Ln3+ doping in CaYAl3O7 and luminescence concentration quenching studied via a new computer modelling strategy.
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Abstract
Ln-doped CaYAl3O7 (CYAM) has several applications due to its optical properties. This crystal matrix belongs to the melilite family, where Ca2+/Y3+ ions are randomly distributed at the same crystallographic site keeping a composition ratio of 1:1. This natural disorder represents a problem to traditional modelling strategies because it is not possible to determine experimentally which ion is actually substituted when a Ln3+ ion is incorporated. To overcome this problem and to be able to use a static computer modelling approach based on energy minimisation, a supercell was built and Ca2+/Y3+ ions were distributed randomly in the crystallographic positions keeping the composition ratio at 1:1. The substitution of any Ln3+ at cation sites could be successfully simulated. The energetic cost for the extrinsic defect creation were calculated using two different approaches. The first one was the well-established Mott-Littleton method, where the defect of interest is created in the centre of an explicit region and the position of all species were allowed to relax until a minimum potential energy is reached, with more distant regions being treated as a dielectric continuum. The second approach was based on a direct incorporation into a supercell by just redefining the supercell structure with the defect of interest as part of the supercell itself. The results from both approaches demonstrated that substitution at Ca site with charge compensation by Ca displaced to Y site, forming a kind of  CaY anti-site defect, was the most probable configuration. Analysis of the defect region showed that presence of mostly Ca ions in the next neighbour cation site to the dopant site reduced the solution energies. This latter result can explain the high Ln doping concentration limit observed for Ln3+ - doped CYAM, as compared to Ln3+ doping in other host materials, without any appreciable photoluminescence concentration quenching.
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1.  Introduction
[bookmark: _GoBack]Materials doped with lanthanide (Ln) ions are well known and widely explored due to having several optical applications. CaYAl3O7 (CYAM) is one such system where interesting luminescent properties when doped with Ln, were observed. Experimental work has suggested several possible uses, including sensing structural damage, solid-state light sources for white LEDs and temperature sensors [1-3]. These potential applications are linked to the type of Ln-doping as well as the way that the Ln3+ ion interacts with the surrounding neighbourhood and that is a direct effect of the first neighbour distances and the Ln3+ site symmetry.. Furthermore, the relative position of the rare-earth 5d orbitals with respect to the conduction band of material also can influence the luminescence properties[ref]. This happen because when the excited-state 5d orbitals are located close enough to the conduction band of the host crystal structure the photoionization or charge transfer can occur[ref]. Recently, an alternative approach using DFT band gap predictions and Debye temperature has been published[ref], but these cases are not treated in this work.
CYAM is a member of the melilite family with a tetragonal crystalline structure, belonging to the space group P421m [4]. The crystal structure is formed of a sheet-like arrangement with five membered rings in (AlO4)-5 tetrahedra perpendicular to the c-axis. The Ca2+ and Y3+ ions are distributed randomly in the same six coordinated sites with Cs symmetry between the layers. This shared site has been suggested as the most probable substitutional site for Ln3+ and other cation dopants by experimental work [5], but it is not possible to determine experimentally which ion is substituted owing to intrinsic disorder of the Ca/Y shared site. This characteristic of the CYAM structure is one of the challenges for defect modelling calculations [6, 5]. 
This problem was treated previously using computer modelling based on interatomic potential using a strategy, away from the traditional mean field approach. This strategy was based on building up supercells with Ca/Y ions randomly distributed, keeping the composition ratio of 1:1 and using the quality of the simulated XRD pattern as compared to the standard pattern deposited in the crystallographic database as a criterion for choosing the best supercell size and the Ca/ Y distribution. [6]. Results for intrinsic defect calculations predicted successfully an oxygen Frenkel defect as the most probable form of disorder [6], in line with experimental work reported in literature [7]. The present paper applies such a strategy to simulate the doping process of CYAM by Ln ions. The calculations enabled predictions of the sites occupied by dopant ions and possible forms of charge compensation defects, when required. Results can be used to explain features found in the luminescence properties of this materials observed by experimental works.
2.  Methodology
The calculations used in this work are based on an atomistic model and energy minimisation. This allows the atomic configuration with minimum total energy to be obtained [8]. The interactions between ions present in the material were described through a set of pairwise interatomic potentials derived previously [6]. An important fact about CaYAl3O7 modelling is that Ca2+ and Y3+ ions are distributed randomly at the same crystallographic site with a composition ratio of 1:1 [3, 6]. Several studies have suggested the Y3+/Ca2+ shared crystallographic site as the most probable substitution site for trivalent lanthanide (Ln3+) dopants due to ionic radii similarity [3, 5, 9].
The intrinsic disorder does not present a problem for general structure methods, such as X-ray diﬀraction (XRD) [6], however for computer modelling aiming to calculate energetic cost of defect formation, it presents a huge problem. Firstly, it is impossible to determine which ion is substituted, Ca2+ or Y3+, when a dopant is placed in the Ca/Y shared site and a possible charge compensation mechanism could be necessary for an aliovalent substitution, when a Ca ion is substituted for the dopant. In a previous paper, we proposed as a solution to construct a supercell large enough and with enough Ca/Y sites within the supercell that a certain random distribution of Ca and Y produced a calculated diﬀraction pattern with a good agreement with standard diﬀraction patterns. The defects are calculated within such supercell considering all possible site combinations. Such methodology was applied to calculate the intrinsic defects in CYAM and it showed that oxygen Frenkel defects have the lowest energetic cost of all possible intrinsic defects and this is, thus, the predicted intrinsic disorder that would be found in the material [6]. This result was in line with experimental results that showed the presence of F-centres, an oxygen vacancy that captures electrons, and a possible emission related to an interstitial oxygen defect [7].
For Ln-doping in CYAM calculations this was performed using a 3 x 3 x 3 supercell that followed the criteria previously reported and is still within the size that is reasonably treatable with smaller computer costs [6]. The same set of pair-potential parameters used successfully for intrinsic defect calculations were used in the present work supplemented by the Ln3+ interactions that were provided by pairwise potentials from reference [12]. 
The Ln3+ defects were calculated with the above supercell following two different approaches. The first one is based on the well-establish Mott-Littleton strategy [11] that consists of the division of crystal lattice in two regions, a first where interaction between atoms are treated explicitly and another treated as a continuum dielectric. Consistent regions size of 22 and 26 Ǻ were used in calculations. These will be called Mott-Littleton results from now on. In the second approach the energetic cost associated with the creation of the defects of interest was obtained from the diﬀerence between the defective and perfect supercell lattice energies [6, 10], where the perfect supercell should be understood as the 3x3x3 supercell generated according to the previous description and considering only the ions that are part of the CYAM structure, and the defective supercell is the one where the defect of interest is produced inside the supercell. As an example, suppose that the defect of interest is Eu substituting for a Ca ion. One of the Ca2+ ions of the perfect supercell is removed, and the Eu is allocated to that site. Since there are 54 Ca sites in the 3 x 3 x 3 supercell, this calculation has to be repeated for all of them and an average of all energies is found. When bound defects are to be considered, i.e., a charged defect generated by the doping effect and its accompanying charge compensation defect, all parts of the defect are arranged inside the supercell and again, since the number of possible configurations are quite high, the energies quoted are those which represent the configuration with lower energetic cost. 
In order to determine the most probable substitution site for Ln3+ substitution, in the CYAM matrix, some considerations must be made. Firstly, it is unlikely that a cation would substitution for O2- site because there is a very large chemical difference between the two species. Secondly, each Ca2+ and Y3+ site in the supercell must be considered as a possible substitutional site and all calculations and defect equations must take that into account. Lastly, since Ca and Y have now their own site in the superlattice, an anti-site  Ca′Y defect is now meaningful and can be considered as one possible charge compensation defect. Although these considerations may sound quite obvious, it is necessary to keep them in mind so the model can come close to what actually happens in a real crystal. Furthermore, it is possible chemically induced  defects in material as a compensation of incorporation of Eu3+ ions in Ca sites [reference].
Table 1 presents the mechanisms considered that involve doping CYAM by Ln3+. For each mechanism a solid state reaction is devised and respective solution energy equations can be obtained. The mechanism considered the substitution of Ln3+ ions at the Al3+, Y3+ and Ca2+ sites. For aliovalent substitution at Ca2+ sites the charge compensation mechanisms can be provided by cation vacancies or anti-site defects. The solution energies were calculated based on these reactions. The solution energy calculations for the Mott-Littleton approach were calculated using the dilute limit approximation [13], where each defect is considered as an isolated defect embedded in a perfect matrix that relax as a consequence of the defect in the centre of the explicit region, and the final energies presented in figures 1a and 1b were normalized by the molar quantities of dopant.

Table 1: Reaction schemes and solution energy defect equations for extrinsic defects in CYAM
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In these expressions Esol, Edef and Elatt are solution, formation defect and lattice energies respectively. [image: ]

It should be noted that mechanism (7) is only possible because each Ca2+ and Y3+ site were considered as a possible substitutional sites. In fact, such a defect type represents a situation where the Ln3+ occupies a Ca2+ site and this ion is “kicked out” to a Y-site nearby.

3. Results
Solution energies are present in Figure 1a and 1b for both Mott-Littleton and supercell approaches. Both approaches gave the same overall trend that qualitatively agreed, despite the fact that they are obtained from two conceptually diﬀerent approaches. Such a result was already obtained by Jackson et al [10] for the system UO2-PO2 using a 2 x 2 x 2 supercell. In the defect calculations using the supercell approach, the defects may interact among themselves since there is one of such defects per supercell and the supercell was replicated periodically.  If the defect itself has a net charge, Coulombic interactions will occur. If the defect has a net dipole or higher order electrical moment, there will be dipolar, quadrupolar, etc interactions among them. But that is explicitly included in this approach when the supercell is replicated. One of the consequences is that, if the defect is big, i.e., involves many species within the supercell and the supercell is not big enough, these interactions may be quite large and the model will describe interacting defects, that can be quite different form the infinite dilution approximation. But if the defect involves very few ions and the supercell is big enough the effect of the defect interaction could be quite low and the values will be closer to the infinite dilution values obtained by the Mott-Littleton approach. Therefore, the fact that the solution energies obtained by both strategies are close is an indication that the size of 3 x 3 x 3 supercell is enough to keep the interaction among the defects low enough so that they are may be considered isolated and non-interacting, as for the infinite dilution approximation.
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(b)
Figure 1: Solution energy as function of ionic radius calculated by (a) Mott-Littleton and (b) supercell approaches.

As a rule, defects involving Al sites have a higher energetic cost than the other sites. It is interesting to note that for all schemes involving substitution at Ca or Y site (schemes 1,3-7), the solution energy decreases with increase of Ln3+ ionic radii while the opposite behaviour can be observed for isovalent substitution at the Al-site (scheme 2), and this can be viewed as a feature related to similarity of ionic radii between ions involved in the defect schemes. For all schemes involving substitution at Y3+ ( , in CN-Coordination Number = 6) or Ca2+ (, CN=6) sites, Ce3+ ion (with ionic radii of 101 pm, CN=6) these always gave the lowest solution energies, while Lu3+ (, CN=6) always gave the highest solution energies. Typically, aliovalent substitutions tend to cause more distortion in the lattice because it is necessary to create a defect to compensate the excess of charge. 
The schemes that are clearly preferable (having lowest energetic costs) are the ones involving the substitution of Y3+ ions by the Ln3+ dopant or the substitution at the Ca2+ site with Ca2+ being displaced to the Y3+ site forming a kind of anti-site defect. 
From the point of view of the CYAM structure one could argue that  or  is not different since Ca and Y shares the same site. Nevertheless, one should consider that while is a neutral defect,  is a positively charged one and this will produce different effects in the lattice. This is one of the key reasons why one should use a supercell as a starting structure for modelling the defects, and not just the normal unit cell of CYAM. The use of the supercell allowed the distinction between both substitutions and additionally allowed the discussion of the mechanism of charge compensation in the case of the  type substitution. As pointed out earlier, figures 1(a) and (b) indicates that the lowest solution energy for this type of Ln3+ incorporation is via  anti-site and this again just possible to calculate because a supercell with individual sites for Ca and Y was used. 
The results shown in figure 1 also demonstrated that substitution of Ln3+ at an Al3+ site are almost impossible and there is a possibility that Ln3+ may replace all Y3+ present in the matrix. The distortion caused by the introduction of Ln3+ in a substitutional site can be seen in figure 2, which shows the average bond length in the site occupied by Ln3+ as a function of ionic radii for Ln(Ca/Y) and Ln(Al). This figure also explains why Ce3+ - based defects have always the lowest solution energies among the lanthanide trivalent ions. Ce3+ based defects always produce the smallest distortion in the lattice as compared to the cation – oxygen bond length.
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Figure 2: Average bond length in site occupioccupyed by Ln3+ as a function of ionic radii after relaxation using Mott-Littleton strategy.

All three types of defects shown in figure 3 presented the same behaviour with smallest average bond length for Lu3+ and biggest for Ce3+ following the increasing of ionic radii. For LnCa/Y defects there is a compression for all dopant ions except for Ce3+, where the lattice displayed a small contraction, and that is an effect of the ionic radii of Ce3+ of 101 pm, bigger than the one for Ca2+ (90 pm) and Y3+ (100 pm) ions. The maximum lattice distortion occurs for Lu3+ (86.1 pm) with a lattice contraction around 6 %. In the case of the Ln(Al) defect all dopants produced a distortion bigger than 26 % and this is one of the reasons why this defect is the one with higher solution energy, as shown in figures 1 (a) and (b). Another interesting feature revealed by the results in figure 2 is that the average Ln3+ – O2- bond length is slightly higher for   then for  and the difference between them increased as the size of the dopant increased; there is almost no difference for Ce3+ dopant and this difference is around 0.02Å for Lu3+. 
Figures 1 and 2 showed that both  and  defects presented the same general behaviour and energy costs using both approaches, Mott-Littleton or supercell, with the  defect being the most probable one with the lowest energetic costs among all investigated defects. This feature could only be seen because the CYAM structure was modelled as a supercell. This result also indicated that there may be a trend that the Ln3+ dopants prefer to have Ca2+ in the first cationic coordination shell, and not a random distribution of Ca2+ and Y3+. 
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(a)                                                 (b)
Figure 3: Neighbour region of dopant in a (a) LnY and (b) LnCa-CaY defect.

Figure 3 shows the configuration of the neighbouring region of the Eu3+ dopant for the case of the both  and  defects. The essential difference is in the number of Ca2+ ions as the nearest cationic neighbour of the dopant. While the Eu(Y) (figure 3a) have 3 Ca2+ atoms in the second coordination shell, for  defect there is one extra Ca2+ ion. This particular diﬀerence seems to be the cause for the smaller energetic cost for the  in comparison to the energetics for the Ln(Y) ones. 
This interesting feature can be tested comparing different configurations of the  but allocating increasing number of Ca ions in the first cation coordination shell, from 1 up to 6, that is the maximum number of nearest Ca/Y sites to the dopant, while keeping the stoichiometry of the material within the supercell. All different configurations were treated as new defects and the energetic cost for each one of them was calculated within the Mott-Littleton approach. 
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Figure 4: Solution energies versus number of Ca2+ ions neighbours using Mott-Littleton strategy.

Figure 4 shows the solution energies versus the number of neighbouring Ca2+ ions for Ce3+, Eu3+, Tb3+ and Lu3+. The first conclusion is that the energetic costs of the  decreased as the number of Ca2+ increased and for a cationic neighbour fully occupied with Ca2+ ions, the solution energies become close to zero or even negative, for the case of Ce3+, Eu3+ and Tb3+. This surprising result is a clear indication that the Ln3+ dopant would create a kind of “shielding” of Ca2+ ions pushing away Y3+ (or any other Ln3+) ions. 
[bookmark: page7]Results in the literature have shown that the photoluminescence yield of Ln3+-doped CYAM exhibited a much higher Ln3+ concentration limit for photoluminescence concentration quenching, when compared to other host materials [1]. The quenching in materials has been largely studied taking account not only concentration of dopant as also the effect of temperature on emission[reference]. The concentration quenching occurs when there is an overdoping of the material which increases the possibility of a non-radiative energy transfer from one activator ion to another. In general, this eﬀect is measured by testing several dopant concentrations until emission intensity started decreasing. The critical distance for energy transfer can be estimated using equation 1 from Blasse’s theory [15]:

(1)

Here RC is the critical distance, V is the unit cell volume, N is the number of total available sites for dopants and xc is the measured critical concentration. A number of papers have demonstrated that a typical value for the critical concentration is xc =0.35 mol, which implies a critical distance of about 9Ǻ [1, 16].
For all cases of Ln3+ doping in the CYAM structure the distances from the dopant to the Ca/Y site is around 5Å and the second distance is bigger than 10Å. If the closest Ca/Y site to the dopant was available for doping, there would be a possibility that a second Ln3+ would be in this first shell increasing the possibility of luminescence quenching. Since the defect configuration with smallest solution energy is the one where this first site was fully occupied by Ca2+, the chance that another Ln3+ ion can get close is decreased due to this Ca2+ shielding and the closest distance a second Ln3+ can get, as the Ln3+ concentration increases, is in the second shell of Ca/Y sites that lies more than 10Å further apart from the original dopant, decreasing the possibility of luminescence quenching and, as a consequence , increasing the critical concentration limit.

4. Conclusions

CaYAl3O7 doped with lanthanide ions was studied via computer modelling. We used a previously developed methodology considering the Ca/Y ions distributed randomly in a 3x3x3 supercell that was able to give a good agreement between standard XRD patterns of CYAM and the calculated supercell one. Two different approaches were then used to calculate extrinsic defects, starting with the same supercell. One of the approaches was using the Mott-Littleton method where a defect of interest is constructed close to the centre of the supercell and an explicit region where all species are allowed to relax in order to obtain the minimum potential energy for the defective system. In the second approach the defect is built within the supercell and this defective supercell is replicated periodically. The energy difference between the periodic defective supercell and the periodic perfect supercell is defined as the energy cost for the defect. The results from both approaches showed perfect agreement and the same trend for energetic costs of different defects were obtained. The most probable defects, with lowest energetic costs, were direct substitution at Y-site and a substitution at Ca-site with Ca being displaced to a neighbouring Y site. A more detailed study of energetic competition between Ln(Y) and  defects showed that the presence of Ca2+ ions in the first Ca/Y coordination shell with respect of the dopant reduced considerably the solution energy, producing a Ca2+ shield for the Ln3+ ions that prevents Y3+ or another dopant ion to be closer to the Ln3+ dopant. This latter result explains why Ln3+-doped CYAM showed a much higher critical concentration limit for luminescence quenching than a number of other hosts.
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