can draw for the Eu3+ ion a scheme of transitions shown in Figure 7. It is to be noted that in high energy areas of the optical pattern, one can observe the only weak line (A→A) polarized along C2 axis.




3.3.3. Selection Rules for the Vibronic Satellites: Symmetry-Assisted Approach


Up until now, we have considered the selection rules for the purely electronic (zero-phonon) lines, thus neglecting the electron-vibrational (vibronic) interaction. This approximation is satisfactory for the transitions within the crystal field terms arising from the 4fn configurations of rare-earth ions for which the vibronic coupling is small (that means that heat release Pekar–Huang parameter is in the order of 0.01–0.1) That means that the zero-phonon lines are strong enough at the background of the full electron-vibrational spectra. The situation of a weak vibronic coupling is common for the f-f transitions in rare-earth ions. From the experimental point of view, this is confirmed by the fact that these transitions are represented by the most intensive zero-phonon lines and relatively weak phonon satellites. This statement also has a clear physical background. Indeed, the f-shells are well screened by filled shells and therefore weakly coupled to phonons. Even in this case of a weak vibronic coupling along with the zero-phonon lines, the full spectrum includes vibronic satellites having the intensities that allow one to observe them along with the zero-phonon lines. They are especially important when the zero-phonon lines are forbidden by symmetry and vibrational lines are narrow (this occurs when the local or pseudo-local vibrations are active). That is why the full spectrum characterization requires analysis of the vibronic satellites. The active frequencies can be independently analyzed by means of Raman and IR spectroscopy methods.



At this stage of study, we will discuss the symmetry-related aspects of this problem that is the derivation of the selection rules for the vibronic satellites. Since the vibronic coupling is small, it can be taken into account within the second-order perturbation theory along with the dipole type electron–photon interaction. The complex matrix element (amplitude of transition) within the second-order perturbation theory includes virtual transitions through the excited levels of the electron-vibrational levels (1 and 2) that can be expressed as:


    ∑  i          Γ   2     γ   2   ,   n   k     u d     Γ   i     γ   i   ,   n   k         Γ   i     γ   i   ,   n   k       V   k   ( r )   Q   k       Γ   1     γ   1   ,   n   k   ± 1       E   i   −   E   1       +    ∑  j          Γ   2     γ   2   ,   n   k       V   k     r     Q   k       Γ   j     γ   j   ,   n   k   ± 1       Γ   j     γ   j   ,   n   k   ± 1   u d     Γ   1     γ   1   ,   n   k         E   j   −   E   1       .  



(4)







In Equation (4) the term   u d   denotes the interaction of the electronic shell (r is the set of the electronic coordinates, d—dipole moment) with the photon having polarization vector   u  ,     Γ   1   ,   and     Γ   2     are the irreps corresponding two electronic states (irreps A and B in the case under consideration),     γ   1     and     γ   2     are the symbols numerating basis functions (they are introduced for the purpose of generality but in our case of non-degenerate irreps these symbols are not required). The expression     V   k   ( r )   Q   k     describes the electron–phonon coupling with vibrational mode   k   (index combining irrep     Γ   k       and basis     γ   k    ) having normal coordinate     Q   k    ,     n   k     is the vibrational quantum number that changes in in the processes of the light absorption (emission),     n   k   →   n   k   ± 1  . This is evidence of the fact that the complex (second-order) perturbation describes the vibronic satellites of the zero-phonon lines. Finally,     E   i       are the energies of the excited levels virtually participating the second-order perturbation theory.



The complex matrix element (corresponding amplitude     A   12    ), Equation (4), corresponding to optical process accompanied by the absorption/emission of the vibrational quantum, can be written as:


    A   12       Γ   1   →   Γ   2   ,     n   k   →   n   k   ± 1   =   2   ∆ E       Γ   2     γ   2   ,   n   k   ± 1   u d ×   V   k   ( r )   Q   k       Γ   1     γ   1   ,   n   k       .    



(5)







Since the energies of the excited levels in Equation (4) exceed the crystal field gaps considerably, the energy gaps     E   j   −   E   1     can be substituted by the mean values ΔE.



Let us analyze the symmetrical properties of the effective operator inducing vibronic satellites. The direct products of irreps   Γ ( d ) ×   Γ   k     form a set of the reducible representation that can be decomposed into the irreps       Γ  ¯    i     (for each vibration k):


  Γ   d   ×   Γ   k   =   ∑  i        Γ  ¯    i     .  



(6)







It is to be noted that   Γ   d     can also contain one, two, or three irreps (as a vector components in the point symmetry group), so that the product in Equation (5) should be considered for each irrep from   Γ   d   .   Then, one can formulate the selection rule for the vibronic satellites: the vibronic line corresponding to the transition     Γ   1   ⇆   Γ   2     with participation of the vibration     Γ   k     is allowed if the direct product     Γ   1   ×   Γ   2     contain at least one irrep       Γ  ¯    i    , or symbolically     Γ   1   ×   Γ   2   ⊂     Γ  ¯    i   .   This condition can be expressed in an alternative form:     Γ   1   ×   Γ   2   ⊂ Γ   d   ×   Γ   k    .



Let us illustrate application of the symmetry by considering of the transition A↔A that is allowed in   | |   polarization (  Γ     d   z     = A  ). For the vibration of B-symmetry, application of the rule as formulated so far shows that the vibrational satellite is allowed in   ⊥   polarization. The remaining transitions can be considered in a similar way. This allows one to treat the vibronic spectrum and gives powerful tool to assign the observed lines to the transitions of a certain type. To realize possibilities provided by the theoretical analysis of the vibronic satellites, polarization measurements are required. The temperature dependence of the lines intensities is also useful because it can provide an additional option to discriminate Stokes and anti-Stokes lines. Independently, the analysis of the vibrational (infrared and Raman) spectra can provide information about the frequencies and symmetry vibrational modes that are observable in optical spectra.






4. Discussion


According to Ofelt’s [24] (see also Ref. [25]) theory of the energy levels and wave functions of the free Tb3+ ion, the main transitions for Tb3+ originate from highest excited level 5D4 down to the low-lying levels 7FJ (J = 6, 5, 4, 3, 2, 1, 0). The energy levels of a free ion undergo splitting under the action of the crystal field of the host lattice that have been observed. The 5D4→7F5 transition located at about 550 nm has a dominating intensity, giving rise to a strong green luminescence. However, the intensities of the 5D4→7F6, 7F4, 7F3 are rather small but their contributions should also be considered, while the intensities of the transitions 5D4→7F2, 7F1, 7F0 are negligible.



The crystal field splitting depends on the nature of the host lattice, and for Tb3+ and Eu3+ in YTaO4 (C2 point group) the transitions are schematically shown in Figure 6 and Figure 7. We could not detect the fine structure of this splitting at room temperature because of the temperature effects (such as thermal broadening), but in the case of low-temperature measurements, this splitting was clearly observed as shown in Figure 4.



The Stark components of Tb3+ considered in the theorical treatment have been observed in the low-temperature measurements and indicated in the Figure 5, Figure 6 and Figure 7: 7F6 level is split into 13 sublevels; 7F5 level gives rise to 11 peaks, 7F4 level leads to 9 resolved peaks, 7F3 level includes 7 peaks, etc. Moreover, one can also observe the fine structure of the spectrum. Most of these sublevels have a complicated structure arising from the crystal field effects. This is a result of the pseudo-degeneracy of excited level 5D4, or further splitting of 7FJ levels.



More detailed analysis of the fine structure of the levels can be done with the use of the explicit expression of the crystal field potentials in terms of allowed (in C2 symmetry) harmonics and diagonalization of the corresponding matrices. Since the symmetry is low the number of the independent semiempirical parameters is large, so the results of the semiempirical theory are expected to be flexible. In this respect, the semiempirical approach should be supplemented by the ab initio calculation of the crystal field parameters to ensure required accuracy of the comparison of the theoretical results with the experimental ones. At the same time, the proposed method of the identification of the vibronic lines has not been explored yet. This work is planned.




5. Conclusions


We have analyzed a qualitative picture of the splitting of 2S+1DJ multiplets for Tb3+ and Eu3+ in the crystal field of C2 symmetry. We have found the selection rules for the transition between crystal field sublevels in Tb3+ and Eu3+ in the C2 site symmetry. Using the group-theoretical approach, we have analyzed the polarization rules for the allowed dipole transitions. Low-temperature Pl measurements show good correlation with theoretical calculation for Tb3+ luminescence and weak splitting for Eu3+ luminescence. The observed spectra are in a good correlation with the numbers of the lines revealed through the group-theoretical analysis. We propose that further progress in the symmetry-assisted analysis of the optical spectra can be achieved through the analysis of the vibrational satellites of the zero-phonon lines that is expected to be efficient due to small vibronic interactions for the f-f transitions in rare-earth ions. The selection rules for the vibronically assisted lines were shown to be different from those corresponding to the purely electronic transitions. More sophisticated methods are interrelated with two-photon spectroscopy that provides essentially different selection rules for the transitions and a specific angular (polarization) dependence for the allowed transitions. The theory is developed in fundamental works of Inoue and Toyazawa [26], Bader and Gold [27], and subsequent studies [28]) (see also detailed presentation of the theory in Ref. [21]). This approach essentially based on symmetry extends possibilities of spectroscopy towards detailed analysis of the optical transitions and practical applications of the luminescent materials.
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Figure 1. Crystal structure of M′-YTaO4 doped with Eu3+ activation (red), or Tb3+ activation (green), or double activation by Eu3+ and Tb3+ [19]. (Reprinted with permission from [20]. Copyright 1995: Elsevier). 






Figure 1. Crystal structure of M′-YTaO4 doped with Eu3+ activation (red), or Tb3+ activation (green), or double activation by Eu3+ and Tb3+ [19]. (Reprinted with permission from [20]. Copyright 1995: Elsevier).



[image: Optics 04 00037 g001]







[image: Optics 04 00037 g002] 





Figure 2. Scheme of the experimental setup for the PL measurement. 
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Figure 3. General pattern of the emission spectrum of YTaO4:Tb3+ under 325 nm He-Cd laser excitation at 10 K. 
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Figure 4. (a) Distribution of the optical lines in 5D4→7F6 transition in YTaO4:Tb3+ at 10 K. (b) Distribution of the optical lines in 5D4→7F5 transition in YTaO4:Tb3+ at 10 K. (c) Distribution of the optical lines in 5D4→7F4 transition in YTaO4:Tb3+ at 10 K. (d) Distribution of the optical lines in 5D4→7F3 transition in YTaO4:Tb3+ at 10 K. 
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Figure 5. (a) Distribution of the optical lines in 5D0→7F1 transition in YTaO4:Eu3+ at 10 K. (b) Emission spectra of YTaO4:Eu3+ at room temperature (black line) and 10 K (red line). Insert with the high resolution shows the normalized intensity of the main transition 5D0→7F2 at room temperature (1) and 10 K (2). (c) Distribution of the optical lines in 5D0→7F3 Eu3+ transition in YTaO4:Eu3+ at 10 K. (d) Distribution of the optical lines in 5D0→7F4 transition in YTaO4:Eu3+ at 10 K. 
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Figure 6. Scheme of the splitting of 2S+1DJ multiplets for Tb3+ in the crystal field of the C2 symmetry site with the indication of the optical transitions and their polarization. 






Figure 6. Scheme of the splitting of 2S+1DJ multiplets for Tb3+ in the crystal field of the C2 symmetry site with the indication of the optical transitions and their polarization.



[image: Optics 04 00037 g006]







[image: Optics 04 00037 g007] 





Figure 7. Schematical view of crystal field components of 2S+1DJ multiplets for Eu3+ in the C2 symmetry position with the indication of the optical transitions and their polarization. 
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Table 1. Correspondence between the   L S J   terms and crystal field levels (irreps) for the Tb3+ ion in C2 point symmetry group.
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	   L S J    terms
	        D       5     4      
	        D       5     3      
	        F       7     6      
	        F       7     5      
	        F       7     4      



	Crystal field terms
	   5 A + 4 B   
	   3 A + 4 B   
	   7 A + 6 B   
	   5 A + 6 B   
	   5 A + 4 B   



	  L S J   terms
	       F       7     3     
	       F       7     2     
	       F       7     1     
	       F       7     0     
	



	Crystal field terms
	   3 A + 4 B   
	   3 A + 2 B   
	   A + 2 B   
	   A   
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