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Abstract

:

In this review article, we discuss photoluminescence phenomena mediated by polarons in lithium niobate (LNO). At first we present the fundamentals on polaron states in LNO and their energy levels, i.e., on free and bound electron polarons, on hole polarons as well as on bipolarons. We discuss the absorption measurements on reduced as well as on doped LNO that made the characterization of the formed polaron states possible by their absorption bands. Next, we proceed by reporting on the two polaron-mediated photoluminescence bands that have been observed in LNO: (1) A near-infrared luminescence band in the range of 1.5 eV shows a mono-exponential decay and a strong dependence on iron doping. This luminescence is emitted by bound polarons returning from an excited state to the ground state. (2) A luminescence band at visible wavelengths with a maximum at 2.6 eV shows a stretched-exponential decay and is strongly enhanced by optical damage resistant doping around the doping threshold. This luminescence stems from the recombination of free electron and hole polarons. The next major topic of this review are domain contrasts of the visible photoluminescence that have been observed after electrical poling of the substrate, as singly inverted domains show a slightly reduced and faster decaying luminescence. Subsequent annealing results in an exponential decrease of that domain contrast. We show that this contrast decay is strongly related to the mobility of lithium ions, thus confirming the role of polar defect complexes, including lithium vacancies, for these domain contrasts. Finally we discuss the extension of our investigations to lithium tantalate (LTO) samples. While the results on the domain contrast and its decay are similar to LNO, there are remarkable differences in their luminescence spectra.
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1. Introduction and Overview


Polarons play an important role in the optical and electrical properties of lithium niobate (LNO), lithium tantalate (LTO) and other ferroelectrics. They are quasiparticle states formed by excited charge carriers and the deformation of the surrounding crystal lattice due to their Coulomb forces [1]. Polarons are formed through the relaxation of excited electrons from the conduction band or holes from the valence band into the respective quasiparticle states, i.e., electron or hole polarons. Despite LNO to be exceptionally transparent over a wide wavelength range, reduction, doping and optical excitation can increase the absorption. This emergent absorption in the visible range is commonly associated with the formation of polarons. The governing physics of polarons in oxides and especially LNO has already been the subject of several review articles, yet solely discussing the induction of absorption [2,3,4,5,6,7]. In this review article, however, we focus on the photoluminescence effects being observed in LNO and LTO that are mediated by these polarons. The corresponding photoluminescence spectra show a broad distribution, one in the visible, the other in the near-infrared wavelength range.



After giving a shorter overview in this introductory part, the investigation of polarons by absorption measurements and the polaronic luminescence phenomena in LNO will be discussed in the second part of this review, preceded by a brief report on defects and bandgap in LNO. The third part deals with domain contrasts of the visible luminescence band in LNO. By these domain contrasts, the luminescence can be used to map switched domains and modifications of the crystal structure therein. The fourth part reviews the results of similar measurements on lithium tantalate (LTO), and compares them with the results from LNO.



In LNO several kinds of polaron states are known to exist [1]. Firstly, there are electron polarons on Nb-sites. The energy of an electron polaron is minimized when it is localized at the ion of highest positive charge,    Nb  Nb   5 +    , converting it into the    Nb  Nb   4 +     state. The free electron polaron can move through the crystal by hopping between neighbored niobium ions [1]. Therefore it is called free polaron and is abbreviated by    Nb  Nb   4 +    . Secondly, there are electron polarons localized at the niobium anti-sites    Nb Li    that occupy lithium vacancies. These bound polarons    Nb  Li   4 +     are trapped at these defects at an energy below the free polaron energy. Furthermore, a pair of a bound and a free electron polaron can form a bipolaron [3,5].



Photo-excited holes minimize their energy by relaxing into hole polaron states localized at the negatively charged oxygen sites, resulting singly-negatively charged    O −    ions instead of the doubly-negatively charged    O  2 −     ions [2]. Hole polarons can probably also either be free or bound at lithium vacancies    V Li   . An absorption spectrum with a maximum around 2.5 eV and a width of about 1 eV could already be assigned to bound hole polarons [2,3,5,8,9,10,11,12]. About the energy level and properties of free hole polarons in LNO, however, almost nothing is known.



Figure 1 presents an energy level diagram of all these known polaron states and their transitions as well as of the levels of ionic iron defects:




	
free polarons (electrons localized at Nb ions on Nb sites:    Nb Nb  4 +    );



	
bound polarons (electrons localized at Nb ions on Li sites:    Nb Li  4 +    );



	
bipolarons as aggregates of each a bound and a free polaron:    Nb Nb  4 +     +    Nb Li  4 +    ;



	
free hole polarons localized at oxygen ions    O −   ;



	
bound hole polarons localized at oxygen ions    O −    adjacent to defects, probably lithium vacancies    V Li   ;



	
   Fe  2 +     and    Fe  3 +     levels:    Fe  2 +     can change into    Fe  3 +     by e− donation that forms an electron polaron state in the neighborhood.








The iron defect levels are also listed due to their importance for the experiments to be discussed below.



The excitation of a bound polaron towards the edge of the conduction band and its subsequent relaxation back to the bound polaron ground state results in a near-infrared photoluminescence with photon energies in the range of 1.5 eV. This luminescence was observed especially in iron-doped LNO with intensities depending on the iron doping level [13,14]. The recombination of free electron polarons with free hole polarons, on the other hand, yields a luminescence in the visible range with a spectral maximum at 2.6 eV and showing a stretched-exponential decay [15,16,17,18]. It increases strongly upon cooling below 200 K as well as upon optical resistant dopant concentration above the doping threshold. The latter observations have been made with Mg-doped samples. This increase with doping concentration expresses the existence of concurring non-radiative recombination processes that depend on the presence of intrinsic defects like    Nb Li    anti-sites. The disappearance of these defects at higher dopings quenches this nonradiative recombination, yielding a stronger luminescence. On doping levels around the doping threshold, however, the strongest temperature dependence of the visible luminescence emerges, as its intensity grows by more than to two orders of magnitude when cooling the samples down to 100 K and below. This may indicate other nonradiative decay channels occurring in doped LNO that are very sensitive to temperature.



The second part of this paper reviews the experimental proofs of the polaron states by absorption measurements, followed by a thorough discussion of the described polaronic luminescence phenomena.



The contrast of the visible photoluminescence between the virgin substrate and electrically inverted domains [17,18,19] is reviewed in the third part. Similar to Raman lines [20,21,22,23] or the coercive voltages of ferroelectric switching [24,25,26,27,28], the radiative polaron recombination efficiency is affected by structural differences between virgin and electrically inverted domains, hence giving rise to the photoluminescence domain contrast. These structural differences are caused by polar defect complexes that do not change their orientation during electric inversion. Thus, the visible luminescence band can be used as a probe for such kind of crystal modifications upon electrical inversion. Up to now, however, no measurements have been reported on a similar domain contrast of the near-infrared luminescence.



The domain contrast decays exponentially under annealing at temperatures above 100 °C with an activation energy of about 1 eV. This activation energy indicates that the thermal contrast decay is related to the mobility of lithium ions [18]. As there are polar defect complexes containing lithium vacancies, the mobility of lithium ions explains well the contrast decay by a thermally induced reorientation of these defect complexes. The mobility of the lithium ions enables a rearrangement of the lithium vacancies. The result is that the orientation of these dipoles follows now the inverted polarization and the dipoles do not longer contribute to the luminescence domain contrast. Hence, radiative recombination can be used to investigate structural differences of virgin versus inverted LNO and even the thermal relaxation of these modifications.



In the fourth part, we append our investigations on the visible-range photoluminescence in Mg-doped congruent LTO (lithium tantalate), its spectral properties and domain contrast. This material has been investigated due to its high structural similarity with LNO. We observed the visible luminescence peak in the blue wavelength range, and even stronger domain contrasts than in LNO with a similar behavior of thermal contrast decay. A phenomenon with no counterpart in LNO is the vanishing of the blue peak and the revealing of another peak in the green wavelength range at smaller excitation powers as well as in undoped LTO. As there is rather little knowledge of polaronic levels and activation energies in LTO, these data and their comparison to LNO give interesting first insights into that field that could be still extended and clarified by deeper research.



In the last part we summarize our review and present an outlook on still unsolved questions.




2. Luminescence and Absorption by Polarons in LNO


2.1. Defects, Bandgap, and Relaxation of Excited Charge Carriers in LNO


In this subsection we discuss some aspects of the material physics of LNO with big importance for the physics of polarons and polaronic luminescence. The first point are the defects and defect complexes. In LNO defects appear not only by doping but also by the slight deviations of the Li:Nb ratio from 1:1 that occur in almost all variants of LNO. The second point are the bandgap of LNO and the relaxation time of charge carriers that have been excited across this bandgap.



The defects occurring in undoped and Mg-doped LNO have a strong impact on the measured luminescence intensity, especially on the visible luminescence. At first we discuss the defects in undoped LNO. The widely used congruently-grown lithium niobate (CLN) has a    Li / ( Li + Nb )    ratio of 48.45% [1]. LNO prepared to have a    Li / ( Li + Nb )    ratio closer to 50% is called stoichiometric lithium niobate (SLN). In general SLN is also only near-stoichiometric, the    Li / ( Li + Nb )    ratio is not exactly at 50%. In the 70’s, the stoichiometry of such LNO samples has been still nearer to CLN than to perfect stoichiometric LNO, while in later times stoichiometry approached the perfect balance much better.



In all these samples without perfect stoichiometry (   Li / ( Li + Nb )    < 50%) the lithium deficiency results in the presence of lithium vacancies    V Li    and niobium ions placed on lithium sites (so-called lithium anti-sites)    Nb Li    [1]. The lithium deficiency is then related to the density of these so-called intrinsic defects. Usually, these defects are aggregated in defect clusters where the effective charges of the constituting defects compensate each other. Several models of defect complexes formed by lithium or niobium vacancies and Nb anti-sites have been proposed [1,22,29,30]. The most important variant is the defect complex formed by a    Nb Li    anti-site, surrounded by four lithium vacancies    V Li   . In the ionic crystal the charges of the constituting ions (1 × Li+, 1 × Nb5+ and 3 × O2−) compensate in each unit cell. Vacancies or defect ions cause deviations from these charges at the places of the crystal lattice, which we call here effective charges. A Nb5+ ion on a Li site (hosting normally a Li+ ion) yields a local charge excess of 4+:    Nb Li  ( 4 + )    , while a lithium vacancy (one positive charge lacking) has a negative effective charge:    V Li  ( − )    . Therefore the defect cluster    Nb Li  ( 4 + )     + 4   V Li  ( − )     is charge-compensated. Another possible charge-compensated defect cluster model involves also niobium vacancies (with an effective charge of 5−): 5   Nb Li  ( 4 + )     + 4   V  Nb   ( 5 − )     [1,2,24,30]. NMR measurements and subsequent simulations showed that the    Nb Li  ( 4 + )     + 4   V Li  ( − )     defect cluster is most probable in LNO [28,31,32], although DFT energy calculations indicated that the 5   Nb Li  ( 4 + )     + 4   V  Nb   ( 5 − )     complex is energetically similarly preferred, too [30]. Probably both kinds of defect complexes occur in LNO with lithium deficiency. The Li:Nb ratio is determined by the density of these defect clusters.



In addition to these vacancies and anti-sites, there are also niobium interstitials in LNO. In the ideal lithium niobate structure, 1/3 of the oxygen octahedra are empty [1]. In real LNO, however, niobium interstitials    Nb  V   5 +     occur that occupy these ideally empty octahedra [33,34]. Like niobium anti-sites, these niobium interstitials are also accompanied by lithium vacancies and form defect clusters [34].



The presence of these    Nb Li    anti-sites can be strongly reduced by so called damage-resistant doping [1]. Doping with elements like Mg, Zn, Sc—that leave the material transparent—leads to a replacement of    Nb Li    anti-sites by dopant ions placed on lithium sites. An investigation with varying Mg doping showed that the Mg ions do not immediately occupy lithium sites when increasing the Mg concentration from zero. At lowest dopings Mg ions occupy at first oxygen octahedra that are regularly empty; with increasing doping they are also found on lithium sites [35]. Around a certain threshold concentration of the dopant (doping threshold), which depends on the valence of the dopant ions and the stoichiometry of the doped LNO, the    Nb Li    anti-sites have been completely replaced and the dopant ions start to replace also niobium ions    Nb Nb    on niobium sites. It is probable that the niobium intersticials    Nb V    are replaced by Mg ions as well. As the removal of    Nb Li    anti-sites changes the optical absorption properties, especially by blueshifting the UV absorption band, this doping results in a higher resistance against high laser light densities (optical damage resistance).



In the most investigations presented in this review the used LNO samples are doped with magnesium, a widely used standard dopant for LNO. In CLN, Mg has a doping threshold in the range of 4.5 to 5 mol %, and the    Nb Li    anti-sites vanish completely between 3 and 5 mol % [1]. Due to the residual Li deficiency, also near-stoichiometric SLN has still a finite doping threshold of 1 mol % for Mg, as observed by Furukawa et al. [36]. In the group of L. Kovács, however, SLN with an even better stoichiometry was demonstrated showing a doping threshold of only 0.2 mol % [37].



Below the doping threshold, the    Mg Li  ( + )     defects with single effective charges (Mg2+ on a Li+ site) are compensated by Li vacancies, resulting in    Mg Li  ( + )     +    V Li  ( − )     clusters. Above the threshold, the additionally occurring effectively negatively charged    Mg  Nb   ( 3 − )     can be compensated in an energetically favorable manner by already existing    Mg Li  ( + )     in    Mg  Nb   ( 3 − )    +3   Mg Li  ( + )     defect clusters [38].



After reporting the defects occurring in LNO we take a view on the LNO bandgap, which is also of great importance for the discussions of the polarons, their excitations and transitions. The different methods for determining the bandgap, however, yield a broader range of results ranging from about 4 to 5.4 eV. With an optical bandgap of 4 eV or larger, LNO is exceptionally transparent.



An important method for determining the bandgap was the measurement and evaluation of spectral absorption curves. This method resulted in bandgap values in a range of about 4 to 4.3 eV [39,40,41,42]. The minor absorption in the tail below 4 eV has been assigned to indirect band transitions [40].



The bandgap, as determined by this method, decreases weakly upon elevated temperatures by about    7 ×  10  − 4      eV/K [39]. The bandgap of SLN showed to be about 0.1 eV larger than that of CLN, as measured by Redfield et al. [39]. As mentioned above, at the time of these investigations perfect stoichiometry was approached worse than in later times. In more recent measurements the bandgap of SLN samples has been determined to be by 0.2–0.3 eV larger than in CLN [43].



Reflection measurements, on the other hand, yielded strong maxima of reflectivity at energies around 5 eV [44,45,46], indicating the bandgap to be at 5 eV.



Theoretical calculations based on DFT and self-consistent self-energy calculations yielded values that rather fit to the results from the reflectivity than to the absorption measurements. Thierfelder et al. calculated a value of 4.7 eV [47], while a more recent and developed calculation resulted even in 5.4 eV [48]. These calculation models were also able to reproduce well the dielectric function of LNO [49].



These straying and seemingly contradictory results show the difficulties to determine the true (direct) bandgap of LNO. One may doubt the interpretation of the absorption measurements, because interactions of positive and negative charge carriers may yield absorption processes below the (real) bandgap by the excitation of certain bound states. On the other hand the calculations may be doubted because they have not been performed over more than a few unit cells, thus not considering the disorder of the real crystal. These open questions show that the exact value of the (direct) bandgap of LNO is still controversial. In the sketch in Figure 1 as well as in some discussions in this review we will refer to the widely used bandgap value of 4 eV. However, we put this value and all statements based on it under the reservation that the question of the exact bandgap value is not yet finally resolved.



After photoexcitation, electrons and holes relax into polaron states. For the discussion of polaron luminescence it is very important to consider the time scale of this relaxation as well. Pump-probe spectroscopy measurements have shown that photo-excited charge carriers relax into their respective polaron states within hundreds of femtoseconds [50,51,52]. Recombination of polarons, on the other hand, occurs at time scales of 10−7 s and longer [15,19]. Hence, polaron recombination and polaron formation occur at very different time scales. Thus, for the dynamics of polaronic recombination this short relaxation time can be neglected, as well as transport effects by the motion of the photo-excited charge carriers in the conduction band.



To resume the discussion of the bandgap issue, the charge carriers were excited by 4.8 eV into the conduction band via three-photon excitation [50,51], showing that the bandgap lies probably below 4.8 eV. In our luminescence experiments, the charge carriers were excited by about 4.7 eV—by UV as well as by multiphoton excitation. In that case the cited results on charge carrier relaxation can be well premised for our luminescence measurements.




2.2. Absorption in LNO by Polarons


The first way to identify and characterize polaron states and their energies were measurements of their absorption bands after filling these polaron states with charge carriers by reduction. These absorption measurements allowed investigations of the influence of physical parameters on the polarons, thus clarifying their energy levels and physical nature. Doping these samples with Mg or Fe allowed further insights into the physics of these polaron states.



First light-induced absorption spectroscopy experiments have been carried out by Koppitz et al. [16,53] at congruent lithium niobate (CLN) that had been reduced for 1 h at 800 °C in vacuum. These measurements have also been extended to Mg-doped CLN. The absorption spectra of this material revealed several broad absorption bands with characteristic peak energies that could be attributed to the optical bands of electron polarons:




	
Peak around 1.1 eV (about 1130 nm), transition from free polaron to conduction band;



	
Peak around 1.6 eV (about 770 nm), transition from bound polaron to conduction band;



	
Peak around 2.5 eV (about 500 nm), transition from bipolaron to conduction band;



	
Peak around 0.6 eV, transition from polarons at MgNb defects to conduction band, occurring only in CLN with more than 5 mol % Mg doping, not depicted in Figure 1.








The absorption curves (1) to (3) are drawn in Figure 2. The assignments of these spectral features to the according polaron types were supported by the dependence of these absorption peaks on temperature and doping with Mg. With Mg doping replacing the    Nb Li    defects by    Mg Li    defects [1], both the bound polaron and the bipolaron peaks were reduced [16], indicating a strong relation of these peaks to charge carriers bound to    Nb Li    defects. After excluding other possibilities, the thermal decay of the 2.5 eV peak (3) with an activation energy of 0.27 eV could be explained by the presence of aggregates of free and bound polarons (bipolarons) that decay thermally into single polarons [53]. The 1.6 eV peak (2), on the other hand, has been assigned to single bound polarons [53]. The dissociation of bipolarons has also been observed under illumination with green or blue light, leading to enhanced transparency in the blue wavelength range and increased absorption in the red and near-infrared wavelength range by the shift of the absorption spectrum from the bipolaron peak (3) to the bound polaron peak (2) [54,55,56]. The attribution of the 1.6 eV absorption band to the    Nb Li  4 +     state has been finally confirmed by measurements of magnetic circular dichroism of this absorption center [57].



The 1.1 eV peak (1) on the other hand remains stable for high Mg doping and under annealing, thus being independent from    Nb Li    and other defects. Therefore that peak has been assigned to the free polarons on    Nb Nb    places. The 0.6 peak (4), not shown in Figure 2, appears for Mg dopings above the doping threshold of 5 mol %, where Mg starts also to replace Nb ions from Nb places [1]. This peak probably stems from polarons slightly trapped at the occurring    Mg Nb    defects [16]. The formation of this peak showed an activation energy of 40 meV [16].



For reduced or n-doped (e.g., Fe or Mg) LNO electric transport can be assumed to be dominated by hopping of free polarons [62]. Even for nominally undoped LNO the same can be assumed due to small amounts of Fe ions generally occurring there. In these cases investigations of the electrical transport in LNO and comparison with the theoretical polaron model have provided further support for the energy level of free electron polarons. According to the polaron model [4,58,63] the electron and the surrounding lattice distortion have a total energy    E P   , while the electron itself has an energy     E opt  = 2  E P    , which is relevant for optical absorption. Then the activation energy    E h    for hopping to neighboring    Nb Nb    sites is     E h  =  E P  / 2 =  E opt  / 4   . Reported activation energies for electrical transport in reduced or doped LNO are between 0.1 and 0.24 eV [58,64,65], which is in a fairly good agreement with the absorption band around 1 eV for free polarons, therefore resulting in a theoretical hopping energy of about 0.25 eV [4]. However, the relation     E h  =  E P  / 2    is only an approximation and, moreover,    E h    is often smaller than     E P  / 2    [66], which meets the range of measured values even better. Note that the polaronic model itself is not valid at arbitrarily low temperatures. There are models that generally predict a metal-insulator transition for polarons at low temperatures, resulting in an itinerant polaron band, while inelastic processes at higher temperatures yield the known hopping behavior [66,67,68,69].



While these findings cover all electron polaron states, the knowledge of hole polarons and their transitions is much more fragmentary, as only the absorption band of the bound hole polaron is known and almost nothing about the free hole polaron. Under two-photon-photoexcitation of undoped CLN with 532 nm picosecond pulses at a temperature of 20 K, an absorption band around 2.5 eV (500 nm, see Figure 2) has been measured by Schirmer et al. [8,9]. Comparison with broad ESR spectra at    O  2 −     ions (and the knowledge of similarly broad hole absorption spectra in other materials) resulted in the assignment of this peak to bound hole polarons that are probably bound to lithium vacancies [2,9,11,70]. Compared to electron polarons the absorption energy of 2.5 eV is rather high, however, this seems to be typical for O− hole polarons in oxides [70]. At room temperature or under additional HeNe laser light illumination this peak is still visible, but narrower and considerably weaker [8,9]. This influence of HeNe laser light may indicate a recombination of the bound hole polarons with electron polarons or conversions of the bound hole polarons into free hole polarons. More recent pump-probe investigations on CLN by Herth et al. [12] measured decay times of about milliseconds for that absorption band, at room temperature and also under picosecond excitation at 532 nm. As no free polaron band was observed under these excitation conditions, the formation of bipolarons as a cause of this band has been excluded [12,71] and the assignment to generated bound holes has been confirmed [12]. However, almost no data is known about the energy levels and physical properties of free hole polarons.



Ionic iron defects and their energy levels are very important for the infrared polaronic luminescence to be reviewed below. For that reason it is necessary to discuss here some additional findings on absorption measurements on iron doped CLN as well as on transitions between Fe defect ion states and polaron states. Fe defect ions are known to almost exclusively occupy Li sites [59,72,73]. Note that small iron impurities are generally present in every LNO sample. Higher Fe doping, however, will strongly increase all optical effects caused by these ions.



In Fe-doped CLN an absorption band around 2.6 eV has been found (see Figure 2) [59,74] that has been attributed to the     Fe  2 +   →  Fe  3 +      +    e −    excitation process [74]. Investigations of Kurz et al. included the reduction of Fe-doped CLN samples by annealing and monitoring their    Fe  3 +     and    Fe  2 +     concentrations using Mössbauer and EPR measurements. These experiments resulted in a strong linear correlation between    Fe  2 +     concentration and absorption at the 2.6 eV band, thus confirming the attribution of this band to the     Fe  2 +   →  Fe  3 +      +    e −    excitation process [59]. Another charge-transfer    O  2 −     +     Fe  3 +   →  O −     + Fe2+ has been mentioned by Schirmer et al. and attributed to an absorption band around 3.1 eV [2].



Furthermore, the generation of bound polarons by photo-excitation of electrons from Fe2+ ions has been demonstrated by exciting Fe-doped LNO crystals with nanosecond laser light pulses at 532 nm. This excitation resulted in an increased absorption in the red wavelength range [71,75]. These experiments have been carried out with different concentrations of Fe2+ and    Nb Li   , using CLN as well as SLN and further variations of stoichiometry. The observed absorption increased with Fe2+ concentration, but was weaker in samples with lower    Nb Li    concentration. Moreover, a decrease in the concentration of Fe2+ ions and of    Nb Li    increased the transition time of the growing absorption [75,76]. This supports that the pump light excites a charge transfer at Fe2+, creating a polaron, leaving a Fe3+ ion behind and yielding an increase in absorption in the red and near-infrared wavelength range. The rate of this reaction depends then on both the Fe2+ and    Nb Li    anti-site concentrations. The relation of this phenomenon with the absorption peak in the near-infrared and the concentration of    Nb Li    anti-sites indicates that the involved polaron is indeed the bound polaron. This has been confirmed by the time-dependent investigations on the absorption at 2.5 eV by Herth et al. [12]. Pump-probe absorption measurements of 0.1 mol % Fe:CLN under nanosecond-pulsed illumination at 532 nm showed an increase of the Fe2+ absorption band within the first 10−4 s after the exciting pulse. This increase showed a correlation with the decay of the bound polaron band at the same time. Thus, the increase of the Fe2+ concentration could be directly correlated with the decrease of bound polaron concentration, as the bound polarons (created through the exciting pulse) recombine again with the Fe3+ ions to Fe2+ ions [12]. A direct transition from Fe2+ into free electron polaron states by optical absorption, however, has not been reported—probably because such a transition is forbidden.



After pumping, the relaxation of the bound polaron absorption in the red wavelength followed a stretched-exponential law. The relaxation of these bound polaron states back to Fe2+ states means a return of the negative charge carriers from the hosting    Nb Li    sites to the    Fe  3 +     ions, converting them back to the    Fe  2 +     state. As the nearest neighbor distances of    Nb Li    and iron sites are randomly distributed, the decay of excited bound polarons follows a superposition of exponential decays with different time constants, resulting in a stretched-exponential behavior with decay times in the microsecond range [77]. Like the transition rate mentioned above, this decay process slowed down at smaller densities of    Nb Li    anti-sites due to the resulting larger average distance to iron defects [75,76]. A deeper analysis of the physics of stretched-exponential luminescence has already been given for the example of the luminescence of Si nanocrystals [78]. As will be discussed below, Herth et al. [71] confirmed this behavior for the bound polarons in CLN. Furthermore, they found also reduced polaron lifetimes after introducing co-dopants such as Cu, providing more decay channels. An Arrhenius-like behavior of the polaron decay with an activation energy of 0.38 eV was observed, too [71]. If we would use the polaron hopping model for the escape of the charge carrier from the    Nb Li  4 +     state back to the iron ion, this activation energy would well agree with the optical absorption energy of 1.6 eV.




2.3. Near-Infrared Photoluminescence Band in LNO


Up to now we have discussed the different polaron states occurring in LNO and their physical behavior. This is a necessary basis to understand the photoluminescence phenomena that are mediated by these polaron states. In this section, we will discuss the near-infrared luminescence observed around 1.3–1.5 eV. It has been shown that this band stems from the relaxation of excited bound polarons and that its intensity depends also strongly on the presence of ionic iron defects. The latter is the case due to the role of iron ions for the generation of bound polarons by photoexcitation.



First measurements of a luminescence band around 1.5 eV have been carried out in slightly Fe-doped CLN (0.015 mol % Fe) upon UV laser light illumination at 325 nm [79]. In untreated Fe-doped samples, the luminescence is weak, while it is strongly enhanced after reduction (by annealing for 20 h at 520 °C in LiCO3). Due to the donated electrons, the charge transfer     Fe  2 +   →  Fe  3 +   +  e −     resulting from the reduction process [80,81] indicates a strong relation between that luminescence and the presence of polarons.



Further investigations [13,82] on this luminescence band of undoped LNO yielded deeper insights into the physical origin of this luminescence—especially confirming its mediation by bound polarons. Exciting undoped LNO with ns pulses at either 355 nm [13] or 514 nm [82] resulted in two infrared luminescence peaks at 1.5 eV (835 nm) and 1.3 eV (950 nm), as shown in Figure 3a [13,83].



These two peaks are no fitting artifacts, as the following results show. Kostritskii et al. showed that the intensity of the 1.5 eV peak depends strongly on the intrinsic defect concentration, which has been revealed by comparison of congruent lithium niobate (CLN) and stoichiometric lithium niobate (SLN) [82,84]. In CLN the 1.5 eV and the 1.3 eV peaks amounted to the same order of magnitude; in SLN, however, the 1.5 eV peak was significantly weaker while the 1.3 eV peak did not change drastically. Assuming a connection of the 1.5 eV luminescence peak to the bound polaron state, this behavior fits again well with the reduced presence of lithium vacancies and therefore also of    Nb Li    defects that can provide bound polarons in SLN. This connection to the bound polaron state is also confirmed by a strong increase of the 1.5 eV peak in CLN upon prolonged reduction [82,84].



The 1.3 eV peak, however, vanishes under that reduction. This may indicate a relation of that peak to hole polarons, as the reduction floods the substrate with negative charge carriers not only appearing as electron polarons but also filling the remaining holes. Maybe it is even a counterpart of the bound polaron luminescence for free or bound holes—a transition from free hole states or from excited bound hole states back to the bound hole ground state. Unfortunately, no further investigations have been reported for that peak so far. Therefore no data are available for the determination of the deeper physical nature of that peak—probably because of problems to separate both peaks spectrally. However, we must reject the claim of Kostritskii et al. [82,84] to assign the 1.3 eV peak to the recombination of free electron polarons with hole polarons. The recombination of free electron polarons with free hole polarons has already been assigned to the luminescence in the visible wavelength range to be discussed below. Moreover, the time dependence of such polaronic recombinations would result in a stretched-exponential behavior [19,76], which has not been observed in the time-dependent measurements of the NIR luminescence band to be discussed below.



Further measurements of temporal, thermal, and doping behavior confirmed and clarified the role of the bound polaron state in the 1.5 eV luminescence peak. Unfortunately, in all these measurements to be discussed in the following, no differentiation has been made between the 1.5 and 1.3 eV peaks, possibly due to difficulties to separate these two overlapping peaks. Conclusions have therefore been drawn only for the 1.5 eV peak, and not for the 1.3 eV peak.



Measurements of the 1.5 eV photoluminescence in Fe-doped CLN showed a clear increase of intensity with the doping level, while lifetime and temperature dependence were not influenced [14]. This supports the role of Fe not as a luminescence center itself but as a donor providing bound electron polarons as luminescence centers. The luminescence of the 1.5 eV peak has been interpreted as the result of a two-step excitation process: A charge transfer    Fe  2 +     +     Nb  Li   5 +   →  Fe  3 +      +    Nb Li  4 +     is followed by a transition into an excited state (   Nb Li  4 +    )* slightly below the conduction band edge (Figure 1). The luminescence energy of 1.5 eV agrees well with the bound polaron energy of 1.6 eV, when (   Nb Li  4 +    )* is identified with a shallow trap around 0.1 eV below the conduction band edge. The mono-exponential behavior of the luminescence decay (with a unique decay time) supports the interpretation that the bound polaron and excited state (   Nb Li  4 +    )* are on the same site, since a random spatial separation would result in a stretched exponential decay as a superposition of exponentials with different decay times [19,76,77].



Moreover, strongly Fe-doped CLN (1 mol % Fe) showed a quadratic increase of the the luminescence intensity with the illumination intensity, according to a two-step excitation [14]. For lower doping concentrations than 0.05 mol % Fe, the dependence of the luminescence on the illumination intensity reached a linear regime, because the smaller number of Fe ions was already completely excited at the used illumination intensities (saturation regime). In this regime, the found direct proportionality between the luminescence intensity and doping concentration supports the model of polaron excitation by charge transfer. The observation of luminescence in nominally undoped LNO may be related to the Fe impurities that are generally present in this material.



In addition to these doping dependencies, Harhira et al. found also a strong temperature dependence of the luminescence intensity, which is typical for polaron-mediated luminescence, as shown in Figure 3b. Due to non-radiative transitions the 1.5 eV luminescence peak decreases strongly with temperature and is at room temperature about 2 orders of magnitude weaker than at 10 K. This dependence on temperature yields an activation energy of 0.22 eV. However, the radiative decay time of 9 µs was observed to be independent on temperature [13]. As the extracted activation energy is near the free polaron hopping energy, the authors interpreted the results in the following way: the temperature dependence is caused by a concurring non-radiative decay being mediated by hopping from the excited state (   Nb Li  4 +    )* to the free polaron and further down to the bound polaron (Figure 1) [14]. Note that no analogous luminescence had been observed for free polarons, which supports that the relaxation via the free polaron state is indeed completely non-radiative.



This interpretation, however, is still contradictory. When a certain number of bound polarons is excited and an additional temperature-dependent nonradiative decay would occur, the total measured luminescence lifetime would also be influenced by that nonradiative channel and could not be temperature-independent. We suggest here an alternative interpretation: Between the excitation of the charge carrier from the Fe2+ ion into the bound polaron state and the excitation of that polaron, the possibility exists that the charge carrier tunnels to a neighbored    Nb Nb    site. The probability not to return but to escape as a free polaron is determined by the hopping probability being governed by the hopping activation energy. As a result, the number of bound polarons being excited to the (   Nb Li  4 +    )* state is drained by that escape process, yielding the polaron hopping activation energy for the temperature dependence of the luminescence. The luminescence process itself, however, would not be accompanied by a nonradiative decay modifying the luminescence lifetime.




2.4. Visible Luminescence Band in LNO


The second important polaron-mediated photoluminescence band found in LNO lies in the visible wavelength range. The luminescence maximum was observed around 2.6 eV (ca. 470 nm), as shown in Figure 4a. The luminescence showed a strong dependence on Mg doping and has been associated with the recombination of free electron with free hole polarons [15,16,17,18,19]. This interpretation has been supported by a stretched-exponential decay of this luminescence with lifetimes in the range of µs [19,71]. Similar to the transfer of bound polarons into iron ions described above, this recombination involves randomly distributed recombination partners being separated by random distances—resulting in a stretched-exponential instead of a mono-exponential decay [19,71,76,78].



As there is little data about the properties of free hole polarons, the measured luminescence energy can, in principle, be used to determine the hole polaron energy level. Assuming a LNO bandgap of 4–4.3 eV following to the absorption measurements [39,40,41], a free polaron energy of 1.1 eV and the 2.6 eV luminescence energy leave a free hole polaron absorption energy of about 0.3–0.6 eV (Figure 1). The calculated bandgap values of 4.7–5.4 eV [47,48], on the other hand (supported also by the reflection measurements in Refs. [44,45]), result in higher free hole polaron energies of 1.0–1.7 eV, comparable with the free electron polaron and bound hole polaron energies. A recombination of free polarons with bound holes, however, can be clearly excluded as a source of visible luminescence, as the bound hole energy of 2.5 eV would leave only a luminescence energy between 0.4 and 1.8 eV. Even the largest calculated bandgap of 5.4 eV [48] is not large enough to yield the peak energy of 2.6 eV.



As mentioned in Section 2.2, a 2.5 eV absorption band (observed at 20 K under 532 nm picosecond pump pulse excitation) has been assigned to the bound hole polarons and vanishes under heating up to room temperature or under additional HeNe laser illumination [8,9]. An explanation for this disappearance may be an excitation of the bound hole polarons releasing them as free hole polarons from the defect trap.



The first measurements of this luminescence have been made by Koppitz et al. [16] and Klose et al. [15] and revealed a strong dependence on Mg doping, but also on stoichiometry and temperature. These measurements have been carried out for different stoichiometries and Mg dopings as well as in a temperature range from room temperature down to 77 K. The samples have been excited with X-rays [16] or with a a Xenon lamp as well as with an excimer laser (249 nm, 20 ns) for lifetime measurements [15], respectively.



The following behavior of the luminescence in Mg-doped CLN has been measured:




	
At 77 K a strong increase of the luminescence intensity as a function of the doping concentration has been found. The strongest increase by almost 2 orders of magnitude was between 2 and 4 mol % Mg, accompanied by a weaker increase between 4 and 9 mol % [15].



	
Also measured at 77 K: the luminescence intensity of 6 mol % Mg:LNO for a range of different    Li / ( Li + Nb )    ratios, showing an increase of 2–3 orders of magnitude between 42.5% (strong Li deficiency) and CLN stoichiometry [15].



	
The luminescence is also strongly temperature-dependent [16]. The ratio of luminescence intensities at 80 K and at 295 K reaches values of almost 200 for Mg:CLN with dopings of 4 mol % and higher. This means, at these dopings the luminescence increases by a factor of about 200 when cooling down to 77 K. At low dopings of 2 mol % and below, this ratio is quite lower. This low value has not been exactly displayed in the concerning diagram, but seems to be in the order of 10. The increase of this ratio between 2 and 5 mol % is clearly related to the doping threshold and the replacement of    Nb Li    anti-sites.








The temporal behavior of the luminescence showed also to be strongly influenced by temperature and doping. Using a pulsed excimer laser (  λ   = 249 nm) with 20 ns pulses, the lifetimes of the luminescence were measured for different temperatures between 20 and 300 K and dopings up to 9 mol %:




	
Undoped CLN showed a constant lifetime of almost 10−7 s at all temperatures.



	
At the low temperatures the lifetimes grow with the Mg doping, reaching about 4 × 10−7 s at 20 K around the doping threshold.



	
From 20 to 200 K the luminescence lifetimes of the doped samples fall almost linearly, reaching the value of the undoped CLN at 200 K. Between 200 and 300 K all lifetimes are almost constant at the value of undoped CLN.








It has been assumed that below the doping threshold nonradiative decay channels quench the luminescence, while these channels are suppressed around the doping threshold [15,16,17]. This behavior of the nonradiative decay channels has been attributed to variations of the electron-phonon interaction [15,16,17], which appears to be probable as Xin et al. found a moderate reduction of the electron-phonon interaction by 50% around the doping threshold [42]. As nonradiative decay in a solid is related with the emission of phonons, this reduction will probably affect the luminescence quenching as well. However, a reduction by 50% is not sufficient at all to explain the huge variations of the luminescence intensity by about two orders of magnitude. On the other hand, the doping and stoichiometry dependencies indicate that the luminescence will be suppressed through the presence of    Nb Li    anti-site defects. In comparison to the moderate variations of the electron-phonon coupling, the complete removal of the    Nb Li    anti-sites is obviously the ultimate cause of the strong luminescence enhancement. This indicates that these intrinsic defects are very important for the non-radiative decay channels. Hence, reducing the defect concentration by doping around the threshold increases the luminescence and its lifetime, while an increase of the lithium deficiency reduces the luminescence intensity again by restoring the    Nb Li    anti-sites [15].



Note that there is still the strong temperature dependence of the luminescence above the doping threshold, indicating the existence of different luminescence-quenching channels being independent from    Nb Li    anti-sites. If such channels are responsible for the luminescence quenching at higher temperatures, they are obviously very sensitive to temperature.



The effect of defect concentration on luminescence has also been reported for the luminescence from dopants as Cr3+ and Er3+ [85,86]. Although these cases deal not with polaronic luminescence itself we will discuss them in the next paragraphs because they provide some deeper insights into the luminescence quenching mechanism.



As the luminescence spectra from dopant ions originate from their radiative transitions, this radiation is obviously excited by the transition of electrons from the conduction band (or from neighbored polarons) over unoccupied states of the dopant ion to the valence band—via at least one radiative transition. In principle these radiative transitions can be quenched by the same mechanisms that also quench radiative electron and hole polaron recombinations—via concurring nonradiative channels returning excited charge carriers back to the valence band, bypassing all radiative transitions. The first example are the strong variations of the Cr3+ luminescence in Cr-doped LNO under varying stoichiometry, as there is a strong luminescence quenching in non-stoichiometric LNO depending on the number of defects [85]. A similar example is the enhancement of Er3+ luminescence in Er-doped CLN at higher Mg dopings, as reported by Tang et al. [86]. Absorption measurements showed the presence of bipolarons in these materials and a reduction of this presence through Mg doping. As the measurements showed no detectable sign of single bound polarons, the authors proposed this concurring decay to be mediated by bipolaron formation and subsequent recombination with hole polarons [86], as depicted in Figure 1. This decay channel depends immediately on the presence of    Nb Li    anti-sites that can form bipolarons. It is conceivable that not the whole bipolaron has to be recombined with two hole polarons at once, but only one of the two constituting electron polarons with one hole polaron. This would leave behind the other electron polaron as a bound polaron, where a new free electron polaron can aggregate. At any case, this nonradiative decay would require the presence of    Nb Li    anti-sites as hosts. As these anti-sites are surrounded by lithium vacancies, it is possible that the nonradiative recombination takes place between bipolarons and hole polarons that have been trapped as bound hole polarons in the neighborhood of these lithium vacancies. For the visible polaronic luminescence, this quenching mechanism may explain well the luminescence quenching in LNO samples with a higher amount of    Nb Li   , as in CLN samples with low Mg doping. When at low or zero dopings very much anti-sites are present, the nonradiative recombination might also take place via single bound polarons instead of bipolarons; the important point is again the presence of    Nb Li    anti-sites. Furthermore, it is also possible that the niobium interstitials    Nb V    show physically the same behavior, thus contributing comparably to the nonradiative recombination. The temperature-dependent luminescence quenching occurring in highly doped Mg:CLN at room temperature, however, cannot explained in that way due to the absence of    Nb Li    anti-sites. As already stated above, the reason for that quenching must be found in different concurring nonradiative recombination processes, maybe mediated by Mg-containing defect complexes.



The temperature dependence of luminescence in higher doped CLN has also parallels in the luminescence from dopant ions. For Tb3+ luminescence in 2.8 mol % Tb:CLN, temperature-dependent quenching was observed that sets in above 150 K. Its temperature dependence shows an Arrhenius-like behavior with an activation energy of 0.22 eV [87]. This value lies within the range of the polaron hopping energy, thus indicating an involvement of polaron hopping processes in the luminescence quenching. Note that a 2.8 mol % Tb3+ doping may approach the doping threshold for Tb3+, leaving only few    Nb Li    anti-sites in the material. In that case we would have an analogy to the temperature-dependent luminescence quenching in Mg:CLN with doping concentrations around the threshold. On the other hand, the temperature-dependent behavior of Cr3+ luminescence in Cr-doped SLN showed to be determined by the electron-phonon coupling. In a range from 77 to 300 K the temperature dependence of the Cr3+ luminescence agreed well with calculations based on a quantitative model of electron-phonon interaction [88], thus leaving no space for any indications for an involvement of polaron hopping. Probably the nonradiative decay channel exists in the Cr3+ ions themselves and is directly related with the emission of phonons without any energy transfer to polarons.



These examples demonstrate a variety of possible luminescence quenching mechanisms in (doped) LNO. As we will discuss in the next section, the temperature dependence of the visible polaronic luminescence in highly Mg-doped CLN shows also an Arrhenius-like behavior with activation energies in the range of the polaron hopping energy, thus being comparable to the case of Tb3+ luminescence.



Our first investigations on this visible photoluminescence [17,18] mainly dealt with the investigation of its domain contrast to be discussed in the next part. We detected the luminescence spectrum with a maximum around 2.6 eV and a width of almost 0.35 eV upon a three-photon excitation. For that we focused a near-infrared femtosecond laser beam from a Ti:Sa laser (100 fs at 790 nm and with a repetition rate of 75 MHz) through a high N.A. immersion objective onto 0.5 to 1 mm thick z-cut samples. To avoid the pyrolysis of the immersion oil, the focus was kept 10 µm inside the sample bulk. To overcome the bandgap, a three-photon process is necessary for this excitation wavelength, as has also been indicated by power-dependent measurements of the luminescence intensity [17]. The luminescent light was collected by the same objective and detected by a spectrometer after being coupled out by a beamsplitter and after blocking of the 790 nm stray light. We also applied a spectral intensity calibration for both the spectrometer as for the detection path. However, the excitation wavelengths of our pulsed lasers (and their higher harmonics) were too far off the effective wavelengths for the NIR luminescence excitation. Therefore our investigations have been concentrated on the visible luminescence band.



Our luminescence measurements have confirmed the strong dependence on Mg doping, especially on the 5 mol % doping threshold: For CLN samples of 5 and of 7 mol % Mg doping, respectively, high luminescence intensities have been observed, while for 3 mol % and below the luminescence intensity was lower by at least two orders of magnitude, as shown in Figure 4.



For this review we have carried out additional measurements of the luminescence spectrum of stoichiometric lithium niobate (SLN) samples to prove the importance of the doping threshold for different dopings and stoichiometries, too. For this purpose SLN samples have been prepared in the Wigner Research Center for Physics in Budapest, where SLN has already been prepared for investigations on the bandgap [43]. The SLN samples prepared for our luminescence investigations had been doped with different Mg concentrations as well as with other optical damage resistant dopants like Zn, In, Sc, Hf, and Zr. The dopant concentrations were chosen to be always above the threshold, which depends on the growth process and the valence state of the dopant [89,90]. Our aim was to take a further look on the luminescence quenching not only by a different stoichiometry but especially by different dopants than Mg. Note that due to the still non-perfect stoichiometry of usual SLN there is still a finite doping threshold of about 1 mol % for Mg doping [36], while improved approaches to perfect stoichiometry yielded a further reduction of the Mg doping threshold to as low as about 0.2 mol % Mg [37].



Figure 4a shows the luminescence spectra of Mg:CLN and Mg:SLN. Both 5 and 7 mol % Mg:CLN and 1, 2.5 and 4.5 mol % Mg:SLN show a luminescence intensity in the same order of magnitude. The decrease in luminescence at 4.5 mol % doping in Mg:SLN may be a consequence of an increasing number of defects that far above the doping threshold. Moreover, all samples show a strong second-harmonic peak around 3.1 eV.



Figure 4b shows the weak three-photon luminescence from undoped CLN and SLN, as well as from CLN doped below the threshold. The luminescence is at least two orders of magnitude smaller than for threshold and super-threshold doping, thus confirming the findings presented above. As the SLN crystals still show a certain Li deficiency, they contain enough luminescence-suppressing    Nb Li    defects to keep the luminescence on the same low level as for the weakly doped Mg:CLN samples. In accordance with our expectations, the luminescence signal from undoped CLN is lowest as these crystals contain the highest concentrations of    Nb Li   .



Figure 4c shows photoluminescence spectra of SLN with different damage-resistant dopants: Hf, Zr, Zn, Sc and In, that all leave the SLN transparent. The luminescence strength is indeed of the same order of magnitude as for the 1 mol % Mg-doping around the threshold. The considerable luminescence at dopings of around 0.5 mol % for Sc, In and Hf, as well as the stronger luminescence for 0.7 mol % Zn, compared to the weak luminescence of undoped SLN as shown in Figure 4b, confirms the influence of the low threshold of SLN on the luminescence quenching. An outstanding example, however, is the low Zr doping being accompanied with a luminescence intensity as high as for the 0.5 mol % doping of other dopants. Doping SLN with Zr, however, showed indeed a comparably low doping threshold of only 0.085 mol % [91] instead of 0.2–1 mol % as in the case of Mg doping [36,37]. Moreover, even for congruent lithium niobate a rather low doping threshold of only 2 mol % has been found for Zr doping [92]. Note that the dopings of Zn [93] as well as for Hf and Zr have been directly measured, while all other concentrations have been determined from the melt. Deviations between the doping concentrations in the melt and in the crystal as well as slightly different doping thresholds may explain e.g., the larger luminescence intensity from 0.7 mol % Zn compared to 1 mol % Mg or of 0.5 mol % In compared to 0.5 mol % Sc or 0.55 mol % Hf.



Thus, we have confirmed that also the doping-induced luminescence enhancement is really independent from the specific properties of Mg defect ions and works in the same way with different optical damage resistant dopants. Note that all these luminescence spectra show the same shape with the maximum around 2.6 eV and a width of almost 0.35 eV, independent from the specific kind of dopant. This underlines again the polaronic origin of that luminescence instead of being caused by any specific dopant defect centers (like the Er3+ luminescence in Er:LNO [94,95]), and it confirms the identical mechanism of luminescence enhancements by doping with these dopants which leads to the replacement of    Nb Li    anti-sites.



In addition to these damage-resistant dopings that leave the samples transparent, we have also made measurements with SLN and CLN samples doped with Fe, Mn or Er. These impurities—that change the absorption in the visible range drastically—do not yield any sign of an enhanced 2.6 eV photoluminescence. This is probably due to their strong absorption or by providing new strong decay channels. Only the Er dopants show the known Er luminescence [86,94,95]. Especially Fe does not increase the visible luminescence peak at all; even a sample with all Fe ions being brought into the Fe3+ state (changing the sample color from dark red to pale yellow) did not show any luminescence peak around 2.6 eV.




2.5. Time Dependent Measurements of the Visible Luminescence Band


To obtain a deeper insight into the nature of the visible photoluminescence we carried out time-dependent measurements that have been published in a separate paper [19]. In these measurements we used a pulsed UV laser light source at 266 nm with 4 ns pulses up to 5 mJ. The setup allowed to measure luminescence lifetimes up to the range of ms. Strongly enhanced luminescence signals were obtained by cooling the sample down to a temperature range of 100 to 200 K. The sample surfaces were illuminated under 45° and the luminescence was detected under 90° to the exciting beam. Time-averaged luminescence spectra measured from 7 mol % Mg:CLN for different temperatures are shown in Figure 5, showing a strong decrease of the luminescence with temperature. The strong temperature dependence of the luminescence has thus been confirmed for dopings around the threshold, indicating the existence of further luminescence quenching mechanisms not being mediated by    Nb Li    anti-sites.



However, at these deep temperatures a layer of microscopic ice crystals was formed by sublimated water, which affects the reflection properties of the sample surfaces. As this effect increased with lower temperatures the measured intensities could not be used for an exact quantitatively analysis but only for a simple demonstration of the increase of luminescence quenching with temperature. For more precise measurements another setup would be necessary keeping the sample in vacuum or within a completely dry nitrogen atmosphere. Additionally, like with our thee-photon femtosecond setup no near-infrared luminescence has been detected with the UV laser pulse setup.



Consequently, the time-dependent measurements of luminescence have been carried out at 150 K, using the advantage of reduced luminescence suppression and making also measurements at sub-threshold dopings feasible. Like in the case of the non-radiative decay of bound polarons into the Fe defect centers, a stretched-exponential decay of the luminescence can be found. This confirms the polaron recombination as the luminescence source, as the recombination of spatially randomly distributed polarons yields a superposition of different exponential decays [15,19]. The intensity of the luminescence hence has to obey the equation


   I  ( t )  =  I 0    t   β − 1   exp  −   ( t / τ )  β   .   



(1)




corresponding to the time-derivative of the stretched-exponential decay of the number of excited charge carriers:


   n  ( t )  =  n 0  exp  −   ( t / τ )  β   ,   



(2)




which is typical for transitions that form an ensemble of emitters with distributed decay rates [19,71,78]. The closer   β   to 1, the nearer the decay comes to a single exponential. A small   β  , however, indicates a broader distribution of decay times. After passing of the exciting pulse the relaxation of excited free charge carriers into polarons takes place within picoseconds [50,51,52], so that at later times only recombining electron and hole polarons are present and their dynamics can be described just by Equation (2).



We carried out our time-dependent measurements at CLN samples with dopings above and below the doping threshold, namely at 3 mol % and 7 mol % Mg content, to investigate the behavior in these two regimes. While the visible luminescence of 3 mol % Mg:CLN is very weak at room temperature, the cooled nanosecond excitation setup provides the possibility to observe the increased luminescence intensities at low temperatures. This follows from the measurements in Ref. [16], showing a strong temperature depence of luminescence already at 3 mol % Mg doping, which allows good luminescence measurements for both dopings at low temperatures.



In both cases of 3 and 7 mol % Mg doping we found that the temporal decay has to be fitted with a superposition of two stretched exponentials, resulting in each two values    τ 1   ,    τ 2    (with    τ 1    in the order of µs and    τ 2    in the order of 10 ms to 1 s) and    β 1   ,    β 2    (between 0.5 and 0.7), as shown in Table 1. The decay curves are displayed double-logarithmically in Figure 6a, corresponding spectra are shown in Figure 6b, the latter confirming the peak position at 2.6 eV and the width around 0.3 eV. For the time-dependent measurements the luminescence spectrum has been integrated over a small range around the spectral maximum. Especially the luminescence decay curve from the 7 mol % Mg sample shows a distinct separation into two regimes below    10  − 4     s and around    5 ×  10  − 4      s that have indeed to be fitted with two stretched exponentials.    I  1 , 2  max    are the prefactors of the stretched exponentials and give the contributions of these exponentials to the intensity    I max    at    t  =    0. The subscript “max” denotes that the measured time-dependent intensity is obtained by integration around the spectral maximum, to which the stretched exponentials are fitted. In Table 1,    I 1 max    and    I 2 max    are normalized for each sample to the respective larger value. For 7 mol % Mg they have a small ratio of     I 2 max  /  I 1 max     of about 3.5    ×   10  − 2     , i.e., the intensity from the first stretched exponential is considerably higher than from the second one. For the 3 mol % Mg:CLN, however, the opposite is the case: the inverse ratio     I 1 max  /  I 2 max     is very small at about 2.3    ×   10  − 3      and the first exponential shows a rather weak contribution. As a consequence, the kink between the two regimes is much less pronounced.



The separation of the time development into two regimes for 7 mol % Mg:CLN may be explained by the time development of hole polaron and electron polaron density. Within some hundred fs after each exciting pulse the excited charge carriers relax into polaron states [47,50,51], and free electron and hole polarons occur in such a density that each charge carrier finds a partner for recombination in its nearest neighborhood. Thus, many recombinations involve none or only few electron/hole polaron hoppings to neighbored sites because adjacent electron and hole polarons can recombine directly. This yields the first stretched exponential as a superposition of shorter lifetimes from direct recombinations about small distances and only few hoppings. These conditions change when these charge carriers—the majority of excited charge carriers—have recombined and the remaining charge carriers have to move over longer distances by hopping. This results in a different superposition of decay times where the contributions from the recombinations are negligible compared to the longer hopping times [19]. These different contributions of direct recombinations and hopping times may explain the existence of two regimes that make two stretched-exponential fits sensible.



For the 3 mol % Mg:LNO, however, the relative intensity of the first exponential is much weaker than of the second. This behavior is probably caused by the stronger nonradiative decay below the doping threshold: Most of the electron and hole polarons created through the exciting pulse recombine nonradiatively, which obviously causes a very strong drain of the first regime.



After these first time-dependent measurements at the 3 mol % and the 7 mol % Mg:CLN samples, the measurements on the 7 mol % Mg:CLN sample—the one with the larger luminescence—have been extended to different temperatures between 100 and 200 K. These measurements are shown in Figure 7a, revealing a strong temperature dependence of the decay curves and their parameters.



Figure 7b shows the dependence of    β 1    and    β 2    on the temperature, Figure 7c the temperature dependence of the lifetimes    τ 1    and    τ 2   . Although higher temperatures yield a faster recombination and lower decay times, the higher energy of the crystal and its constituents appear to yield a broader distribution of the decay times resulting in stretched exponentials with lower   β   values. Note that the curves from the lower temperatures show the kink which distinctly separates the two regimes with different   β  ’s and   τ  ’s, while at 200 K this kink has disappeared. The higher   β   values at the lower temperatures render the curves more exponential-like, yielding a stronger bending in the double-logarithmic plot that makes the kink between the two regimes more pronounced. This is related with a narrower distribution of decay times in the two regimes, indicated by the   β   parameters closer to 1. The vanishing of the kink at 200 K, however, coincides with smaller   β   and may indicate that the broadening of these decay time distributions yields an overlap of these distributions that dissolves the clear separation of the two regimes.



Moreover, the ratio     I 2 max  /  I 1 max     of the second exponential intensity to the first showed a strong temperature dependence: at 100 K     I 2  /  I 1     is about    10  − 4     while it rises to the factor 10 at 200 K [19]. Like in the case of 3 mol % Mg:CLN this behavior probably stems from the luminescence quenching that increases with temperature and drains the first regime, thus lowering    I 1    in relation to    I 2   . Note that due to the sublimation of water on the cooled sample surface a sensible quantitative evaluation of the absolute intensities    I 1    and    I 2    was not possible, while the division of    I 2    by    I 1    at each temperature cancels this unwanted effect.



The luminescence lifetimes    τ 1    and    τ 2   , shown in Figure 7c, drop by 1–2 orders of magnitude from 100 to 200 K. They show an Arrhenius-like behavior with two distinct regimes below and above 150 K. Using the Arrhenius-like law


   τ  ( T )  =  τ 0  exp   E a  / k T  ,   



(3)




the activation energies    E a    can be obtained through linear fits by plotting the logarithm of   τ   over    1 / T    (Arrhenius plot). In that kind of plot two regimes with constant slopes appear. All resulting activation energies are shown in Table 2. Fitting the lifetimes   τ   in the higher temperature range between 150 K to 200 K yields activation energies of (139 ± 22) meV for    τ 1    and (103 ± 48) for    τ 2   . For temperatures below 150 K, however, the fits yield much lower activation energies of    τ 1    and    τ 2   .



These results raise the question about the origin of this Arrhenius-like behavior with these activation energies. For a possible answer we will discuss now a hypothetical picture. Note that this picture is based on the assumption that the bandgap energy is around 4 eV, yielding a rather low free hole polaron energy around 0.3 eV. This low energy is important for the following discussion. A higher bandgap and a higher free hole polaron energy, however, would result a completely different picture. Despite this ambiguity we present the following considerations as an example in what manner these recombination processes could be modeled.



If only a radiative recombination would occur, the radiative lifetime    τ r    would be determined by the mobilities of free electron and hole polarons. Assuming the considerably lower free polaron energy of 0.3 eV would also yield a stronger delocalization, resulting into a lower activation energy and a higher mobility. Due to their higher mobility the recombination dynamics is dominated by the dynamics of the free hole polarons, because the hole polarons move faster and do not have to wait for the slower free electron polarons. The temperature dependence of the radiative recombination lifetime    τ r    should then be determined by the low hole polaron activation energy. With real electron polaron hopping energies in a range of 0.1–0.24 eV [58,64,65] associated to an electron polaron energy of 1 eV, the hopping energies of hole polarons (with 0.3 eV polaron enery) can accordingly be estimated to be in a range of 0.03–0.08 eV. The activation energy of    τ 1    for T< 140 K—almost 40 meV—lies at the lower end of that range. This is consistent with the assumption that the radiative recombination is dominant in the range between 100 and 150 K.



Around 150 K, however, another regime with an activation energy of 139 meV appears. As demonstrated by Figure 5, the luminescence intensity drops also strongly with the temperature, indicating a concurring nonradiative recombination. As the luminescence intensity has dropped by more than two orders of magnitude at 200 K, this process can be considered as dominant for    T >    150 K and the higher activation energy can be assigned to this nonradiative recombination. This activation energy fits well with the measured activation energies obtained from electrical DC conductivity [4,58,64,65], indicating that the nonradiative recombination process is mediated by free polaron hopping. The activation energies of    τ 2    are smaller than for    τ 1   , but    τ 2    behaves still quite similar to    τ 1   .



As there are no    Nb Li    anti-sites in 7 mol % Mg:CLN, the nonradiative recombination cannot be mediated by bipolarons (or bound polarons). As there are still lithium vacancies    V Li    in the substrate, especially as parts of the    Mg Li    +    V Li    defect clusters, the recombination of free polarons with bound hole polarons may be a promising candidate for a nonradiative recombination channel. As the bound hole polarons are trapped at the lithium vacancies, the recombination dynamics would be governed by the hopping of the free electron polarons that have to meet these bound holes, thus resulting an activation energy according to the electron polaron hopping energy. Thus, the    Mg Li    +    V Li    defect clusters would, in a certain sense, take over the role of the    Nb Li    anti-sites in undoped or weakly doped LNO. However, in Mg-doped LNO also    Mg V    interstitials that occupy regularly empty octahedra, including associated lithium vacancies, would probably contribute to luminescence quenching as well by providing similar nonradiative recombination channels. In this hypothetical model, the mechanisms of hole polarons by lithium vacancies would be the same.



A similar behavior of the temperature-dependent quenching of Tb3+ luminescence has already been discussed in the last section [87]. The activation energy of 0.22 eV matching to polaron hopping has been found at temperatures above 150 K, at lower temperatures the luminescence was almost constant. This indicates that the Tb3+ luminescence is quenched by the same nonradiative recombination channel. Unfortunately we were not able to round the picture off by an exact evaluation of the luminescence intensities over different temperatures.



We note again that this speculative model requires a low free hole polaron energy and high mobility, based on a bandgap of 4 eV. As the question of the exact bandgap value being relevant for the photoluminescence is not yet finally resolved, proper modeling of the recombination physics requires a reliable knowledge of the energy and other properties of free hole polarons. These data should be obtained by independent measurements.



A comparison with the lifetime measurements made by Klose et al. [15] reveals some further unclear points. Note that the presented lifetime measurements are made with similar nanosecond-pulsed laser light (20 ns pulses at 249 nm in the measurements of Klose et al. and 4 ns at 266 nm in our measurements). Klose et al. did not differentiate between    τ 1    and    τ 2   ; as they measured lifetimes in the range below 10−6 s it is sensible to compare their measurements with our    τ 1    values. When we can thus compare the lifetime measurements by Klose et al. with our    τ 1    values, the discussion of the results shows that the following points deserve a deeper investigation:




	
Doping CLN with Mg reduces the luminescence quenching induced by    Nb Li    and increases the lifetimes [15]. This indicates that the radiative recombination and the nonradiative recombination via    Nb Li    live indeed from the same reservoir of (freely moving) polarons, because the presence of the additional nonradiative recombination reduces the total lifetime of    n ( t )    and therefore also the luminescence lifetime. While the replacement of    Nb Li    by Mg doping increases the lifetime, however, the temperature-dependent quenching at the higher dopings brings the lifetime back just to the value at zero doping. Is that accordance only accidentally or based on deeper reasons? The answer to this question requires a deeper understanding of the radiative and nonradiative recombination processes.



	
At zero Mg doping the lifetime measured by Klose et al. remained constant between 100 and 300 K. The strong luminescence suppression without doping underlines the dominance of the nonradiative recombination mediated by the    Nb Li    anti-sites. Obviously the dynamics of this recombination is rather insensitive to temperature.



However, it seems to be difficult to find a consistent explanation for that. When the nonradiative recombination process probably lives on the same polaron reservoir like the radiative recombination, it is difficult to understand why not at least the hole polaron activation energy should occur in the luminescence lifetime, yielding at least a temperature sensitivity as in 7 mol % Mg:CLN below 150 K.



Although the nonlinear recombination via bipolarons or bound polarons at    Nb Li    sites looks very probable, a clear model of this recombination, that can easily explain the lifetime behavior, is still missing.



	
In these lifetime measurements the luminescence lifetimes decrease roughly linearly in the temperature range up to 200 K. Plotting    τ 1    from Figure 7c not logarithmically, but in a linear scale over T, it also decreases roughly linearly up to 160 K and nestles to the T axis at higher temperatures. However, this nestling occurs already at 160, and not at 200 K. Moreover,    τ 1    covers a range from almost 100 to about 1 µs, being reduced to about 1/100 of the value at T = 100 K. The lifetimes from Klose et al., on the other hand, are in the order of not more than 5 µs, and around 200 K they stay constant at still 1/5 of the maximum at 80 K.



We could not explain these differences as in both measurement series Mg-doped CLN and similar kinds of laser light have been used. Future investigations should therefore also take a look if and how further parameters take stronger influence on the luminescence dynamics. Especially the influence of excitation intensity and pulse energy should be checked.



	
At all, the lifetime measurements of    τ 1    and    τ 2    should be expanded to measurement series from undoped CLN to 7 mol % Mg:CLN in steps of 1 mol % Mg doping. Furthermore, not only different dopings but also stoichiometries are probably interesting for investigations. Especially the behavior of the activation energies and the temperature of transition between the different regimes (with different activation energies) would be of interest.



Moreover, clearer measurements of the temperature dependence of the luminescence intensities    I 1 max    and    I 2 max    are necessary for a sensible modeling of the recombination processes. These measurements should, of course, cover the same range of Mg dopings and stoichiometries.



	
The discussed model includes the influence of the temperature-dependent polaron hopping. However, nonradiative transition processes in solids require the emission of phonons (or, in general, similar neutral quasiparticles as e.g. magnons). Thus a thorough understanding of the temperature dependence of the radiative and nonradiative recombination rates for different dopings comprises necessarily the knowledge of the temperature and doping dependence of the electron-phonon coupling as well. An interesting question may be if the electron-phonon coupling contributes significantly to the strong increase of the temperature dependence of luminescence around the doping threshold. On the one hand, the doping dependence of this interaction, as given by Xin et al. [42], is too moderate to explain the large doping dependence of the luminescence. On the other hand, the influence of electron-phonon coupling on the temperature dependence of luminescence is unclear. The discussed Arrhenius plots of the lifetimes did not allow to separate the influence of electron-phonon coupling from the influence of polaron hopping. To separate the influence of the electron-phonon coupling onto the luminescence from other processes like polaron hopping, not only further lifetime measurement series but also additional investigations with different methods are necessary.



	
The electron-phonon coupling is possibly not the only further influence that has to be taken into consideration. As shortly mentioned above, the polaron model breaks down at sufficient deep temperatures due to a transition to an itinerant polaron band [66,67,68,69]. However, we have not found preciser information on this temperature range for LNO. In the relevant temperature range, this transition would probably have a great impact on the luminescence and its dynamics.








To conclude this discussion, the nonradiative recombination via bipolarons/bound electron polarons at    Nb Li    and via bound hole polarons at    Mg Li    +    V Li    defect clusters may provide good models for the luminescence quenching through low doping or at higher temperatures. To really understand the radiative and nonradiative recombination dynamics much more and deeper investigations are necessary. These investigations will allow to prove the proposed theories; if they are successful, the models could be developed towards an accurate agreement with the measured data.



The time-and temperature dependent luminescence measurements on 3 and 7 mol % Mg:CLN, that have been thoroughly discussed in this section, have already been published in Ref. [19]. For this review, further time-dependent measurements have been carried out with the same set of SLN samples that we already used to extend our results on luminescence spectra, together with 5 mol % Mg:CLN for comparison. We recorded the time-dependent luminescence now at 100 K, the results are shown in Figure 8, the   β   values and lifetimes from these measurements are presented in Table 3.



The lifetimes were mostly in the order of 10−5 – 10−6 s for    τ 1    and 0.01 s for    τ 2   , while most    β 1    values lie between 0.4 and 0.8 and most    β 2    in the range of 1. However, fitting of the second (long-time) stretched exponential turned out to be difficult in many of these cases, hence the corresponding    τ 2    and    β 2    values suffer from larger uncertainties. The differences between these values for different dopings indicate a significant influence of the dopant on the luminescence decay. Most outstanding is the behavior of the 4.5 mol % Mg:SLN sample with strongly reduced    τ 2    and    β 2   . This corresponds to the behavior of the curve for times > 10−3 s showing a much less distinct kink and a much stronger negative slope compared to the other curves, resulting in an extraordinary small    τ 2   . It seems that doping far above the SLN doping threshold may cause certain degrees disorder in the crystal structure with significant impacts on the temporal behavior of luminescence.




2.6. Summary of Part 2


In LNO the existence of electron and hole polarons has been proven. Excited electrons can occur




	
in free polaron states on    Nb Nb    sites with an absorption maximum at 1 eV,



	
in bound polaron states on    Nb Li    anti-sites with an absorption maximum at 1.6 eV,



	
or in bound pairs of bound and free electron polarons, called bipolarons, with an absorption maximum at 2.5 eV.








To obtain the absorption spectra of these electron polarons, electrons have been brought into these polaron states by reduction of the crystal or by optical excitation of    Fe  2 +    -doped samples. In this way the bound polaron (1.6 eV) and bipolaron (2.5 eV) have been found as well as the dissociation of bipolarons with 0.37 eV dissociation energy and the free electron polarons (around 1 eV) in samples with strongly reduced numbers of    Nb Li    by Mg doping.



The hole polarons, however, have been found to occur at oxygen sites. In contrast to free hole polarons the oxygen sites of bound hole polarons adjoin immediately to defects, probably lithium vacancies [2,9,11]. The absorption maximum of bound holes has been determined to 2.5 eV [8,9]. There is no similar data available on free holes. Due to the uncertainty of the LNO bandgap, the estimation of their energy based on the luminescence peak energy extends still over a larger range from 0.3 to 1.7 eV. The exact energy value, however, is important for the properties of hole polarons, as a small energy would be related with low activation energies, strong delocalization and high mobility. For a deeper understanding of the recombination processes, the energy level and other properties of the hole polarons should be determined precisely by independent experiments.



Two important photoluminescence bands have been revealed that are mediated by these polaron states: one in the near-infrared between 1 and 2 eV and another in the visible range around 2.6 eV. In the near-infrared actually two peaks have been observed: one at 1.5 eV and one at 1.3 eV. On the latter peak unfortunately no deeper physical investigations have been conducted so far. The 1.5 eV luminescence peak, however, shows a mono-exponential relaxation, indicating its origin from a single center without transitions between different, spatially randomly distributed defect states. This luminescence has been assigned to the radiative relaxation of an excited state     (  Nb Li  4 +   )  *    of the bound polaron. The following properties support that interpretation: The intensity depends on the stoichiometry of the sample that determines the number of    Nb Li    anti-sites and also on the number of    Fe  2 +     ions from which electrons can be excited into a bound polaron state. It further strongly depends on temperature, likely due to a non-radiative decay channel that involves thermally induced free electron polaron hopping on neighboring sites.



In contrast, the visible luminescence at 2.6 eV originates from the recombination of free polarons and free hole polarons. This can be concluded from the typical recombination lifetimes in the µs range and from the stretched-exponential luminescence decay being characteristic for the recombination of spatially randomly separated charge carriers. The luminescence and their lifetimes show a strong dependence on temperature, and the luminescence is considerably increased at low temperatures below 200 K. The luminescence increases also strongly with Mg doping concentration up to the doping threshold. The likewise reduction of luminescence by reducing the Li content indicates the obvious importance of the number of    Nb Li    for creating luminescence-quenching non-radiative decay channels. The measurements using SLN doped with various optical damage resistant ions confirm the role of the doping threshold, as can be seen from the small luminescence intensities from undoped SLN and weakly doped CLN, while dopings around the low SLN threshold yield as large luminescence intensities as for the much higher doped 5 mol % Mg:CLN. The occurrence of this enhancement in SLN for different dopants verifies that the mechanism of luminescence enhancement does not depend on the specific properties of Mg, although luminescence intensities, lifetimes, and doping thresholds vary for the differently doped SLN samples. A promising model for the luminescence quenching at low dopings is the mediation of the non-radiative decay by the formation of bipolarons (as proposed for Er3+-doped CLN [86]) or bound polarons. This would explain the requirement of    Nb Li    anti-sites for the nonradiative recombination.



Furthermore, especially at higher Mg dopings above the threshold, a temperature-dependent luminescence quenching appears. By this quenching the luminescence intensity at room temperature is by about two orders lower than at 100 K and below. As almost all    Nb Li    anti-sites are replaced around the doping threshold, while    Mg Li    +    V Li    defect clusters appear, obviously another concurring nonradiative recombination process occurs. A probable hypothesis is a nonradiative recombination with bound hole polarons being trapped at the lithium vacancies. However, a full and thorough understanding and modeling of all recombination processes is still missing—especially concerning the temperature dependence of intensities and lifetimes, and the influences from polaron hopping, electron-phonon coupling or further processes. More clarity is also needed about the contributions to luminescence quenching from Mg or Nb insterstitials not occupying Li sites but regularly empty oxygen octahedra. We have already suggested that they play probably a similar role like their pendants on Li sites, however, this has still to be confirmed. To solve all these questions, many further investigations would have to be carried out.





3. Ferroelectric Domain Contrast of the Visible Luminescence Band in Mg:LNO


After reviewing the various polaron states and the luminescence phenomena based thereon we discuss now the most interesting feature that we have observed with the visible polaronic luminescence. The visible photoluminescence turned out to be sensitive to a certain structural property of the crystal bulk, namely imperfections of the electric poling due to the presence of defect complexes [17,18]. This sensitivity yields a slight reduction of the luminescence in electrically inverted domains. Up to now, it is not clear if the near-infrared luminescence is also affected by electrical poling, as we did neither observe it with our setups nor other researchers have been published anything about.



In Section 3.1 we give an overview on several known effects of imperfect electric poling on electrical and optical properties of ferroelectrics. We point out especially the    Nb Li    + 4   V Li    model of polar defect complexes by Kim et al. that is widely accepted to explain these effects in lithium niobate [28,29]. In the following Section 3.2 and Section 3.3 we focus onto the details of the domain contrast of the visible luminescence band between virgin and poled LNO substrates. In Section 3.4 we discuss the thermally activated decay of the luminescence domain contrast, its activation energy and physical consequences highlighting the role of lithium vacancies in the thermally induced reorientation of the    Nb Li    + 4   V Li    defect complexes [29].



3.1. Imperfect Ferroelectric Switching and Its Influence on Physical Parameters of LNO


Throughout poling, certain dipolar defect complexes do not follow the inversion of the ferroelectric polarization and end up in a frustrated state after poling. Interactions between the defect dipole and the surrounding inverted crystal structure yield a higher energy of this frustrated state compared to the state before poling. Due to these imperfections on the microscopic scale the electric domain inversion cannot be represented by a simple mirroring of the whole crystal structure or its rotation by 180°. These frustrated states are responsible for differences in the physical properties of the virgin and inverted crystal [17,18,22,28,29,95]. The most important electric property affected by this imperfect poling is the coercive field strength. The imperfect poling results in an asymmetry of the coercive fields in forward and reverse directions, which can be expressed in terms of an “internal field”     E int  =  ( |   E f   | − − − |   E r   | )  / 2    [24,25]. In the used convention the coercive field in forward direction    E f    refers to switching from the original virgin state to a singly inverted state, while the field    E r    means switching in the reverse direction—which does not necessarily mean a full restoration of the initial state but a return to the initial direction of ferroelectric polarization. In these terms a positive    E int    means that     |   E f   | > |   E r   |    , i.e., switching back to the original orientation of polarization is easier than the inversion starting from the initial state. When the internal field is caused by dipolar defect complexes that does not follow electric inversion, switching into a state with frustrated dipoles needs indeed more effort than the reverse switching. Gopalan et al. observed internal fields of about 5 kV/mm for (undoped) congruent lithium tantalate (CLT) and about 3.3 kV/mm for CLN [24,25,26,27], and already explained it by the influence of polar defect complexes [24,28].



The question about the defect dipoles behind the internal field has been answered by Kim et al. for lithium tantalate. They proposed the    Ta Li    + 4   V Li    defect complex as being responsible for this phenomenon [29]. Accordingly    Nb Li    + 4   V Li    was assigned to the internal field of LNO [22,28]. A strong indication for the involvement of    Nb Li    and    V Li    defects is the increase of the internal field of the LNO substrate with its deviation from perfect stoichiometry—i.e., the more    Nb Li    defects occur, the stronger are the effects of the according defect structures on domain inversion. Indeed, a linear relation between the internal field and stoichiometry has already been observed [27,28]. It is probable that not only the    Nb Li   -based defect clusters, but also defect clusters consisting of niobium interstitials    Nb V    [33,34] and associated lithium vacancies [34] contribute to the internal field as well. Like the    Nb Li    + 4   V Li    clusters the    Nb V   -based clusters can expected to have an occurrence proportional to stoichiometry, too.



The luminescence domain contrasts, however, have been measured in LNO doped around the doping threshold, therefore lacking the    Nb Li   -based defect clusters, while the    Mg Li    +    V Li    take their place. As the    Mg Li    +    V Li    defect complexes are also dipolar, they will probably go over into frustrated states during electric inversion as well. It is possible that    Mg V    interstitials form, together with lithium vacancies, a further species of Mg-based defect dipoles that show a very similar physical behavior. Being thus responsible for imperfect switching, all these Mg-based defect dipoles can be assumed to play a major role for the luminescence domain contrasts. How this can be possible will be discussed in the next section.



Figure 9 illustrates these defect complexes in the ferroelectric substrate. The    Nb Li    + 4   V Li    complex has a polar structure with a non-zero dipole moment   p  , because it consists of three lithium vacancies adjacent to the niobium anti-site and a fourth lithium vacancy displaced in the polar z direction, as shown in Figure 9a. The defect energy is minimal when the dipole moment is aligned with the ferroelectric polarization   P  . Figure 9b shows the same case for the    Mg Li    +    V Li    dipole. Figure 9c shows then the situation after an electric domain inversion that does not change the orientation of the defect complex, resulting in a frustrated state with   p   antiparallel to   P  . This situation is energetically unfavorable and therefore has little probability to occur in the virgin crystal. It is the presence of these frustrated states that constitutes the imperfect poling and that influences physical properties as coercive field strengths or luminescence. Figure 9d then shows a thermally induced reorientation of the defect dipole itself, as will be discussed in the next paragraphs.



Further investigations showed a strong influence of annealing on the internal field in a temperature range up to 200–300 °C. Note that in this temperature range no processes like reduction occur that alter the crystal structure chemically. The internal field dropped and even changed its sign when the sample was annealed at different temperatures after a first switching [24,26]—while simple annealing of a virgin sample just preserves the virgin state. This phenomenon expresses a kind of thermal relaxation of the frustrated states. However, monitoring the influence of single switching and subsequent annealing on the internal field requires    E int    to be determined from the coercive fields of inversions after annealing. So the original definition of    E int    is not useful because it includes the coercive field from the first (pre-annealing) inversion. Gopalan et al. used a modified definition that we will call here     E int *  =  ( |   E f   2 | − − − |   E r  1  | )  / 2    which uses the second inversion in forward direction (    E f  2   ) that follows after the first reverse poling (    E r  1   ). In that case both inversions used for the definition take place after the annealing that follows after the first inversion.



Figure 10 shows measurements by Gopalan et al. of the internal field    E int *    in LNO. Around annealing temperatures of 100 °C    E int *    has been found to drop, and at 150–200 °C it arrives at a stable negative value with a few smaller absolute value than its positive initial value [26].



Without annealing, reverse inversion is easier than forward inversion. Annealing at higher temperatures after the first switching, however, reverses this relation: forward switching becomes easier than backward switching. Thus, annealing after first inversion at temperatures around 150 °C causes a realignment of the internal field itself.



These measurements confirm that by annealing of the material these defect complexes reconfigure into the opposite orientation. This reorientation is probably realized by a rearrangement of the lithium vacancies due to the thermal mobility of the Li ions. This explanation is the most probably, not only because the dipolar structure surrounding the    Nb Li    consists of lithium vacancies, but also due to the relatively high thermal mobility of the small lithium ions. Thus, the defect complexes leave the frustrated state and minimize their energy by restoring locally the (by 180° rotated) virgin state. This realignment is displayed by the realigned internal field [26]. Figure 9d displays this result for a    Mg Li    +    V Li    defect dipole. In principle, however, the process is the same also for the    Nb Li    + 4   V Li    defect complexes: While the    Nb Li    or    Mg Li    anti-sites remain at rest, respectively, the Li vacancies move around them resulting in a rotated defect complex.



This interpretation is supported by the observations of the infrared absorption peak of OH− defect ions that is obviously affected by the imperfect poling due to the frustrated polar defect complexes. By inversion this peak shifted in the order of 10 cm−1, and subsequent annealing reversed this shift [25,26].



However, the reversed internal field does not reach again its initial absolute value (Figure 10). This indicates that the    Nb Li    + 4   V Li    defect structure is not the only species of defect complexes that contribute to the imperfect poling effect. Probably there are also contributions from the 5   Nb Li    + 4   V Nb    defect complexes based on Nb vacancies [22,30]. These structures based on the larger Nb ions cannot be thermally realigned at temperatures up to 200 °C due to the higher hopping energies of these ions.



In addition to this peculiar electric switching behavior, imperfect inversion can affect several different physical characteristics, especially optical properties. The influence on luminescence is an important point, but also modifications in Raman scattering have been observed. Local Raman scattering measurements showed line shifts on the domain boundaries (domain wall contrast, to be used for monitoring the crystal structure modifications on the domain wall itself) as well as line shifts between inverted domain and virgin surrounding (domain contrast, to be used for monitoring imperfect switching) [20,21,22,23].



The influence of ferroelectric poling on luminescence phenomena has also already been observed in several ferroelectric materials doped with luminescent ions. Jia et al. found an influence of the ratio x on the Eu3+ luminescence in Eu-doped K1−xNaxNbO3 [96], demonstrating the strong influence of modifications of the crystal structure on the luminescence of embedded defects. An enhancement of the Pr3+ luminescence in a Pr-doped (Bi0.5Na0.5)TiO3 sample by up to 30% after poling was observed by Tian et al. [97]. This enhancement has been explained by a poling-induced lattice distortion in the crystal structure that influences the non-radiative decay. It has also been found that the photoluminescence increases with applied voltage, demonstrating that such luminescent defect ions can act as local probes for the local crystal field [97]. Dierolf et al. investigated Er-doped CLN and SLN and found a domain contrast for intensity and peak positions of the Er3+ luminescence, while the peak positions showed an additional domain wall contrast, too [23,94,95]. These effects have been explained by the interaction of polar defect complexes (that may also include the Er3+ ions themselves) with the surrounding crystal. The domain contrasts vanish after annealing at 250 °C which has also been explained by a thermally induced reorientation of the polar defect dipoles [95].




3.2. Domain Contrast of Multiphoton Induced Visible Luminescence Band


In our experiments, however, we have demonstrated that the polaron-mediated luminescence in LNO and LTO shows pronounced domain contrasts as well. In analogy to the internal field, this domain contrast decays under annealing at temperatures between 100 and 200 °C [17,18,19]. In this section, we discuss the domain contrasts of the visible 2.6 eV luminescence in different samples, as being measured by three-photon excitation [17,18]. These measurements are supplemented by comparison of the time-dependent behavior of virgin and poled substrates using the nanosecond-pulsed UV laser setup [19].



Only few details are known about the details of the mechanism of this luminescence domain contrast. Considerations by Dierolf et al. on the origin of the domain contrast of the Er3+ luminescence involve an influence of the crystal field from frustrated defect complexes (in the neighborhood of Er3+ or containing it) that affects the transition probabilities of these luminescent ions [95], Such mechanisms, however, apply to localized luminescence centers, but not to luminescence by polaron recombination. For the latter, the following variants are conceivable:




	
the defect complexes have a negative or positive influence on the radiative luminescent recombination of electron and hole polarons. The frustrated defect disturb it stronger or or support it to a lesser extent, respectively.



	
the defect complexes have a positive or negative influence on the nonradiative recombination. The frustrated defect dipoles either support it stronger or they disturb it to a lesser extent, respectively.








If the nonradiative recombination in Mg:CLN (doped around the threshold) is mediated by bound hole polarons, these hole polarons would be bound to the lithium vacancies that occur largely in MgLi + VLi defect dipoles (and also in the defect dipoles consisting of magnesium interstitials MgV and lithium vacancies). In that case an influence on the nonradiative decay would be more probable than a direct influence on the radiative recombination, as the former is located directly at the dipoles while the latter can take place anywhere. Then the domain contrast may have the following cause: Due to their different influence on the crystal field and modified local potentials, the frustrated defect dipoles may show an increased ability to pull and trap electron polarons to the defects where the recombination takes place. It is also possible that, instead, the trapping of free to bound hole polarons is slightly increased. This would yield a little increased throughput of nonradiative recombination and therefore a slightly stronger luminescence quenching.



The following measurements on the domain contrast have been carried out using the multiphoton excitation setup described above, with the focused femtosecond beam (100 fs, 75 MHz repetition rate) at an average power of 170 mW and at a wavelength of 790 nm. During all measurements the beam was still focused 10 µm into the sample bulk in order to prevent pyrolytical reactions of the used immersion oil. We have obtained the total photoluminescence signal by integrating the luminescence spectrum from 420 to 650 nm. The samples with thicknesses of 0.5 and 1 mm have been electrically poled at room temperature using water electrodes with O-ring insulation and electric fields up to 20 kV/mm [17,18,65,98]. This poling procedure results in domains with sizes up to several ten microns that have grown randomly under the applied voltage. The luminescence domain contrasts have been determined from luminescence scan images of these domains. The images have been obtained by moving the samples with piezo elements horizontally through the exciting femtosecond focus while recording the integrated luminescence signal. The scanning images have been evaluated by averaging the luminescence intensity    I virgin    over the brighter virgin domains as well as the intensity    I poled    over the darker poled domains. Furthermore, their statistical errors have been extracted. From these values we have obtained the domain contrast and its statistical error by using the definition of the contrast


   C =    I virgin  −  I poled     I virgin  +  I poled      



(4)







The resulting domain contrasts, as shown in Table 4, are in the range of a few percent for most of the Mg-doped CLN and SLN samples, while larger values appear for 4.5% Mg and for other dopants in SLN. No contrast values are presented for undoped LNO and the sub-threshold CLN samples due to the weak integrated luminescence signal. Note that the generation of stable inverted domains in the used SLN samples had not been possible with all dopants.



The three-photon excitation has the advantage of being able to deeply penetrate the LNO samples due to their high transparency in the near-infrared. Furthermore, the effective focus size is smaller due to the nonlinear-optical absorption, which yields a better resolution. Thus, domain imaging is possible in large depths of the substrate. In the next section such measurements of irregular domains in highly Mg-doped CLT will be presented.



Figure 11 shows some typical multiphoton luminescence scan images of 5 mol % Mg:CLN. Figure 11a shows singly inverted domains, while Figure 11b shows doubly inverted domains in a singly inverted surrounding. All these domains show the hexagonal shape that is typical for LNO. The twofold inverted domains appear brighter than the singly inverted surrounding, indicating that they are indeed in a state very close to the virgin state. However, the virgin state cannot be completely restored by twofold inversion, as seen from the reduction of the domain contrast from the initial value of (3.7 ± 0.5)% to (2.5 ± 0.5)%. Obviously not only the forward switching is imperfect, but also the reverse switching cannot completely restore the initial state. The simple picture that inversion just mirrors the crystal structure without the defect dipoles is therefore not realistic either. It is well known that repeated inversion causes a degradation of the crystal structure that also yields a reduction of the internal field as calculated from the n-th coercive fields    E fn    and    E rn   .



After determining the domain contrasts using the three-photon excitation by femtosecond pulses, we have also used the UV nanosecond pulse setup in order to take a look on the influence of inversion on the stretched-exponential decay. Indeed a comparison of virgin and inverted samples revealed a significant difference in the    β 1    parameters. In the poled domains of 3 mol % Mg:CLN and 7 mol % Mg:CLN    β 1    was smaller than in the respective virgin substrates [19], which corresponds to a slightly faster decreasing luminescence signal. The measured curves are shown in Figure 12. In our previous paper Ref. [19] only    β 1    could be evaluated unambiguously. The    β 1    values, however, can be obtained much simpler by a linear fit of the double-logarithmic plot. Using    I ( t )    from Equation (1), the function    f  ( x )  = ln [ I  (  e x  )  ]    has, for small    e x   , the derivative     β 1  − − − 1 + O  (  e x  /  τ 1  )    , allowing an easy determination of    β 1    for     e x  = t ≪  τ 1    . For this review the    β 1    values have thus been newly fitted and are presented in Table 5. The influence of randomly distributed frustrated dipolar defect complexes on the recombination obviously causes a broadening of the decay time distributions. The coincidence of the reduced   β   with the reduced luminescence can be seen from Equations (1) and (2), as a smaller   β   results in a slower decay of the polaron density    n ( t )    and therefore a smaller and faster decaying luminescence rate dn(t)/dt.




3.3. Excitation Intensity Dependence


Before turning into the discussion of the contrast decay under annealing we want to point out the important observation that the measured domain contrasts depend strongly on the excitation intensity. In all measurements shown in Section 3.1, Section 3.2 and Section 3.4 the samples were excited with 100 fs pulses at the same average power of 170 mW and the central wavelength of 790 nm. Varying the power, however, resulted also in variations of the measured domain contrasts. Thus, for consistent contrast measurement series the excitation power should be kept constant. Figure 13a shows the power-dependent domain contrasts for 5 mol % Mg:CLN, 2.5 mol % Mg:SLN, 0.085 mol % Zr:SLN and also for 8 mol % Mg:CLT. Although congruent lithium tantalate (CLT) will be discussed in the fourth part, we include the CLT data for this special case already here in order to keep the presentation compact. For all these materials a reduction of the domain contrasts was observed with increasing powers, although the decrease is not significant for 2.5 mol % Mg:SLN. This means that the absolute luminescence reduction in poled domains is not proportional to the luminescence itself. With increasing powers this difference grows slower than the increasing luminescence, leading to reduced domain contrasts.



The origin of that behavior may be a saturation of the domain contrast mechanism. When we adopt the hypothesis that the luminescence is quenched by nonradiative recombination via bound hole polarons, and that the frustrated dipoles as hosts of these polarons catalyze this reaction, an increase of the excitation rate may lead to a saturation of these reaction centers that are responsible for the domain contrast. However, this remains speculative as long as the real physical processes behind the domain contrast are not yet experimentally confirmed.



For 5 mol % Mg:CLN and 8 mol % Mg:CLT, domain contrasts have also been measured for different excitation wavelengths by tuning the central wavelength of the femtosecond laser from 760 to 800 nm. To exclude effects related to different absolute luminescence intensities, the power has been adjusted at each wavelength to keep the luminescence intensity from the virgin substrate constant at the same value that it takes for 790 nm at 170 mW. In this way, no significant change of the domain contrasts for different excitation wavelengths could be found, as shown in Figure 13b. Choosing equal excitation powers, however, yielded a decrease of the domain contrast with decreasing wavelength, because the luminescence intensity itself (and therefore also the excitation rate) increased when lowering the exciting wavelength. This latter effect may be due to the closeness of the three-photon excitation energy to the LNO bandgap energy.



An important consequence is that the domain contrasts presented in Table 4 (that have been measured at 170 mW and 790 nm) need exactly the used power and excitation wavelength—and therefore the same excitation rate—to be reproduced. Using different objectives or femtosecond light sources may also yield deviations of the contrast values, as the local excitation rate depends also on the pulse shape and on the focus profile. The measurements in the next section were carried out again at 790 nm and 170 mW as well.




3.4. Thermal Decay of the Domain Contrast


To obtain more insights into the physics of the microscopic origins of the luminescence domain contrast, we investigated its behavior under annealing the Mg:CLN samples at higher temperatures up to 200 °C. We point out again that in this temperature range no chemical reactions with the surrounding air affect the crystal structure and composition. These annealing experiments confirmed that the luminescence domain contrast is also related with defect dipoles that contain lithium vacancies which can thermally rearrange after poling. In the first kind of annealing series we wanted to record the behavior of the domain contrast under stepwise rising temperatures. The samples have been put repeatedly into an oven for each 15 min at a constant annealing temperature, and in each new step the temperature has been chosen by 15 K higher than in the preceding step; thus the range from 60 to 200 °C has been covered. After each annealing step the domain contrasts have been measured on at least three different positions on the samples. The results for 5 mol % Mg:CLN and 2.5 mol % Mg:SLN are shown in Figure 14a. While the domain contrasts remain constant for temperatures up to 80 °C they drop to a small fraction of their initial values within the range from 100 to 160 °C. For 5 mol % Mg:CLN it drops to around 1%, for 2.5 mol % Mg:SLN it drops to around 1.5%. For higher temperatures up to 200 °C these residual domain contrasts remain constant. This behavior corresponds well with the annealing-induced reduction of the internal fields observed by Gopalan et al., as shown in Figure 10, where the internal field changes drastically around around 150 °C [26]. Although the internal field in undoped CLN and the domain contrasts in Mg:CLN are based on different kinds of defect complexes, these analogies underline the rearrangement of lithium vacancies as a common cause for the thermal realignment.



A further annealing series carried out at a constant temperature showed an exponential decay of the domain contrast over the time to the saturation value    C ∞   , as shown in Figure 14b for 5 mol % Mg:CLN at 110 °C. However, while the domain contrast dropped in the first series to 1% at 200 °C,    C ∞    lies between 1.5 and 2% in the 110 °C series. This shows that    C ∞    seems to be a function     C ∞   ( T )     of temperature. Figure 14c shows the measured values of     C ∞   ( T )     for 5 mol % Mg:CLN that have been extracted from annealing series of multiple samples for the Arrhenius plots. For the temperatures above 130 °C one of the samples used at 130 °C has been annealed at each temperature for 30 min. This is long enough compared to the decay times at these temperatures to guarantee that the domain contrast approaches its saturation value close enough.



The exponential decay of the domain contrast over time is of a special physical interest. It indicates that the domain contrast is connected to the thermal crossing of a potential barrier    E a    according to an Arrhenius-like process:


   C  ( t , T )  =  C ∞   ( T )  + A exp  [ − t / τ  ( T )  ]    



(5)




with


   τ  ( T )  =  τ 0  exp  [  E a  / k T ]    



(6)




and the activation energy    E a    that can be easily determined by a linear fit of    ln ( τ )    over    1 / T   , using the   τ   values from the annealing series at different temperatures.



Performing annealing series at 100, 110, 120 and 130 °C for poled 5% Mg:CLN samples resulted in four values for the decay time   τ  (T). These values have been used to determine the activation energy    E a    of the potential barrier in an Arrhenius plot of ln[  τ  (T)] over 1/T as shown in Figure 14d. The resulting activation energy was (0.98 ± 0.27) eV. The existence of such an activation energy confirms that the thermally induced realignment of polar defect complexes involves indeed potential barrier crossings that lead to an Arrhenius-like process.



For the physical nature of the saturation contrast function     C ∞   ( T )    , however, we did not find a conclusive model. A possible hypothesis would be a second Arrhenius-like process with an activation energy not too far away from the first one—as     C ∞   ( T )     changes also its value in the range of 150 °C—but at a much smaller    τ 0   . Such a smaller    τ 0    implies a much slower process that was not visible in the 100 °C annealing series within our measurement time. Without a deeper understanding of the underlying mechanisms, however, these considerations are yet still speculative. Moreover, the measuered variations of     C ∞   ( T )     are too small compared to the statistical errors to allow a deeper quantitative investigation.



A comparison of the obtained activation energies with other known activation energies in LNO as listed in Table 6 allows conclusions about known processes being involved in the contrast decay and the underlying reconfiguration of the defect complexes. The contrast decay cannot be related with the mobility of bound electron polarons, hole polarons or bipolarons. As we already outlined in the second part, we obtain activation energies below 0.5 eV, according to the optical absorption energies of bound and hole polarons in LNO [2,3,5] and the subsequent estimation of the activation energy of mobility as    1 / 4    of the optical absorption energies [4]. The measured activation energy of mobility of the free polarons in LNO is below 0.2 eV for a Mg doping of 5 mol % and larger [16,99], while the bipolaron dissociation energy is by 0.27 eV [4,53]. On the other hand, the activation energies of heavier ions such as Mg2+ with 2.9 eV [100] or Nb5+ are considerably higher than 1 eV.



However, in LNO an activation energy of about 1 eV has been found for the mobility of H+ ions [101,102] and Li+ ions [103,104,105,106]. Regarding these activation energies alone, the realignment of the defects leading to the contrast decay may be related with the mobility of H+ or Li+ ions. Due to the replacement of    Nb Li    by    Mg Li   , the    Mg Li    +    V Li    complex can be assumed to be the most prevalent kind of defect complexes in highly Mg-doped CLN. Probably they are also accompanied by defect dipoles containing    Mg V    and    V Li   . For that reason the physical reorientation of these dipoles means indeed a rearrangement of the lithium vacancies that takes place by the hopping of lithium ions.



At this point, however, we wanted to definitively exclude that the mobility of H+ ions and their mobility in LNO contributes also significantly to the domain contrast and its decay. To do so, we annealed samples of 5 mol % Mg:CLN for 4 h at 1000 °C in a pure oxygen atmosphere in order to remove the H+ ions. Absorption measurements showed a complete vanishing of the OH absorption band at 2.87 µm. After poling of domains in these samples, we observed the same domain contrasts as without oxidation. Therefore we concluded that hydrogen is not significantly involved in the material properties and processes responsible for the domain contrast and its thermal decay [18]. For this review article a further annealing series has been performed on such oxidated CLN samples, yielding the activation energy of (1.06 ± 0.33) eV as shown also in Figure 14d, thus finally ruling out contributions from H+ ions.



In this way, the central roles of lithium vacancies for the domain contrast, and of lithium ion mobility for its thermally induced decay, have been proven. On the one hand, the role of lithium confirms the importance of the    Mg Li    +    V Li    defect complexes that realign thermally by mobility of lithium. Defect dipoles consisting of    V Li    and    Mg V    interstitials may contribute probably as well, due to a comparable domain contrast mechanism and the same kind of thermal rearrangement of the lithium vacancies. On the other hand, however, the domain contrast remaining at 200 °C indicates that further defect complexes like    Mg Nb    + 3   Mg Li    contribute to the imperfect poling and the domain contrasts as well. This is similar to the incomplete realignment of the internal field in undoped CLN, probably due to 5   Nb Li    + 4   V Nb    complexes. Defect complexes based solely on Mg or Nb ions can expected to show considerably higher activation energies for reorientation, because larger ions would have to move through the crystal. As the number of    Mg Nb    + 3   Mg Li    defect clusters increases with dopings above the doping threshold, we can expect also an increase of the saturation contrasts    C ∞    at higher dopings. Therefore future investigations of the domain contrasts and their saturation contrasts in dependence of the doping concentration would be interesting. Moreover, an incomplete restoration of internal fields and domain contrasts after a second inversion indicates the degradation of the crystal structure through repeated inversion. This behavior is more complex than the picture of a reversible inversion of the crystal structure around the fixed defect dipoles.





4. Visible Luminescence and Its Contrasts in Lithium Tantalate


While we intensively investigated the polaronic photoluminescence and its domain contrasts in LNO [17,18,19] we extended our investigations also to lithium tantalate (LTO), the ferroelectric material most similar to LNO [18]. As there is very scarce data on polarons and their energy levels in that material, our photoluminescence measurements on LTO are not as conclusive as for LNO. The measurements of the domain contrasts, however, showed much similarities with the domain contrasts in LNO, especially an activation energy of the contrast decay that is also in the range of 1 eV. On the one hand, new interesting features different from LNO may stimulate further investigations of polaron-related phenomena in LTO. On the other hand the phenomena comparable to LNO are a valuable complement to our work on lithium niobate.



4.1. Luminescence Spectra of CLT


Figure 15a shows the photoluminescence from congruent lithium tantalate (CLT), undoped as well as doped with 7 mol % and 8 mol % Mg, respectively [18]. The corresponding peak positions, widths and intensities under femtosecond excitation at 790 nm and 170 mW, as estimated from Gaussian fits, are presented in Table 7. The samples show a similar kind of photoluminescence like LNO and the second-harmonic peak around 3.1 eV as well. However, compared to the peak position of LNO luminescence, the luminescence peak from the doped samples is shifted by about 0.7 eV to a value around 3.2 eV. Due to the limitations of the spectral transmission of our detection optics, the spectrum is cut off around 3.3 eV. This cutoff makes the Gaussian fits less accurate; thus the widths, maximum energies and areas of the peaks (the latter being used as estimations for the luminescence intensities) cannot be determined without larger errors [18]. Despite the uncertainties of the bandgap determination, comparative measurements indicated the LTO bandgap to be by 0.7 eV larger than the LNO bandgap [40]. Assuming similar polaron energies like in LNO, these higher peak energies fit well with this shift of the measured bandgap energy.



The strong increase of the intensity from 7 mol % to 8 mol % indicates the doping threshold of Mg:CLT to be at least in the range of 8 mol %. The higher doping threshold accords with the fact that the Li/(Li + Nb) ratio of CLT deviates more from 50% (47.7%) [107] than in CLN (48.45%) [1], resulting in a higher number of    Nb Li    anti-sites and lithium vacancies    V Li    that have to be replaced to reach the doping threshold. However, the most interesting observation is the spectrum of undoped CLT. In contrast to LNO, the luminescence of the undoped substrate is by only one order of magnitude weaker and the peak position is not at 3.2 but between 2.4 and 2.5 eV. The latter indicates the existence of a second luminescence center which does not occur in LNO.



While the power dependence of the visible photoluminescence in LNO revealed a third-order process [17], the power dependence of the visible luminescence in LTO shows a much more complex behavior, as shown in Figure 15b,c. While no significant change of the shape of the spectrum occurred for CLN and SLN, the spectrum of doped CLT changes its shape at small powers. Figure 15b shows normalized luminescence spectra from 8 mol % Mg:CLT for excitation powers from 80 to 140 mW. For the smaller powers the luminescence peak about 3 eV disappears and the spectral maximum turns then out to be located around 2.6 eV. For even smaller powers the spectrum may approach the luminescence spectrum of undoped CLT with its maximum close to 2.5 eV. This indicates that the luminescence center being excited in undoped CLT is also excited in doped CLT, being dominant at low excitation powers.



Figure 15c shows the dependence of the luminescence intensity on the excitation power for undoped CLT as well as 7 and 8 mol % Mg:CLT, respectively. For different excitation intensities P parts of the luminescence intensity can be fitted with power functions    P n   . In the double-logarithmic plot in Figure 15c the exponents n are indicated by the slopes of the linear fits. The resulting exponents are presented in Table 8; the fits are labeled in Figure 15c. While the investigated Mg:CLN showed exponents around 3, CLT shows always exponents larger than 3. The most interesting phenomenon, however, are the pronounced variations of the slope around 140 and 220 mW for 8 mol % Mg:CLT. While the exponent is around 3.7 at the low-power regime and around 6.0 at the high-power regime of the curve, it reaches a maximum of of about 7.7 in the range between 140 and 220 mW. Furthermore, the lower luminescence from 7 mol % Mg:CLT shows a constant exponent of about 4 up to 220 mW and the inset of a larger slope at higher powers. For the undoped CLT no such kink appears; the exponent is rather constant around 4.



The presence of the slope variations in the power curves of Mg-doped CLT may be interpreted as follows: The exponents in the range of 3.7 for the lower excitation powers correspond to spectra with the peak at 2.5 eV dominating, which is also the case for undoped CLT in the full range of the investigated excitation power. For higher powers the 3.2 eV peak appears in doped CLT and begins to dominate due to its faster increase. This strong nonlinearity leads to the slope variations of the luminescence intensity curve. The reduction of the exponent for 8 mol % Mg:CLT at the highest displayed excitation powers—above the second kink—may indicate some kind of saturation as the 3.2 eV peak grows slower. For 7 mol % Mg:CLT, however, the inset of a higher slope has shifted to higher powers and begins around 220 mW. This shift to higher powers is probably related to the relative weakness of the overall luminescence intensity in 7 mol % Mg:CLT compared to 8 mol % Mg:CLT. As the slope variations depend on the luminescence intensity, obviously larger excitation intensities are required to reach this regime of varying slopes.



For CLT we see clearly the presence of two luminescence centers instead of a single luminescence center from free polaron and hole polaron recombination. The power-dependent measurements indicate that a saturation of the 2.5 eV band may occur at higher powers, leading to an increasing recombination of excited charge carriers over the other luminescence center around 3.2 eV. We have also checked the spectra with the nanosecond laser setup, although we did not carry out thorough time-dependent measurements as in Section 2.5. However, in the pulsed UV laser setup only the 2.5 eV peak was visible and not the 3.2 eV peak. This difference to the curves recorded with the fs laser setup may be caused by the lower local excitation densities of the unfocused UV beam compared to the focused femtosecond beam, leading to a vanishing of the 3.2 eV peak similar as in Figure 15b.



To a full elucidation of these processes not only thorough time-dependent measurements but also a determination of the polaron energies by reduction, absorption and pump-probe measurements on reduced and doped LTO samples would be necessary. This would allow to assign each luminescence band to the involved polaron states. One of the few known facts on polaron states in LTO is the absence of a free polaron peak in the range of 1 eV, as found in a measurement during generating electron and hole polarons by femtosecond-pulsed excitation at 400 nm [108]. This result has been explained by the presence of defects trapping all free polarons. However, a luminescent recombination of (mobile) free hole polarons with bound electron polarons would still be possible. The two appearing luminescence centers may then arise from two different species of bound electron polarons, trapped at two different kinds of defects, respectively. As the 3.2 eV peak does not appear in undoped CLT, it is therefore probably related to Mg-based defects. However, without a deeper knowledge on the polaron states in LTO this consideration is still speculative.



These results underline the differences between polaron states in LNO and LTO and suggest further investigations on polarons in LTO.




4.2. Luminescence Domain Contrasts in CLT


For the visible luminescence in CLT the same kind of domain contrasts appears as for LNO. The measured domain contrasts are shown in Table 9. With values up to 30% they are considerably higher than those of LNO. Analogous to Mg:CLN we can assign these domain contrasts to the presence of    Mg Li    +    V Li    as well as    Mg V   -based defect complexes. However, with dopings of 7–8 mol % the density of these defect complexes is not much higher than in the Mg-doped CLN samples, which rules out the different doping levels as an important reason for the high domain contrasts. This indicates that the defect complexes have probably a stronger influence on the nonradiative recombination than in LTO.



Figure 16a shows a luminescence scan image from the triangular domains in 7 mol % Mg:CLT. Figure 16b shows an inverted area of 8 mol % Mg:CLT. In the latter doping, no complete inversion is possible, as irregular, few µm sized domains of virgin polarization still remain in the substrate after switching of a large area. In this scan most of them show again the characteristic triangular shape.



An annealing series, performed at stepwise rising temperatures with 8 mol % Mg:CLT, showed similar results as for LNO and is given in Figure 16c. The curve shows a drop from 20% to around 4% around 150 °C. Note that Gopalan et al. found the drop of the internal field in the same temperature range for LTO as well [25]. The Arrhenius plot in Figure 16d yields an activation energy of (0.88 ± 0.27) eV, i.e., again in the range of 1 eV. Despite scarce data on activation energies in CLT, this value indicates an involvement of the Li+ mobility in the contrast decay and the major role of    Mg Li    +    V Li    defect complexes in LTO as well. Moreover, the measurements discussed already in Section 3.3 showed also a pronounced power dependence of the domain contrast in 8 mol % Mg:CLT.




4.3. Three-Dimensional Domain Pattern Visualization in Mg:CLT


While most domain images show hexagonal (LNO) or triangular (LTO) domain shapes, we found many irregular residual domain structures in 8 mol % Mg:CLT. These irregular structures appear in each inverted 8 mol % Mg:CLT sample as certain intrinsic properties of that material impede a complete inversion. These domains deserve a closer look, as some of the smaller ones show also a triangular shape. The advantage of multiphoton photoluminescence microscopy to penetrate the substrate deeply makes it possible to investigate domain shapes within the bulk, as it is also feasible with Cerenkov SHG [23,109,110,111]. Figure 17 shows a series of scans of larger irregular domains in different depths up to 50 µm. It turns out that within the bulk most of the larger irregular domains shrink to small triangular domains within the first 30 µm of the bulk. These triangles keep their shape in larger depths, as there is almost no change from 30 to 50 µm. Thus, it also turns out that only a small part of the 8 mol % Mg:CLT bulk volume remains actually in the virgin state. It also indicates that the minimization of domain wall energies causes triangular prism-shaped domains within the bulk—as well-known for the domain structures in the lower doped CLT. Usually, the domains keep their shape from surface to surface. This special behavior, however, is probably due to a strong domain wall pinning on the surface that impedes a complete switching on and close to the surface. By this effect large domains remain uninverted near the surface. Within the bulk, these domains continue to thin triangular pillars—thus probably minimizing the domain surface energy. Domain wall pinning has already been observed in LNO [112], however, in 8 mol % Mg:CLT the strong doping may show pronounced influences on the surface structure being responsible for that pinning.



A closer look to the scans shows that, by going e.g., 5 µm deeper into the substrates, domain walls shrink over distances in the order of a few µm. This indicates near-surface inclination angles in the order of some 10°, which is huge compared to the tiny inclination angles far below 1° that have been measured in CLN [65,110]. Due to the relation between domain wall conductivity and inclination angles [65], in 8 mol % Mg:CLT large domain wall conductivities could be found—at least in the near-surface bulk where the shrinking to the small triangle domains takes place.





5. Summary and Outlook


In this concluding section we give a summary of our review and point out open questions that deserve a deeper investigation.



Polarons in LNO and LTO are of great importance for absorption and photoluminescence phenomena in these materials. Several groups carried out absorption measurements in order to elucidate the energy levels and physical properties of the different polaron types [2,3,5,16,53]. Such measurements required these inter-band states to be filled with charge carriers, either by reduction or by optical pumping. These investigations confirmed that both electrons and holes appear either in free quasiparticle states (free electron and hole polarons) or in states bound to defect sites (bound electron and hole polarons). Furthermore, free electron polarons can join with bound electron polarons to form bipolarons. As electrons from    Fe  2 +     defect ions can be excited into bound polaron states on neighboring    Nb Li    anti-sites, doping LNO with a higher    Fe  2 +     concentration results in a strong enhancement of absorption as well as of photoluminescence from bound polarons.



Data on the transitions of hole polarons are only available from bound hole polarons; from free hole polarons even direct observations of their energy levels are lacking. The only known transition—the recombination with free electron polarons—would in principle allow to determine the energy level of the free hole polarons. The uncertainty of the bandgap, however, leaves still a range from 0.3 to 1.7 eV. For that reason an independent verification and determination of basic hole polaron parameters like energy and mobility is essential for a better understanding of the polaron recombination physics.



There are different kinds of photoluminescence effects mediated by polarons. The bound polaron luminescence at 1.5 eV is caused by excitation of the bound polaron state to a shallowly trapped excited state on the lower edge of the bandgap and the subsequent relaxation back to the bound polaron ground state. It can be excited by strong CW or picosecond-pulsed visible laser light. As it takes place exclusively on the hosting    Nb Li    anti-sites, its decay is mono-exponential. Furthermore, this luminescence depends strongly on iron doping, as from    Fe  2 +     ions electrons can be excited into bound polaron states.



In addition to the 1.5 eV band, another luminescence band at 1.3 eV has been reported, too. However, no investigations of that band have been continued in later publications, probably due to difficulties to differentiate both peaks in detection. The only facts known to us are that this peak is not very sensitive to stoichiometry and that it disappears upon reduction. It may be possible that the 1.3 eV peak stems from an unknown radiative transition involving either free or bound hole polarons. The number of the hole polarons would indeed strongly decrease under reduction due to the increased presence of negative charge carriers. To properly judge on these possibilities, however, a deeper knowledge about the hole polaron states and their transitions is necessary.



The other important luminescence band in LNO is the visible luminescence band around 2.6 eV from the recombination of free electron polarons with free hole polarons. It can be excited by UV illumination or by multiphoton excitation induced by near-infrared femtosecond pulses. The recombination of electron polarons with hole polarons, separated by randomly distributed distances, yields a stretched-exponential decay, resulting from the superposition of a multitude of different decay times. Like the 1.5 eV peak, the visible luminescence is considerably influenced by doping, but in a quite different manner. It is strongly enhanced by doping with Mg and other optical damage resistant dopings around the doping threshold (in the range of 5 mol % in CLN and 1 mol % in SLN for Mg doping). The point is that such kind of doping reduces the number of    Nb Li    anti-sites. A similar dependence of the luminescence on stoichiometry confirms the importance of    Nb Li    for luminescence quenching. Obviously the presence of these defects is necessary for non-radiative recombination channels that quench the visible luminescence. A credible proposal by Tang et al. [86] suggests a non-radiative recombination channel via bipolaron formation that would indeed require    Nb Li    anti-sites. The temperature-dependent luminescence quenching in the range of the doping threshold, however, indicates at least one further concurring nonradiative process. The recombination of free polarons with the bound hole polarons trapped at the    Mg Li    +    V Li    defect clusters seems to be the most credible possibility. In addition, it seems to be consistent with the activation energies of the lifetimes    τ 1   ,    τ 2    that agree roughly with electron and polaron hopping energies, respectively. In addition to the mentioned lithium-occupying defects    Nb V    and    Mg V    interstitials, located in regularly empty oxygen octahedra, may contribute in the same way to the nonradiative recombination. However, more thorough experimental and theoretical investigations of all occurring recombination processes are necessary to model accurately their relationship to all occurring defects as well as their concurrence behavior, thus resolving several remaining open questions. This deeper understanding of these processes requires also a comprehensive knowledge about the interplay of different influences like polaron hopping, electron-phonon interaction as well as a possible deep-temperature transition into an itinerant polaron band.



First measurements on the 2.6 eV luminescence have been made by Koppitz, Klose et al. [15,16] using UV illumination. Our luminescence measurements using three-photon photoexcitation and nanosecond pulsed UV illumination for time-dependent measurements confirmed their major findings [17] and resulted in a deeper knowledge about the luminescence domain contrasts [17,18] as well as the stretched-exponential time-dependent behavior [19].



Our investigations on luminescence by three-photon excitation included Mg-doped CLT, too. This material showed a luminescence spectrum in the visible wavelength range, however, with a peak energy around a larger value of 3.2 eV. At smaller excitation powers as well as for undoped LTO another luminescence band in the range of about 2.5 eV appears. The appearance of two luminescence centers, the absence of the polaron 1 eV absorption peak [108] as well as the strong nonlinearities in the power-dependence of the multiphoton luminescence (apparently related with the spectral shift of the luminescence peak) underline the necessity of a deeper investigation of the polaron states and optical processes in LTO.



Table 10 gives an overview about all used ferroelectric materials and the measurements performed on them in our group. Three-photon luminescence spectra have been taken from all samples, time-dependent luminescence curves from most of them. The remaining measurements dealt with the domain contrasts of the visible photoluminescence (taken from almost all samples) and annealing series (taken from selected samples). Thus, we have covered a broader range of dopings and stoichiometries in our measurements.



The luminescence domain contrasts show that the visible polaron-mediated luminescence is sensitive to modifications of the crystal structure that result from imperfect electric poling. Due to dipolar defect complexes as    Nb Li    + 4   V Li    [29] or    Mg Li    +    V Li    keeping their original orientation during the electric poling, the crystal structure does not completely invert. Instead of that these defect dipoles arrive in a frustrated state. These defect complexes are responsible for changes of the “internal field” [24,25] and also influence the luminescence from defect ions [23,86,94,95] as well as the visible luminescence from polaron recombination [17,18,19]. Note that    Nb Li   -based defect complexes are dominant in undoped LNO, while    Mg Li   -based defect complexes dominate at Mg dopings around the doping threshold.



Annealing the samples to about 150 °C yields a reduction of the luminescence domain contrasts to a small fraction of their initial values—according to the realignment of the internal field in the same temperature range. Both effects can be interpreted as a thermally activated reorientation of the frustrated dipolar defects. Annealing series for 5 mol % and 7 mol % Mg:CLN, oxidated 5 mol % Mg:CLN and 8 mol % Mg:CLT show activation energies of about 1 eV, suggesting that the reorientation of defect dipoles is mediated by the thermal mobility of lithium. This is consistent with our assumption that the    Mg Li    +    V Li    defect complex plays a dominant role for the domain contrasts, as its reorientation takes place by a rearrangement of the lithium vacancy by hopping of lithium ions. The same can be the case with    Mg V    interstitials accompanied by lithium vacancies as well. The remaining domain contrasts after annealing, however, indicate the contribution of other kinds of defect complexes to the domain contrast, most probably from the type    Mg Nb    + 3   Mg Li   . However, this model of imperfect poling does not yet explain the incomplete restoration of the virgin state after a second inversion. This incompleteness is due to a degradation of the crystal structure through repeated inversion and results in reduced internal fields and luminescence domain contrasts, as the domain contrast of 2.5 % measured at doubly inverted domains in a singly inverted substrate. Behind this degradation there is an even more complex and probably not fully understood dynamics, which is beyond the picture of a simple reversible switching except for isolated fixed defect clusters.



Thus, the polaron-based luminescence is—like the luminescence from luminescent defect centers as markers—able to provide deeper insights into the physics of structural modifications in ferroelectrics.



On the one hand, the imperfect switching due to defect dipoles and the mechanism of their thermal realignment due to lithium ion mobility are now well understood. On the other hand, the details of the mechanism of luminescence domain contrast still lack an experimental elucidation. Up to now we do not really know if the radiative or the nonradiative recombination is directly affected by the frustrated defect complexes. Moreover, we do not know the mechanisms how these influences take place. Adopting the luminescence-quenching nonradiative recombination mechanism via bound hole polarons trapped at    Mg Li    +    V Li    or also    Mg V   -containing defect dipoles, the luminescence in the inverted domains may be reduced by increased attraction and trapping of electron or hole polarons by these frustrated dipoles. A saturation of this decay channel at higher excitation rates may even explain the contrast reduction at higher excitation intensities. However, only a deeper experimental investigation—of the nonradiative decay mechanisms themselves and of the influence of the frustrated defect dipoles—can clarify the real physical background of the luminescence domain contrast. This is also necessary to clear quantitatively the contribution of each species of defect dipoles (   Mg Li    +    V Li   ,    Mg Nb    + 3   Mg Li   ,    Mg V    with lithium vacancies ...) to the domain contrast.



An interesting investigation to expand our knowledge of the domain contrasts would be annealing series to determine the domain contrasts and their saturation contrasts for a wide range of dopings and stoichiometries of LNO. The point would be to explore C and    C ∞    as functions of the concentration of    Mg Li    +    V Li   ,    Mg V    interstitial defects as well as of    Mg Nb    + 3   Mg Li    clusters. Improving the excitation and detection efficiency would even allow to investigate the domain contrasts at low or zero dopings—as well as the contributions from the    Nb Li    + 4   V Li   , 5   Nb Li    + 4   V Nb    or    Nb V   -based defect complexes to these low-doping domain contrasts. On the technical side, the mentioned excitation intensity dependence of the contrast has always to be taken into account when carrying out future domain contrast measurements.



Due to limitations of our instrumentation we have only looked for domain contrasts of the visible polaronic luminescence. It may be worthwhile to test if the 1.3 and 1.5 eV luminescence peaks show also domain contrasts, as well as the polaronic absorption bands. The mechanism of these luminescence peaks or of the decay of the polaronic absorption bands are not really comparable with the radiative polaronic recombination. If domain contrasts should be found in these cases, the mechanisms of such a domain contrast can expected to be quite different from the case of visible luminescence.
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Figure 1. Sketch of the bandgap, energy levels of electron polarons (blue), hole polarons (red) and of ionic iron defects (green). The transitions are depicted by colored arrows: black arrows for all optical absorptions (UV inter-band excitation, three-photon inter-band excitation ...), orange arrows for NIR photoluminescence of the bound polaron    Nb  Li   4 +     and for luminescent recombination of free electron polarons    Nb  Nb   4 +     with free hole polarons    O −   , and gray arrows for non-radiative relaxations. The relaxations from the conduction band into the bound and free polarons are mediated by shallowly trapped states just below the bandgap [1]. The arrows from and to the    Fe  2 +     state denote the transition of    Fe  2 +     into    Fe  3 +     (dashed line) by donating an electron occupying a bound polaron state in the neighborhood. In the reverse process the electron is transferred from the bound polaron state back to the    Fe  3 +     site, converting the ion back into the    Fe  2 +     state. 
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Figure 2. Spectral absorption cross sections calculated by Merschjann et al. [5] for different kinds of polarons and    Fe  2 +     centers in CLN at room temperature. The calculated curves are based on experimental data from Refs. [3,53,58,59]. The absorption spectra belong to the following defect centers: Free electron polarons (FP), bound electron polarons (denoted as GP), bipolarons (BP), bound hole polarons (HP) and    Fe  2 +     ions. The dotted curve shows a theoretical band shape of bound electron polarons according to Refs. [60,61]. This figure is reproduced with permission from C. Merschjann et al., J. Phys. Condens. Mater. 2009, 21, 015906 [5], copyright © 2009 by IOP Publishing Ltd. 
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Figure 3. (a) NIR photoluminescence peak from undoped CLN excited by a pulsed 335 nm beam measured by Harhira et al. The whole peak shows a maximum around 1.4 eV and can be fitted by two Gaussian peaks at 1.3 and 1.5 eV as luminescence centers [13,83]. This figure is reproduced with permission from A. Harhira, Photoluminescence polaron dans le niobate de lithium, Ph.D. Thesis, 2010 [83]. (b) NIR photoluminescence peak for 0.02% Fe:CLN excited by a CW 633 nm laser beam for different temperatures [14]. Note the slight spectral shift of the peak from 10 to 300 K. This figure is reproduced with permission from A. Harhira et al., Appl. Phys. B 2008 92, 555 [14], copyright © 2008 by Springer. 
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Figure 4. Spectra of the 2.6 eV photoluminescence induced by three-photon femtosecond excitation (100 fs at 790 nm, 170 mW). (a) Photoluminescence from Mg:CLN and Mg:SLN with different Mg dopings. (b) Photoluminescence from undoped CLN and SLN and weakly Mg doped CLN. (c) Photoluminescence from SLN doped with different optical damage resistant dopants. The strong peak around 3.1 eV in all curves stems from second-harmonic generation. Note that all diagrams (a–c) are normalized to the same arbitrary units to make all curves comparable. This shows the weakness of the luminescence from the weakly doped samples shown in (b) which amounts to not more than a few 10−3 units 
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Figure 5. Temperature dependence of the normalized time-averaged visible photoluminescence from 7 mol % Mg:CLN induced by pulsed ns UV laser light at different temperatures. This figure is reproduced from our previous publication T. Kämpfe et al., Phys. Rev. B 2016, 93, 174116 [19]. 
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Figure 6. (a) Time-dependent measurements of the photoluminescence from 3 mol % Mg:CLN and 7 mol % Mg:CLN at 150 K, recorded with the ns-pulsed UV laser setup around the spectral maximum. The continuous lines show the measured data while the dashed lines show the stretched-exponential fits. (b) Photoluminescence spectra from the UV nanosecond laser setup, averaged over the first 5 × 10−3 s after each exciting laser pulse (continuous lines). The peak positions and peaks from Figure 4 are confirmed, as Gaussian fits (dashed lines) of the spectra result in peaks with maxima around 2.6 eV and widths in the range of 0.3 eV. The graphs in this figure are reproduced from our previous publication T. Kämpfe et al., Phys. Rev. B 2016, 93, 174116 [19]. 
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Figure 7. (a) Normalized time-dependent photoluminescence of 7 mol % Mg:CLN for various temperatures (continuous line) and stretched-exponential fits (dashed lines) under nanosecond-pulsed UV illumination. (b) Plots of    β 1    and    β 2    from these fits over temperature. (c) Arrhenius plots of lifetimes    τ 1    and    τ 2    (logarithmic plots over    1 / T   ). These diagrams are reproduced from our previous publication T. Kämpfe et al., Phys. Rev. B 2016, 93, 174116 [19]; for this publication, new fits have been made for all parts of the curves in (c). 
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Figure 8. Normalized time-dependent photoluminescence from SLN recorded with the nanosecond UV laser setup at 100 K: (a) Time-dependent photoluminescence from Mg:CLN and Mg:SLN (b) Time-dependent photoluminescence from SLN doped with other dopants. 
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Figure 9. Sketch of defect clusters in virgin and inverted substrate. (a) In undoped CLN    Nb Li    + 4   V Li    occur and are obviously responsible for the internal field effect [28,29]. The sketch shows the arrangement of the Li vacancies around the    Nb Li    anti-site. The resulting dipole moment   p   shows toward the single Li vacancy on the top due to its larger distance to the rest of the defect complex. In virgin state the dipole moment   p   is aligned with the ferroelectric polarization   P  . (b) In Mg-doped CLN defect dipoles as    Mg Li    +    V Li    occur. In the virgin state, they are also aligned with the ferroelectric polarization   P  . (c) Inversion of the ferroelectric polarization   P   results into a frustrated state with a higher energy. (d) Thermal relaxation of the frustrated state by reorientation of the defect complex is realized when the Li vacancy has thermally moved around the    Mg Li    anti-site. 
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Figure 10. Decay of the internal field    E  int  *    of a CLN crystal under annealing at rising temperatures, measured by Gopalan et al. [26]. The times of heating up before and cooling down after the annealing time of 2 min did not take more than a few seconds. This figure is reproduced with permission from V. Gopalan et al., Ferroelectrics 1997, 198, 49 [26], copyright © 1997 by Taylor & Francis Ltd. 






Figure 10. Decay of the internal field    E  int  *    of a CLN crystal under annealing at rising temperatures, measured by Gopalan et al. [26]. The times of heating up before and cooling down after the annealing time of 2 min did not take more than a few seconds. This figure is reproduced with permission from V. Gopalan et al., Ferroelectrics 1997, 198, 49 [26], copyright © 1997 by Taylor & Francis Ltd.



[image: Crystals 08 00214 g010]







[image: Crystals 08 00214 g011 550] 





Figure 11. Photoluminescence scan images from poled domains in CLN using the three-photon femtosecond excited visible photoluminescence. (a) Domains within virgin surrounding in 5 mol % Mg:CLN. (b) Doubly switched domains within a singly switched area of 5 mol % Mg:CLN, the domains appear now brighter. These figures are reproduced with permission from P. Reichenbach et al., J. Appl. Phys. 2014, 115, 213509 [17], copyright © 2014 by AIP Publishing LLC. 
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Figure 12. Normalized temporal decay of 2.6 eV photoluminescence in virgin and in poled Mg:CLN at 130 °C, under UV nanosecond-pulsed illumination, and with dopings of 7 mol % (a) and 3 mol % (b). These figures are reproduced from our previous publication T. Kämpfe et al., Phys. Rev. B 2016, 93, 174116 [19]. 
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Figure 13. (a) Power dependence of domain contrasts for 5 mol % Mg:CLN, 2.5 mol % Mg:SLN, 0.085 mol % Zr:SLN and 8 mol % Mg:CLT, recorded with three-photon femtosecond excitation at 790 nm. (b) Excitation wavelength dependence of domain contrasts of 5 mol % Mg:CLN and 8 mol % Mg:CLT with total emitted photoluminescence intensity kept constant. 
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Figure 14. Annealing series and Arrhenius plots from domain contrast measurements with three-photon femtosecond excitation. (a) Measurements of 5 mol % Mg:CLN and 2.5 mol % Mg:SLN with annealing steps of 15 min duration and increased temperatures for each step. (b) Exponential decay of the domain contrast in 5 mol % Mg:CLN at an annealing temperature of 110 °C. (c) Saturation contrasts     C ∞   ( T )     for 5 mol % Mg:CLN at different annealing temperatures. The values up to 130 °C are extracted from annealing series; for the temperatures above 130 °C the sample used for the 130 °C series has been used and annealed 30 min at each temperature. (d) Arrhenius plots for 5 mol % Mg:CLN and for oxidated 5 mol % Mg:CLN and their respective fit curves and activation energies. The 5 mol % Mg:CLN curve in (a) and the curve (b) are reproduced with permission from P. Reichenbach et al., J. Appl. Phys. 2014, 115, 213509; the saturation contrast curve (c) and the Arrhenius plot for 5 mol % Mg:CLN in (d) from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18]; both with copyright © 2014 by AIP Publishing LLC. 
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Figure 15. (a) Photoluminescence spectra and SHG peaks (at 3.1 eV) of 8 mol % Mg:CLT, 7 mol % Mg:CLT and undoped CLT under three-photon femtosecond excitation at 790 nm and 170 mW. To make the spectra comparable, the units are normalized in the same way as the diagrams in Figure 4. (b) Photoluminescence spectra of 8 mol % Mg:CLT for different smaller excitation powers with each curve normalized on its value at 2.5 eV. (c) Power dependence of photoluminescence intensity for undoped CLT and the 7 and 8 mol % Mg dopings in double-logarithmic plots. Selected parts of the curves are fitted by straight lines that correspond to fitted power functions    P n   . These fits are labeled by numbers. The slopes of the fitting lines in the double-logarithmic plot correspond to the exponents n of the fitted power functions    P n    which are presented in Table 8. (a) is reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC. 
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Figure 16. Photoluminescence images of domains and annealing series at Mg-doped CLT under three-photon femtosecond excitation. (a) Photoluminescence images of domains in 7 mol % Mg:CLT. (b) Non-inverted domains of virgin polarization in poled 8 mol % Mg:CLT. (c) Annealing series at stepwise rising temperatures for 8 mol % Mg:CLT with measurements of the domain contrast after annealing times of 15 min at each temperature. (d) Arrhenius plot from 100 °C to 130 °C for 8 mol % Mg:CLT. (a,b,d) are reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC. 
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Figure 17. Photoluminescence contrast scans of the irregular domains in (partially) inverted 8 mol % Mg:CLT at different penetration depths under three-photon femtosecond excitation. 
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Table 1. Characteristic lifetimes    τ  1 , 2    , stretched-exponential parameters    β  1 , 2    , the intensities    I  1 , 2  max   , the peak energies    E i max    and widths    w i    from time-dependent luminescence measurements on Mg-doped LiNbO3 samples, recorded with the nanosecond-pulsed UV laser setup at    T = 150    K as shown in Figure 6a. The index i denotes the first and the second stretched exponential. The intensities    I 1 max    and    I 2 max    of these stretched exponentials on the spectral maximum are normalized for each doping to the larger one. These data are reproduced from our previous publication T. Kämpfe et al., Phys. Rev. B 2016, 93, 174116 [19].
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	Mg doping [mol %]
	i
	    τ i     [s]
	    β i    
	    I i max     [a.u.]
	    E i max     [eV]
	    w i     [eV]





	7
	1
	    ( 12 ± 2 )  ×  10  − 6     
	   0.48 ± 0.05   
	1
	   2.6 ± 0.1   
	   0.30 ± 0.03   



	
	2
	    ( 1.1 ± 0.2 )  ×  10 0    
	   0.59 ± 0.05   
	    ( 3.5 ± 0.5 )  ×  10  − 2     
	
	



	3
	1
	    ( 2.0 ± 0.5 )  ×  10  − 6     
	   0.52 ± 0.11   
	    ( 2.3 ± 0.3 )  ×  10  − 3     
	   2.6 ± 0.1   
	   0.28 ± 0.03   



	
	2
	    ( 1.0 ± 0.5 )  ×  10  − 2     
	   0.70 ± 0.05   
	1
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Table 2. Activation energies    E a    obtained from the Arrhenius plots of the temperature-dependent lifetimes    τ 1    and    τ 2    as shown in Figure 7c. From each    τ 1    and    τ 2    the two different linear regimes above and below 140 or 160 K, respectively, have been fitted.
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	Lifetime
	Temperature Range
	    E a     [meV]





	   τ 1   
	>140 K
	139 ± 22



	
	<140 K
	38 ± 10



	   τ 2   
	>160 K
	103 ± 48



	
	<160 K
	16 ± 16
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Table 3. Characteristic lifetimes    τ  1 , 2     and stretched-exponential parameters    β  1 , 2     for doped SLN samples and for 5 mol % Mg:CLN at    T = 100    K as fitted from the time-dependent photoluminescence measurements shown in Figure 8. The asterisk * added to the doping number denotes the only CLN sample in this series. The relative intensities are taken from the maxima of the luminescence curves in Figure 4 and are normalized to the intensity from 5 mol % Mg:CLN.
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Dopant

	
Doping [mol %]

	
I/I5 mol % Mg

	
    τ 1     [10−5 s]

	
    τ 2     [10−2 s]

	
    β 1    

	
    β 2    






	
Mg

	
5 *

	
1.00

	
   9.0 ± 0.2   

	
   0.70 ± 0.03   

	
   0.68 ± 0.07   

	
   1.0 ± 0.1   




	
1

	
1.05

	
   4.0 ± 0.2   

	
   1.9 ± 0.6   

	
   0.55 ± 0.02   

	
   1.0 ± 0.1   




	
2.5

	
0.77

	
   1.0 ± 0.1   

	
   1.2 ± 0.2   

	
   0.46 ± 0.20   

	
   0.9 ± 0.2   




	
4.5

	
0.21

	
   8.0 ± 0.3   

	
   0.005 ± 0.004   

	
   0.78 ± 0.02   

	
   0.27 ± 0.03   




	
Zr

	
0.085

	
0.50

	
   10 ± 4   

	
   6.0 ± 6.7   

	
   0.41 ± 0.5   

	
   1.0 ± 1.5   




	
Sc

	
0.5

	
0.50

	
   12.0 ± 0.3   

	
   1.5 ± 0.5   

	
   0.73 ± 0.1   

	
   1.0 ± 0.1   




	
In

	
0.5

	
1.08

	
   9.0 ± 0.3   

	
   1.3 ± 0.3   

	
   0.66 ± 0.01   

	
   1.0 ± 0.2   




	
Hf

	
0.55

	
0.63

	
   7.0 ± 0.5   

	
   11.0 ± 7.5   

	
   0.46 ± 0.2   

	
   1.0 ± 0.1   




	
Zn

	
0.7

	
2.02

	
   3.0 ± 0.2   

	
   1.7 ± 1.0   

	
   0.45 ± 0.02   

	
   1.0 ± 0.1   
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Table 4. Domain contrast values of visible photoluminescence for different materials, dopants and doping concentrations recorded with the femtosecond laser setup (790 nm, 170 mW). The note “2×” behind the doping number denotes a Mg:CLN sample with doubly inverted domains in a singly inverted surrounding. The data for CLN are reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC.
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Material

	
Dopant

	
Doping [mol %]

	
Contrast [%]






	
CLN

	
Mg

	
5

	
   3.7 ± 0.5   




	
5 (2×)

	
   2.5 ± 0.5   




	
7

	
   2.7 ± 0.5   




	
SLN

	

	
1

	
   1.7 ± 0.6   




	
Mg

	
2.5

	
   2.8 ± 1.1   




	

	
4.5

	
   8.1 ± 1.5   




	
SLN

	
Zr

	
0.085

	
   4.3 ± 0.5   




	
In

	
0.5

	
   8.6 ± 0.8   




	
Hf

	
0.55

	
   6.8 ± 1.0   
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Table 5. Values of    β 1    as obtained from the linear fits of the time-dependent luminescence curves shown in Figure 12, measured at virgin and poled CLN samples with 3 and 7 mol % Mg doping.






Table 5. Values of    β 1    as obtained from the linear fits of the time-dependent luminescence curves shown in Figure 12, measured at virgin and poled CLN samples with 3 and 7 mol % Mg doping.





	Mg Doping [mol %]
	    β 1     (Virgin)
	    β 1     (Poled)





	3
	0.36 ± 0.01
	0.20 ± 0.02



	7
	0.53 ± 0.01
	0.34 ± 0.01
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Table 6. Reported activation energies    E a    for the mobility of the occurring polarons and ions in LNO and for the domain contrast decay for different dopings (including 8 mol % Mg:CLT and oxidated 5 mol % Mg:CLN). In the case of bipolaron the activation energy of dissociation is given. Except for the activation energy of the free hole O− (estimated to    1 / 4    of the greatest estimated free hole polaron energy of 1.7 eV) and of oxidated Mg:CLN, these data are reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC.
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Phenomenon

	
Defect/Ion/Material

	
    E a     [eV]

	
Ref.






	
polaron

	
   Nb Nb  4 +    

	
<0.2 eV

	
[16,99]




	
   Nb Li  4 +    

	
<0.4 eV

	
[2,4]




	
   Nb Nb  4 +     +    Nb Li  4 +    

	
0.27

	
[4,53]




	
O− + VLi

	
<0.6 eV

	
[2,3,5]




	
O−

	
<0.42 eV

	




	

	
Li+

	
1.1–1.2 eV

	
[103,104,105,106]




	
ion

	
H+

	
1.1 eV

	
[101,102]




	

	
Mg2+

	
2.9 eV

	
[100]




	
measured contrast decay

	
5% Mg:CLN

	
(0.98 ± 0.27) eV

	
[18]




	
5% Mg:CLN (ox.)

	
(1.06 ± 0.33) eV

	




	
7% Mg:CLN

	
(1.01 ± 0.38) eV

	
[18]




	
8% Mg:CLT

	
(0.82 ± 0.28) eV

	
[18]
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Table 7. Peak positions E, widths w and luminescence intensities I/I5 mol % Mg:CLN from Mg-doped and undoped CLT. The intensities have been estimated from the areas of Gaussian fits of the measured luminescence spectra, and have been normalized to the area of the 5 mol % Mg:CLN spectrum as the reference intensity. These data are reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC.
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	Doping
	E [eV]
	w [eV]
	I/I5 mol % Mg:CLN [a.u.]





	8 mol %
	3.2 ± 0.2
	0.40 ± 0.10
	0.98 ± 0.05



	7 mol %
	3.3 ± 0.2
	0.45 ± 0.10
	0.34 ± 0.10



	none
	2.5 ± 0.2
	0.25 ± 0.05
	0.04 ± 0.01
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Table 8. Exponents n from the numbered fit lines in Figure 15c with the Mg dopings and power ranges of the fitted curve segments.






Table 8. Exponents n from the numbered fit lines in Figure 15c with the Mg dopings and power ranges of the fitted curve segments.





	Fit No.
	n
	Mg Doping [mol %]
	Power Range [mW]





	1
	3.7 ± 0.1
	8
	100–140



	2
	7.7 ± 0.3
	8
	170–210



	3
	6.0 ± 0.1
	8
	230–260



	4
	3.7 ± 0.1
	7
	100–140



	4
	6.6 ± 0.1
	7
	230–260



	4
	4.2 ± 0.1
	0
	100–140



	4
	3.8 ± 0.1
	0
	230–260
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Table 9. Multiphoton luminescence domain contrasts for undoped and Mg-doped CLT [18]. These data are reproduced with permission from P. Reichenbach et al., Appl. Phys. Lett. 2014, 105, 122906 [18], copyright © 2014 by AIP Publishing LLC.
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	Mg Doping [mol %]
	Contrast [%]





	0
	   27.2 ± 2.5   



	7
	   30.2 ± 3.6   



	8
	   20.4 ± 2.9   
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Table 10. Materials and applied methods for our presented measurements. The CLN and CLT samples had been purchased from Crystal Technology and Yamaju Ceramics, while the SLN samples had been prepared in the Wigner Research Center for Physics in Budapest.
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Material

	
Dopant

	
Doping [mol %]

	
Multiphoton Luminescence Spectroscopy

	
Time-Resolved Luminescence Spectroscopy

	
Ferroelectric Domain Contrast Evaluation

	
Thermal Annealing Series

	
Arrhenius-Type Activation Energy Extraction






	
CLN

	
none

	
–

	
×

	

	

	

	




	

	
1

	
×

	

	

	

	




	

	
2

	
×

	

	

	

	




	
Mg

	
3

	
×

	
×

	

	

	




	

	
5

	
×

	
×

	
×

	
×

	
×




	

	
7

	
×

	
×

	
×

	
×

	
×




	
SLN

	
none

	
–

	
×

	
×

	

	

	




	

	
1

	
×

	
×

	
×

	

	




	
Mg

	
2.5

	
×

	
×

	
×

	
×

	




	

	
4.5

	
×

	
×

	
×

	

	




	
Zr

	
0.085

	
×

	
×

	
×

	

	




	
Sc

	
0.5

	
×

	
×

	

	

	




	
In

	
0.5

	
×

	
×

	
×

	

	




	
Hf

	
0.55

	
×

	
×

	
×

	

	




	
Zn

	
0.7

	
×

	
×

	
×

	

	




	
CLT

	
none

	
–

	
×

	
×

	
×

	

	




	
Mg

	
7

	
×

	
×

	
×

	

	




	
8

	
×

	
×

	
×

	
×

	
×












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
—
ok ok
e
Y
10 0% 10 10° 10
imedey ]
b 1
0] +
o : +
Wit .
of b4
O ST e T 10 100

T

]

T (us)

1000/T [K 1]
5 6 7 8 9 1w
10°
10°
100
10)
1
W0180 160 W0 120 00
TIK]





media/file4.png
A [nm]
700

400

500

1000

2000

E [eV]





media/file30.png
S o o 9
N ks O 0

spectral intensity [a.u.] &

-]

L — 8mol % Mg:CLT
— 7 mol % Mg:CLT
- —— undoped CLT

N

spectral intensity [a.u.] ~

| |
2 22 24 26

1 i | | |
2.8 3 3.2 2 22 24 26 28 3

energy E [eV] energy E [eV]
C) i | | | 3 L]
103 E 8 mol ;Vo Mg:CLT 5/ .
= A 7 mol % Mg:CLT XK‘(“;
S, ¢ undoped CLT 2 A ]
— A ,4*’
ALy 7 -
5 A A ¢ ¢ ¢ -
z 2,0 :
g o? —
5 -
] ] ] | E
100 140 180 220 260

excitation power P [mW]





media/file18.png
HH HH HH HH
f" p?l pf p¢

Nbdo °
Ay Mg Mg

YRy YRR HH





media/file21.jpg
1x poled

m— (.92 EEEEE 1.0
20 pm I[au.]






media/file26.png
NCY

LNO contrast C [%]

- (0.085 mol % Zr:SLN -

i —— 8 mol % Mg:CLT

| —=—5mol % Mg:CLN ]
2.5 mol % Mg:SLN

120 140 160 180 200

excitation power [W]

40

30

20

10

LTO contrast C [%]

=

LNO contrast C [%]
S o~ N W R GO N

—— 5 mol % Mg:CLN
- 8 mol % Mg:CLT

760 770 780 790 800
excitation wavelength A[nm]

25

20

15

10

LTO contrast C [%]





media/file27.jpg
&

contrast C[%]

-#-5 mol % MgCLN
-#-25 mol % MgSLN

T=(19.£10) min

E T
temperature [ C]

0

I )
time t[min]

i 1

5 mol % Mg:CLN oxidated
Ea = (101 +038) eV

mol % Mg CLN
(098.£027) eV

20 M0 160
temperature T['C]

180

5

25 2% 26 265 27
1000/T (K1)






media/file3.jpg
6 [102m?

16
14
12
10

o N A O ®

A [nm]
2000 1000 700 500 400






media/file22.png
1x poled






media/file19.jpg
[kV/mm]

*
‘int

internal field E;

8]

'S

-@- anneal time: 120s

50

L L L L
100 150 200 250 300
anneal temperature T [*C]





media/file7.jpg
e
9
<

4

.
o H
3
02| &1
o o
ER T T T I R T TR
ey Bl ey £l
— S MECIN L% MgSIN — ndoped SLN 1l %ML
TUmanMECLN 5mo%MESIN umdopelCLN — 2mol% ML
i s
9
H

2 22 24 26 25 3 32

energy E V]
— 07 mol % ZnSLN  — 055 mol % HESLN
— 05mol % InSLN  — 0.5 mol % ScSLN

— 0,085 mol % ZrSLN





media/file28.png
o

contrast C” [%]

contrast C [%]

2.5

1.5

temperature T ["C]

n . |

31 i

21 .

-~ 5 mol % Mg:CLN
1 -m 2.5 mol % Mg:SLN T
50 100 150 200

temperature T ["C]

o . -

¥ N

. : -

] | | 4
100 120 140 160 180 200

b)

kln (T[s]) [10° eV/K] &

contrast C [%]

04F

0.3

0.2

0.1

time t [min]

B 5 mol % Mg:CLN oxidated
E, =(1.01 £0.38) eV

H 5 mol % Mg:CLN
Ea=(0.98 £ 0.27) eV

255 26
1000/ T [K!]

2.65

2.7






media/file10.png
N o8 H~
I I I

p—
|

spectral intensity [a.u.]

N
-
-

|
300

400 500
wavelength A [nm]

600






media/file33.jpg
2510 fing 2= 15

30 um

2=30 um






media/file32.png
N

contrast C[%] ©n

N
o

1 x poled

1 x poled

s (5 EE |0
20 Hm I [a.u.]

20 F 1 -
Ey = (0.82 £0.28) eV

FENE ]
Q
%
m 8 mol % Mg:CLT * * * * %
] ] ] | v—is:‘ 1
0 50 100 150 200 ~ 045 25

temperature [°C]

] ] ]
255 26 265 27
1000/ T [K1]





media/file14.png
- 1071
=
& 1072
.a el
§ 1073
5 = 100K - 120K
104L - M0K-—160K e
== 180K =200 K
10_5 L 1 annl L1l L1l L1 nnl =
1076 107 10~ 1073 1072
time delay [s]
b) 1 T T T T
0.8 + ]
0.6 + i # % .
= ol 1
0.4 ]
",
0.2 =3, .
0 200 180 160 140 120 100

T [K]

T, [Ms]

Tq [us]

100

1000/T [K ]
5 6 7 8 9 10
200180 160 140 120 100
T[K]





media/file11.jpg
A e b

o i

09 i

RS ]

£ msmanvmay % Imatr gL
b 7 mol % MgCLN Z mol % MgCLN
0 -
0% 07 10 107 109 107 107 2 22 24 26 28 3

time delay ¢[s] energy E [eV]





media/file6.png
100+

5 2

N
-]
]

spectral intensity [a.u.]

F

fay
e

-

=

spectral intensity [a.u.]

07
o
%, :/7'/ .lll'l‘ ;
ISttt e






media/file15.jpg
055% Hi:

= 1%MgSIN 05%InSLN
4 MESLN 05%SeSIN

5% VgSIN 0085 % ZeSIN \
5% MgCLN 07% ZnSIN
[CEE TR d TR TR

time delay t[s] i dalipt )





nav.xhtml


  crystals-08-00214


  
    		
      crystals-08-00214
    


  




  





media/file16.png
NCH

intensity I/ I,

10° b) 10°
1071 _ 107 ST~
1072 = 10972
p 10 0.55 % HESLN
103F = 1%MgSLN % 1073 0.5 % In:SLN
. 2.5 / Mg:SLN E 0.5 % Sc:SLN
10 4.5 % Mg:SLN 10~ 0.085 % Zr:SLN
105 = 5% Mg:CLN ‘ = 0.7 % Zn:SLN
EEEEEEET Ll R ET I N Ee 10—5 Ll Ll AT A EEET,
107 107° 107 1073 1072 107° 107° 107 1073 1072

time delay t [s] time delay t [s]





media/file2.png
bound free

optical
excitation polaron polaron  bipolaron
“> y A — — A
S Fe’t 2.6V 2| % 1.1eV] 1eV
ot - ol [ T > _
— ‘n —] Nbijb ) O at VLi

~4 eV
3.1eV
g |
o
ol ¢
2.6 eV
Z
U‘\-lk
“+|25
_|_
Z
o
Z %
2.5eV

free hole polaron bound hole polaron

iron defects





media/file20.png
[kV/mm]

%
int

internal field E;

-@- anneal time

50

100 150 200 250
anneal temperature T ["C]






media/file23.jpg
10?

3mol % Mg
= virgin
_m_ poled

PR
10° 10° 107 10°
time delay t [s]

107 10° 107 10°
time delay t [s]





media/file5.jpg
5w i

P To

EleV]

2

R
i

e

-

Ts

P

2

o

g % 3 5 a °
[ve] Ausuanur jensads.

Efev]





media/file24.png
intensity 1/1,

[ 3 mol % Mg

- W virgin E

- _m_ poled

10”7 10° 107 10°
time delay t [s]

- 7 mol % Mg
- _Em_ virgin

- m_ poled

time delay t [s]






media/file29.jpg
— Smol % MgCLT
— 7mol % MgCLT

— undoped CLT
T 22 24 26 28 3 32 0 % 22 21 26 25 3 32
energy E [eV] energy E [eV]

<

8mol % MgCLT
4 7mol % MgCL
+ undoped CLT

iy 1fau)

intensity I

100 0 0 20 260
excitation power P [mW]





media/file1.jpg
optical bound free
excitation polaron polaron  bipolaron

iron defects free hole polaron  bound hole polaron





media/file31.jpg
— 10 — 07 10
20um o Sum fau)

IR %

t
e ITT

(0822028 eV

R T ] 5 2% 26 2%
temperature [°C] 1000/ K]





media/file25.jpg
LNO contrast € (5]

b)

e 0085 mol % ZeSLN
=8 mol % Mg CLT

‘excitation power (W]

£ Z
% o )
EE
L 5 ol 5 Mg CLN
-5 mol % MgCLN e 2y 8 mol % MgCLT
25 mol % MgSLN =
o o o
w0 @ w0 m 70 70 w0 0 w0

excliation wavelength MNam)

LTO contrast C (%]





media/file12.png
job]
~
—
-]
[}

b)

== 3 mol % Mg:CLN N
==7 mol % Mg:CLN

: 3
- 1071 s 1r
< F I
} 1072 %
2 g o5k
g 10 3 = 0.5
e - I
" 4L T 3 mol % Mg:CLN 35
10 = == 7 mol % Mg:CLN 8
B 7)) " 73
10—5 I EEPETETITT BTN BEETETITT BEPETNTITY BT 0 1 |
10 107 10® 10 10* 102 1072 2 2.2

time delay t [s]

24 2.6 2.8 3
energy E [eV]





media/file9.jpg
spectral intensity [a.u.]

o

'S

w

[N}

-

[Nt
=1
3

300

400 500
wavelength A [nm]

600





media/file0.png





media/file8.png
a)

spectral intensity [a.u.]

1.2 1 1 1 1 1 1 1

[

0.8

0.6

04

0.2

0 2 22 24 26 28 3 3.2

energy E [eV]
= 5mol % Mg:CLN —— 1 mol % Mg:SLN
7 mol % Mg:CLN = 2.5 mol % Mg:SLN
—— 4.5 mol % Mg:SLN

C) . . .

=

spectral intensity [a.u.]

O 1 1

2 22 2I.4 2I.6 2I.8 3
energy E [eV]

— undoped SLN = 1 mol % Mg:CLN

undoped CLN == 2 mol % Mg:CLN

—— 3 mol % Mg:CLN

spectral intensity [a.u.]
—

O 1

1
2 22 24

26 2.8 3 3.2

energy E [eV]
— (.7 mol % Zn:SLN = (.55 mol % Hf:SLN

0.5 mol % In:SLN

— ().5 mol % Sc:SLN
= ().085 mol % Zr:SLN





media/file34.png





media/file17.jpg
1%?1 1%41 &Jﬂ& t&%#
fv 9" :
o vf p¢

NESO'-
6% Mg,

TYYSRTYY! HH HH





