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"Unusual Ln 3+ substitutional defects": The local chemical environment of Eu 3+ and Er 3+ in nanocrystalline Nb 2 O 5 by Ln-K edge EXAFS

The local chemical environment of the trivalent lanthanide cations in Nb 2 O 5 nanopowders doped with 1 mol % of Eu 3+ and Er 3+ , prepared via a Pechini approach, has been studied by means of EXAFS at the Ln-K edge. It can be demonstrated that the lanthanide ions enter the Nb 2 O 5 structure as substitutional defects with respect to Nb, giving rise to a very large amount of disorder: both Eu 3+ and Er 3+ ions substitute Nb in the 9-fold coordinated site, with clustering of oxygen vacancies around the substitutional defects. Valence Bond calculations have been used to validate the Ln-O distances obtained by the EXAFS fitting. The Er 3+ doped nanocrystalline Nb 2 O 5 sample shows efficient luminescence in the near infrared region around 1.5 μm. The emission and excitation spectra are affected by significant inhomogeneous broadening, in agreement with the presence of strong disorder around the dopant ions in nanosized Nb 2 O 5 .

A c c e p t e d m a n u s c r i p t 1. Introduction

Luminescent niobium based compounds doped with trivalent lanthanide ions (Ln 3+ ) have been the subject of considerable attention in the past decades. For instance, LiNbO 3 has proved to be a very important host for Ln 3+ ions, with widespread applications in the field of optoelectronics and light emitting devices [1,2], and strontium barium niobate (Sr x Ba 1-x Nb 2 O 6 ) (SBN) and barium sodium niobate Ba 2 NaNb 5 O 15 (BNN) [3], activated with Ln 3+ ions, are very promising materials in the field of photorefractive memories [4] and linear and self-frequency converter solid state laser materials [5,6]. It is important to note that in all these crystals the location of the Ln 3+ in the lattice is not obvious, as the trivalent lanthanide ions cannot easily replace the constituent cations (Li + , Na + , Sr 2+ , Ba 2+ , Nb 5+ ) due to evident size and/or charge mismatches. It is worth noting that for these niobate hosts the doping Ln 3+ ions have a different charge with respect to the host cations (Li + , Sr 2+ , Ba 2+ and formally Nb 5+ ) and also a different ionic radius (the Sr 2+ and Ba 2+ cations are larger while the Li + and Nb 5+ are smaller than the Ln 3+ ions [7]). Also simple oxides like TiO 2 or Nb 2 O 5 , in which a single cation is present, are characterised by similar problems due to large mismatch of both charge and ionic radii between the doping Ln 3+ ions and the host constituent cations. However, recent investigations by our research group have demonstrated the feasibility of the synthesis, using solution methods, of both TiO 2 [8] and Nb 2 O 5 [9] doped with lanthanide ions. Recently, in a paper dealing with the local chemical environment of Ln 3+ dopants in anatase TiO 2 the incorporation of lanthanide ions in such class of hosts as been referred to as "unusual Ln substitution" [10]. By using a local structural probe such as EXAFS at the Ln-K edges, it has been demonstrated that the lanthanide ions enter in the anatase structure as substitutional defects with respect to Ti, but that the amount of disorder created by the substitutional defects is very large. Indeed, the Ln-O and Ln-Ti distances have been found to increase by as much as 0.45 Å, with respect to what is found for the Ti-O and Ti-Ti distances in pure anatase [10]. Aim of this paper is to extend this kind of study to Nb 2 O 5 . As a matter of fact, samples considered in this paper retain the T-Nb 2 O 5 crystal structure [11]. This structure is orthorhombic (space group Pbam) and Nb can be in a distorted octahedral 

Experimental details

Samples preparation

Nanocrystalline powders of Ln 3+ doped Nb 2 O 5 were prepared by a sol-gel Pechini approach as described elsewhere [9]. The molar ratio between the niobium and the Ln 3+ ions was kept 99:1. Xray powder diffraction patterns collected on a Brucker D8 diffractometer, in the Bragg-Brentano geometry and using a Cu X-ray tube, confirmed the single phase nature of the reaction products. All the diffraction pattern could be indexed using the orthorhombic structure of T-Nb 2 O 5 [11].

Moreover, from the broadening of the diffraction peaks and electron microscopy images, the average size of the nanoparticles was estimated to be about 25 nm [9].

EXAFS

Extended X-Ray Absorption Fine Structure (EXAFS) spectra were collected at the Er and Eu-K edges at the BM-29 beamline of ESRF. The data collection was made at 20 K in fluorescence mode using a Si (511) monochromator. For the measurements, a selected amount of sample (ca. 0.3 g) was thoroughly mixed with cellulose in an agate mortar and pressed to form a pellet. The data analysis was carried out taking advantage of the FEFF8 code [12]. The EXAFS extraction has performed by the use of ATHENA code. The EXAFS fitting was performed by means of the IFEFFIT interface [13]. The goodness of fit (GOF) is given by the R-factor parameter which is scaled to the magnitude of the data itself
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measured data on concentrated samples, R ≤ 0.02. The accuracy of amplitude and phase-shifts calculated by the program have been checked by fitting the spectrum of powdered lanthanide oxides, and comparing the fitted radial distances with crystallographic values, that have been recovered with an accuracy better than 0.01 Å.

Luminescence

The luminescence emission and excitation spectra were measured using a Spex Fluorolog-3 spectrofluorimeter equipped with a 450 W xenon lamp. The spectrofluorimeter consists of two monochromators, one for the excitation and the other for the detection of the emission. The slit width of the emission monochromator was fixed to band pass of 0.2 nm to obtain highly resolved luminescence emission spectra, while a narrow slit width (band pass of 0.2 nm) was selected for the excitation monochromator to obtain highly resolved luminescence emission spectra. The infrared emission signal was measured by a liquid-nitrogen cooled Jobin-Yvon DSSX-IGA010L InGaAs photodiode with sensitivity in the range 800-1650 nm. incorporation in the Nb 2 O 5 structure. In the EXAFS FT, moreover, just one peak, i.e. at distances around 2 Å, is apparent in both spectra and can be attributed to oxygen atoms (nearest neighbours).

Results and discussion

The best fits, according to the structural models reported in Tab. 1, are shown in Fig. 2 and3 as dotted lines for the Eu-K edge spectrum and the Er-K edge spectrum, respectively. According to the data reported in Tab. 1, the local chemical environments of Eu 3+ and Er 3+ in the Nb 2 O 5 host structure are impressively similar. It should be noted that the models used for the EXAFS fitting implicitly assumed that the Ln 3+ ions enter into the Nb 2 O 5 host as substitutional defects on the Nb position. An additional comment is worth here on the fitting procedure that has been applied in this work. The large amount of disorder that is found in the samples reduces the k range in which observable EXAFS oscillations are found. This evidence makes the EXAFS analysis problematical, especially due to the heavy correlations between the coordination numbers and σ 2 . It is possible to overcome these limitations, by noticing that the coordination distance is much less affected, as it determines the frequency of the EXAFS oscillations. Therefore the coordination distances can be quite accurately found out by a first EXAFS fitting using "dummy" coordination numbers. Next, these distances can be used to estimate, by the well established Bond -Valence Sum method [14],

the coordination numbers that give the best agreement between the calculated charges on the Ln 3+ ions and the formal (III) oxidation state. The use of the Bond -Valence Sum method to restrain the number of variables in the EXAFS data analysis has been widely discussed by Newille [15]. Then, it is possible to test that these coordination numbers give a reasonable fit for the σ 2 parameters, and a further test can be performed by checking that the fitted values for the distances do not change in this final fit. Using the Ln 3+ -O distances reported in Tab 1, and 7 as the coordination number, the calculated charges on both Eu and Er are 2.63. On the other hand, using for both Eu and Er a coordination number of 8, the calculated charge is 3.00, which is in better agreement with the formal (III) oxidation state. The present results, therefore, suggest that the most probable location of The spectra shows that excitation in the 2 H 11/2 level gives rise to luminescence terminating on the 4 I 15/2 ground state and originating from the excited levels 4 I 9/2 (860 nm), 4 I 11/2 (980 nm) and 4 I 13/2

(1520 nm). The sharp band located at about 1230 nm is most probably due to an unidentified impurity. The Er 3+ excited states below 2 H 11/2 are populated by multiphonon relaxation bridging the energy gaps separating successive levels. This agrees with the relatively high energy phonons found in the Raman spectrum of nanocrystalline Nb 2 O 5 (cut-off wavenumber of about 700 cm -1 [9]) and the relatively small energy gaps above 4 I 13/2 . On the other hand, the gap separating the latter level from 4 I 15/2 is larger (about 6600 cm -1 ) and therefore the 4 where where I(λ) is the luminescence intensity and I max is the intensity at the peak maximum. In the present case, eff λ Δ =44 nm, a value not far from the ones measured for this transition in conventional oxide glasses (e. g. 57.1 nm in Sr(PO 3 ) 2 glass [17] and 32-51 nm for a series of sodalime aluminosilicate glasses [18]). The high value of eff λ Δ is a definite proof of a strong disorder around the luminescent ion.

Conclusions

The 
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 4 coordination number 6) or pentagonal bipiramid (coordination number 7) environment. Further Nb centres are randomly locate in the cell in a nine-fold coordination. For this reason, the structure is quite complicated and the location of the lanthanide ions in the cell could be a challenging task.
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 16 Fig.1shows the Eu-K edge XAS spectrum of the sample investigated in this work. The statistical
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  Fig.4shows the room temperature emission and excitation spectra of the Nb 2 O 5 :Er 3+

  I 13/2 → 4 I 15/2 band dominates the emission spectrum. The excitation spectrum indicates that NIR luminescence of nanocrystalline Nb 2 O 5 :Er 3+ can be excited efficiently in the visible region. The profile of the 4 I 13/2 → 4 I 15/2 band clearly shows the presence of inhomogeneous broadening, as several relatively sharp peaks are superimposed to an underlying broad bandshape. Significant broadening is also present in the other features present in the emission and excitation spectra. These observations confirm the luminescence results obtained for nanocrystalline Nb 2 O 5 :Eu 3+ [9]. The general behaviour shown by the optical spectra of nanosized Nb 2 O 5 :Ln 3+ is clearly due to the presence of significant disorder around the dopant ions, in agreement with the EXAFS results discussed above. The broadening can be quantified through the estimation of the effective linewidth
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 12 Fig. 1. -Raw fluorescence data at the Eu-K edge for Nb 2 O 5 :Eu.
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 3 Fig. 3. -Eu-K edge EXAFS spectra (upper panel) and EXAFS Fourier Transform (lower panel) of
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 4131 Fig. 4. -Room temperature luminescence excitation (λ em =1516 nm) and emission (λ exc =525 nm) spectra of nanocrystalline Nb 2 O 5 :Er 3+ .
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  local chemical environment of the trivalent lanthanide cations in Nb 2 O 5 nanopowders doped with 1 mol% of Eu or Er with respect to Nb, prepared via a Pechini route, has been studied by means of EXAFS at the Eu and Er-K edge. It can be demonstrated that the Ln 3+ cations enter the Nb 2 O 5 structure as substitutional defects with respect to Nb: the most probable site occupied by the Ln 3+ cations being the nine-fold coordinate one randomly located in the unit cell. In addition, it is quite probable that oxygen vacancies, formed for charge compensation of the Ln" Nb defects, cluster around the substitutional defects. These findings are compatible with the large amount of disorder that is found around the Ln 3+ cations. The values obtained for the Ln-O distances have been validated by means of Bond Valence calculations. Luminescence spectra of the Er 3+ doped sample shows significant inhomogeneous broadening, that indicates a large amount of static disorder, in agreement with the EXAFS findings.
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