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Abstract:



A brief review focuses on studies into the structural reasons for the nonlinear optical properties of crystals of the potassium titanyl phosphate family, performed at the Shubnikov Institute of Crystallography. Accurate X-ray diffraction data are discussed, providing evidence that the optical susceptibility of crystals is related not only to the alternation of long and short Ti–O bonds in the chains of TiO6 octahedra, but to the geometry of tetrahedral anions and the alkaline cation arrangement in the structure channels, as well. The contribution of each of the three structural components depends on the crystal composition.
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1. Introduction


Crystals of the potassium titanyl phosphate KTiOPO4 family (KTP) are materials of a special type, namely, ferroelectrics-superionic conductors. They exhibit high nonlinear susceptibility and stability to external effects over a wide temperature range. KTP crystals are widely used in nonlinear optical devices, in particular, for doubling and tuning the frequency of laser radiation [1,2,3]. They are employed as active elements in electrooptic modulators of solid-state lasers for parametric light generation and as waveguides in integrated optics [4,5,6,7].



For nonlinear optics applications, high-resistance (ρ ~ 107–1011 Ω cm) crystals with a low defect concentration are suitable. Therefore, obtaining large, optically pure crystals of the KTP family is a highly important technological concern [8]. Concurrently, the search for new compounds with nonlinear optical characteristics exceeding those of the pure (undoped) KTP crystals is ongoing. The search for compounds with improved nonlinear optical characteristics is carried out through the use of multiple isomorphous substitutions. As of this writing, the intensity of the second harmonic generation (SHG) signal is found to increase by a factor of 1.6 in KTiOAsO4 (KTA) crystals, which remain isostructural to KTP crystals with complete substitution of arsenic for phosphorus [9]. The SHG signal increases by 10% and 20% upon the partial (~5% and 4% respectively) substitution of niobium for titanium [10,11,12], by a factor of approximately two upon the partial substitution of zirconium for titanium [13,14], and by 30–40% in KTP crystals doped with hafnium [15].



The unique combination of physical properties derives from the specific features of the crystal structure of KTP (polar space group Pna21 [16] in the ferroelectric phase existing below 934 °С [17]). It is a rigid three-dimensional framework consisting of alternating vertex-sharing TiO6 octahedra and PO4 tetrahedra with channels running along the c axis (Figure 1a). The channels contain cations of potassium or other alkali elements. The high ionic conductivity of KTP crystals is caused by vacancies at alkali element positions and diffusion of cations over these vacancies. Relaxation of potassium atoms, which is connected to the formation of alkali cation-vacancy dipoles, appears on the temperature-permittivity plot as a broad anomaly in a range from 200 to 700 °С. The state of the cation sublattice has been shown to affect the ferroelectric properties of crystals of this family [18].


Figure 1. (a) Projection of the KTiOPO4 structure onto the (101) plane. (b) Alternation of Ti–O bond lengths (Å) in chains of TiO6 octahedra in the KTP structure: the O1 and O2 atoms occupy cis positions in the Ti1O6 octahedron and trans positions in the Ti2O6 octahedron.
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Until recently, the nonlinear optical susceptibility of KTP crystals was associated with the alternation of long and short Ti–O bonds in the chains of TiO6 octahedra (Figure 1b) resulting in a non-uniform distribution of the electron density among these structural units. Such distribution creates anharmonicity in induced vibrations of atoms in a crystal exposed to a harmonic electromagnetic wave, and thereby the appearance of the nonlinear optical properties. The correlation between the SHG signal intensity and the anharmonicity of effective displacements of atoms in the octahedron chains can be clearly traced in continuous series of solid solutions K(Ti1−xGex)OPO4 [19] and K(Ti1−xSnx)OPO4 [20]. The stronger the distortions in the octahedra, the higher the intensity of the SHG signal.



Sometimes, the intensity of SHG signal decreases in compounds with strongly distorted octahedra [2] (for example, in NaTiOPO4 with complete substitution of sodium for potassium). On the other hand, the optical nonlinearity of KTP crystals doped with zirconium [21] and of KTA crystals [22] is larger than that of crystals of pure KTP, but their octahedra are less distorted. Analyzing AsO4 tetrahedra, the authors of [22] noticed a decrease in the Ti–O–As angles by 2–5° in comparison with the Ti–O–P angles in PO4 tetrahedra, but the existence of chains of TiO6 octahedra with alternating long and short Ti–O bonds in the structure was assumed to be the main reason for the high optical susceptibility of KTA crystals.



The study of the structure and distribution of the electron density in RTA crystals at T = 9.6 K and room temperature [23,24] revealed asymmetric dipole-like peaks of electron density near the Ti and Rb atomic positions in the c direction. The optical susceptibility of these crystals was attributed to the possible localization of the electron density, as well as to charge transfer along the Ti–O–Ti–O and Ti–O–As–O chains.



At the end of the 20th century, studies [17,25,26] appeared in which the optical susceptibility of KTP crystals was associated with PO4 tetrahedra and KO8/KO9 groups. The authors of [25] calculated the polarizability of the bonds in each of the structural groups of many nonlinear optical compounds, taking into account the fact that each type of constituent chemical bond contributed to the total linearity and nonlinearity of the crystal. In both KTP and KTA compounds, the origin of nonlinearity was concluded to be KOx (x = 8, 9) groups and P(As)O4 groups. The authors of [26] believed that a strong distortion of octahedra was a necessary, but not sufficient, condition for high nonlinearity in crystals of the KTP family. In the opinion of the authors of [27], one should not to confine oneself to analyzing only a part of the structure while neglecting the remaining atoms when studying the causes of nonlinear optical properties. The second harmonic generation was shown to be connected with the acentricity of the atomic structure as a whole in the course of theoretical study on the relation between the yield of the second harmonic of laser radiation and degree of centrosymmetricity of the electric potential function of the whole atomic structure of the KTP crystal [27].



In situ neutron powder diffraction analysis from 297 to 1358 K [28] indicated the largest average displacements of K+ and P5+ cations during the transition from paraelectric (space group Pnna in the authors’ set) to ferroelectric (space group Pna21) phase. The average values of the displacements at 297 K were 0.16, −0.59, 0.04 and 0.14 Å for O2−, K+, Ti4+, and P5+ ions, respectively. Total spontaneous polarization was estimated to be −0.19 μC cm−2. Contributions of O2−, K+, Ti4+, and P5+ ions to the total spontaneous polarization were −0.23, −0.087, 0.016 and 0.105 μC cm−2, respectively. The intensity of SHG decreases with increasing temperature [17], and the decrease in the spontaneous polarization with increasing temperature corresponds to the dependence of the SHG intensity on the temperature ~(1 − T/TC)0.5. Thus, the results of studying the paraelectric phase of KTP crystals also suggest that the K+ and P5+ ions significantly affect the bond polarizability and consequently, the PO4 tetrahedra and the KO8/KO9 groups contribute to the nonlinear susceptibility of crystals of the KTP family. The results of a study of neutron total (Bragg and diffusion) scattering in KTP crystals [29] from room temperature to 900 °C additionally suggested that changes in the local arrangement of oxygen atoms around Ti4+ and the displacement of K+ were the reasons for the SHG signal decrease with increasing temperature, and therefore, a significant part of the SHG effect came from potassium cations.



Recent publications with ab initio computations for the electronic structure and nonlinear optical characteristics of KTP-type crystals [30,31,32] emphasized the distortion of TiO6 octahedra, originating the superior nonlinear optical properties of these crystals. The distorted octahedron allows the dipolar excited states to mix with the bonding electronic states producing a strong hyperpolarizability on the Ti–O bonds [30]. In [31], it was found that the band structure of KTP-type phosphate crystals was dominated by Ti and O states and weakly dependent on the nature of the alkali-site element. Thus, the nonlinear optical properties of KTP-type solid solutions should be weakly influenced by ion substitution at the alkali-site positions. The observed anisotropy in the linear optical susceptibilities [32] was shown to provide enhanced phase matching conditions for the second harmonic generation. The strongest contributions to optical dielectric constant peaks were found to be due to the inter-band transitions between the valence-band maximum and conduction-band minimum. These transitions are often originated from O-2p to Ti-3d states.



To date, a large number of studies of the atomic structure of crystals of the KTP family have been conducted, some of them at the Institute of Crystallography [33]. These studies were quite high level, but in order to analyze the defect structure of single crystals and structural reasons for their physical properties, a new, accurate approach to data collection was needed. This approach was used in the study of the atomic structure of crystals of pure KTP [34], specially selected single crystals (KTA [35], KTP, doped with zirconium (KTP:Zr) [36], hafnium (KTP:Hf) [37], and niobium (KTP:Nb) [38]) whose nonlinear susceptibility was higher than that of KTP crystals. This review summarizes the results of those studies.




2. Materials and Methods


2.1. Single Crystals


Single crystals of KTP [34], KTA [35], KTP:Zr [36], KTP:Hf [37], and KTP:Nb [38] were grown by one method (crystallization from flux) in two ways (either spontaneous formation of crystallization centers or top-seeded solution growth during slow cooling of saturated solution melts). Single crystals of KTP and KTА were grown with top-seeded solutions at the Ariel University Center of Samaria, Israel, and at Faculty of Science of the Hebrew University of Jerusalem, Israel, using the method in [39]. Single crystals of KTP, KTP:Zr, KTP:Hf, and KTP:Nb were grown by spontaneous flux crystallization at the Faculty of Physics of the Moscow State University, Russia, using the method in [40]. Thereby, the single crystals of such compositions were studied: KTiOPO4 (CSD nos 418747 and 418748) [34], KTiOAsO4 (CSD nos 421396 and 421397) [35], KTi0.96Zr0.04OPO4 (KTP:4%Zr) (CSD no. 419907) [36], KTi0.985Hf0.015OPO4 (KTP:1.5%Hf) (CSD nos 421392 and 422170), KTi0.965Hf0.035OPO4 (KTP:3.5%Hf) (CSD nos 421393 and 422171), KTi0.872Hf0.128OPO4 (KTP:12.8%Hf) (CSD nos 421394 and 4212172) [15,37], K0.945Ti0.951Nb0.049PO5 (KTP:4%Nb) (CSD no. 431502), and K0.952Ti0.945Nb0.055PO5 (KTP:6%Nb) (CSD no. 431503) [38].



Physical properties of single crystals grown by top-seeded solution method were studied at the Ariel University Center of Samaria using the technique in [41,42,43]. Physical properties of single crystals grown by spontaneous flux crystallization were studied at the Faculty of Physics of the Moscow State University jointly with the Karpov Institute of Physical Chemistry [33]. Ferroelectric, dielectric, and conductive properties are not discussed in this review. The concentration dependence of the intensity of the SHG signal from a YAG:Nd laser was studied [10,14,15,44] with powders of crushed single crystals by a method close to the Kurtz-Perry method [45], the average grain size being about 3 μm. The intensity of the signal was compared with the intensity of the SHG signal in the standard sample of quartz of the same dispersion.




2.2. Accurate X-ray Analysis


X-ray experiments were carried out using four-circle automatic diffractometers with detectors of two different types: a point detector, which measures each reflection in order (CAD-4F Enraf-Nonius, Deloft, The Netherlands; Huber-5042, Rimsting, Germany); and a CCD detector, which produces a two-dimensional diffraction pattern (Xcalibur S CCD Oxford Diffraction). Using a diffractometer with a point detector makes it possible to measure the intensity of weak reflections more accurately, including wide-angle ones. The wide-angle reflections (sinθ/λ > 0.6–0.7 Å−1) are mainly caused by the scattering of X-rays by the inner-shell electrons of atoms, which are not strongly perturbed during the chemical bonding. Therefore, the inclusion of such reflections in the structure refinement is highly important and allows obtaining more precise thermal and positional parameters of atoms, not changed due to chemical bonding. The contribution of wide-angle reflections to X-ray diffraction data corresponds more to scattering by spherically symmetric atoms, which is one of the main approximations of X-ray diffraction analysis. In experiments with KTA at 30 K [35] and with KTP:Nb [38], the maximum values of sinθ/λ were 1 Å−1. In experiments with KTP doped with 1.5% and 3.5% Hf [37] this values were 1.37 Å−1, and in other cases they were 1.22 Å−1.





3. Single Crystals of Pure KTP


The purpose of the accurate X-ray diffraction study of pure KTP single crystals grown by one method (crystallization from the solution in the melt) in two ways (the top-seeded solution growth and spontaneous flux crystallization) [34] was to obtain the most complete and precise data on their structure in order to first, evaluate how the growth conditions affect the structure of the KTP crystals and second, to use the obtained data in the further investigations of the structure of KTP crystals doped with isovalent or heterovalent impurities. An analysis of the results of the refinement of the structure of KTP single crystals grown by one method—but in different ways—made it possible to reveal similarities and differences in their structure. Similarities in the unit cell parameters and the average interatomic distances in the structures were found. Furthermore, the potassium sublattices in the crystals under investigation were characterized by a similar disordering (existence of additional K positions). Despite the similarity in crystal-chemical parameters, the distribution of the electron density in the crystals was different due to different numbers of defects in the crystal structures. On the whole, the analysis of the difference distribution of the electron density suggested that, compared to the crystals grown by the top-seeded solution method, the crystals grown through the spontaneous flux crystallization contained a larger number of defects. This was indicated by higher peaks of the residual electron density near cation positions and by the presence of a larger number of uninterpreted residual peaks in the difference electron density maps.



It should be noted that it was possible to perfectly analyze the distribution of potassium ions over the structure channels only due to the high quality of the experiments. A more detailed, in compared to [34], analysis of the distribution of the residual electron density near the potassium atom positions was carried out in [46]. In the case of top-seeded crystallization, the peaks X′ and X″ (Figure 2) of the residual electron density Δρmax = 0.83, 0.41 and 0.76, 0.47 e Å−3, respectively, were located at distances of ~0.45 and 0.43 Å from the K1 (KO8 groups) and K2 (KO9 groups) atoms, respectively. In the case of spontaneous crystallization, analogous peaks were at distances of ~0.45 and 0.44 Å and their heights were Δρmax = 0.88, 0.46 and 0.77, 0.41 e Å−3, respectively.


Figure 2. Difference maps of electron density near the positions: (a) of the K1 atom; (b) of the K2 atom for the crystal grown by the top-seeded solution method. The isolines are drawn in steps of 0.1 e Å−3.
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In accordance with these peaks, the atoms K1′, K1″, K2′, and K2″ were localized. The occupancies of the main and additional potassium positions were refined by the step-scan technique [47], which makes it possible to avoid a strong correlation between the atomic displacement parameters and the position occupancies. The final occupancies were assumed to be equal to the values corresponding to the midpoint of the confidence interval within which the discrepancy factor retained its minimum value. The error in the refinement was registered as equal to half the confidence interval. The occupancies of the main and additional positions of potassium atoms, as well as the distances between them, are listed in Table 1.


Table 1. Occupancies of potassium atomic positions and distances between these positions in the structures of KTP single crystals.





	
Occupancies of the Potassium Atomic Positions




	
Position

	
K1

	
K1′

	
K1″

	
K2

	
K2′

	
K2″




	
KTP 1

	
0.925(2)

	
0.050(2)

	
0.032(2)

	
0.846(2)

	
0.071(2)

	
0.080(2)




	
KTP 2

	
0.838(1)

	
0.092(1)

	
0.058(1)

	
0.843(2)

	
0.061(2)

	
0.090(2)




	
Distances, Å




	
Positions

	
K1–K1′

	
K1–K1″

	
K2–K2′

	
K2–K2″

	
K1′–K1″

	
K2′–K2″




	
KTP 1

	
0.300(4)

	
0.371(8)

	
0.295(3)

	
0.235(4)

	
0.295(9)

	
0.390(4)




	
KTP 2

	
0.284(3)

	
0.277(6)

	
0.321(3)

	
0.246(4)

	
0.286(5)

	
0.414(4)








1 KTP is grown by the top-seeded solution method; 2 KTP is grown by the spontaneous flux crystallization method.









4. Single Crystals of KTA


KTА single crystals are of particular interest, as some of their nonlinear optical characteristics exceed those of KTP crystals and other members of this family. The intensity of the SHG signal increases by a factor of 1.6 in them [9]. KTA crystals hold the greatest promise for parametric light generation, because at wavelengths larger than 3 μm they show a far weaker absorption than KTP crystals. The structure and properties of KTА single crystals have been studied over a wide temperature range, from room temperature to 725 °C [48]. X-ray diffraction studies of KTA single crystals grown by the top-seeded solution method have been performed at 293 and 30 K [35].



4.1. Changes in the Framework


An analysis of the interatomic distances Ti–O and P(As)–O and the degree of deviation from their mean values [35] showed that substituting arsenic atoms for smaller phosphorus atoms resulted in minor changes in the TiO6 octahedra. Note, however, a slightly (by ~2%) decreased difference in the Ti1–O2 and Ti1–O1 distances in the Ti1O6 octahedra (larger octahedra in comparison with Ti2O6 octahedra) and a slightly increased (by ~1.5%) difference in the corresponding distances in the Ti2O6 octahedra. Next, the junctions of TiO6 octahedra and P(As)O4 tetrahedra in the framework, that is, the P(As)2–O–Ti1–O–P(As)1, P(As)2–O–Ti2–O–P(As)1, Ti1–O–P(As)1–O–Ti2, and Ti1–O–P(As)2–O–Ti2 chains, were analyzed. In order to estimate relative changes in the Ti–O–P(As) chain links, the Δ parameter characterizing the degree of deviation of the difference of Ti–O and P(As)–O interatomic distances from the difference of their average values was introduced. For Ti, P(As), and O atoms, forming the links of the Ti–O–P(As) chains, the Δ parameter was defined as


[image: ]



(1)




where Δ0 = d(Ti–O)av − d(P(As)–O)av.



In the case of ideal structure the parameter Δ would be zero. But TiO6 octahedra and PO4 tetrahedra are distorted and this parameter is nonzero. The values of the parameter Δ for different Ti–O–P(As) links in the KTP and KTA structures are listed in Table 2.


Table 2. Degree of deviation (Δ) from the difference of the average Ti–O and P(As)–O interatomic distances in the structures of KTP and KTA single crystals.





	Chemical Bonds
	KTP
	KTA





	Ti2–O6–P(As)1
	0.0162
	0.0275



	Ti2–O5–P(As)1
	0.1582
	0.1763



	Ti1–O4–P(As)1
	−0.0575
	−0.0711



	Ti1–O3–P(As)1
	0.4427
	0.6520



	Ti1–O7–P(As)2
	0.1732
	0.2354



	Ti1–O8–P(As)2
	0.0555
	0.1071



	Ti2–O9–P(As)2
	−0.0208
	−0.0553



	Ti2–O10–P(As)2
	0.0491
	0.0405









In the Ti2–O5–P1, Ti1–O3–P1, and Ti1–O7–P2 links of the KTP structure (Figure 3), the degree of deviation from the difference of the average Ti–O and P(As)–O interatomic distances is large: ~16%, 44%, and 17%. The substitution of arsenic atoms for phosphorus atoms increased the degree of deviation from the difference of the average Ti–O and As–O interatomic distances almost in all Ti–O–As links (Table 2).


Figure 3. Structure of KTP single crystals (ellipsoids of atomic displacements are drawn at the 50% probability level): the black lines are Ti1–O1–Ti2–O2–Ti1 chains; the yellow lines show P2–O–Ti1–O–P1 and Ti1–O–P2–O–Ti2 chains in which the degree of deviation from the difference of the average Ti–O and P–O interatomic distances is maximal (the width of the lines depends on the Δ parameter).
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The largest values of the Δ parameter (~18%, 65%, and 24%) were found for the Ti2–O5–As1, Ti1–O3–As1, and Ti1–O7–As2 links. Similarly to the difference in the alternating short and long Ti–O distances in the chains of octahedra, the difference in the Ti–O and P(As)–O interatomic distances results in a nonuniform distribution of the electron density over these fragments of the framework. The nonuniformity of the electron density distribution was confirmed by an analysis of the P(As)–O–Ti, Ti–O–Ti, and O–Ti–O angles [35]. When arsenic substituted for phosphorus in the structure, the angles change was 2–5.5°: all the As–O–Ti angles decreased in relation to the P–O–Ti angles, whereas the Ti–O–Ti and O–Ti–O angles increased; i.e., the chains of TiO6 octahedra “straightened”, while the As–O–Ti–O–As and Ti–O–As–O–Ti chains, on the contrary, “bent”.



A highly nonuniform distribution of the electron density over the junctions of TiO6 octahedra and AsO4 tetrahedra in the KTA structure as compared to the KTP structure can lead to the SHG signal multiplication in KTA crystals compared to KTP crystals, which is consistent with the measured values of the SHG signal for KTA and KTP crystals [9].




4.2. Changes in the Channels


A study of the structure of KTA single crystals at room temperature [35] and comparison with the structure of KTP single crystals [46] have found the difference maps of electron density near positions of potassium atoms in both KTA and KTP structures to be identical (Figure 2). Analysis of the splitting of potassium atom positions (Table 3) indicates a change in the occupancies of the main and additional positions in the structure of the KTA as compared to KTP crystals. In KTA single crystals, the occupancies of the main K1 and K2 positions decrease and the occupancies of the additional K1′, K1″, K2′, and K2″ positions increase; i.e., the disordering of the K1 and K2 atoms in the KTA structure is somewhat greater (especially of the K1 atoms) than in the KTP structure, but the distances between the main and additional positions in both structures are comparable.


Table 3. Occupancies of potassium atomic positions and distances between these positions in the structure of KTP and KTA single crystals.





	
Occupancies of the Potassium Atomic Positions




	
Position

	
K1

	
K1′

	
K1″

	
K2

	
K2′

	
K2″




	
KTP

	
0.925(2)

	
0.050(2)

	
0.032(2)

	
0.846(2)

	
0.071(2)

	
0.080(2)




	
KTA

	
0.865(7)

	
0.087(5)

	
0.043(8)

	
0.820(9)

	
0.089(8)

	
0.088(8)




	
Distances, Å




	
Positions

	
K1–K1′

	
K1–K1″

	
K2–K2′

	
K2–K2″

	
K1′–K1″

	
K2′–K2″




	
KTP

	
0.300(4)

	
0.371(8)

	
0.295(3)

	
0.235(4)

	
0.295(9)

	
0.390(4)




	
KTA

	
0.295(5)

	
0.372(7)

	
0.303(5)

	
0.218(6)

	
0.262(7)

	
0.408(9)










At 30 K, the patterns of the electron density distribution near the potassium atomic positions in the structure of the KTA change. Near the position K1, the peak X′ of the electron density (Figure 2), corresponding to the atom K1′ at room temperature, disappears. At a distance of ~0.51 Å the peak X″ of 0.41 e Å−3 in height, corresponding to the K1″ atom at room temperature, remains. Near the K2 position at a distance of ~0.56 Å, the peak X′ (K2′ position) is 0.41 e Å−3 (it is likely to disappear at a lower temperature), and at a distance of ~0.51 Å there is the X″ peak of 0.42 e Å−3 in height (K2″ position). The disappearance of the X′ peak near the K1 atomic position and the reduced height of the peak near the K2 atom indicate the dynamic disordering of potassium atoms at room temperature (anharmonicity of atomic displacements). Similar maps were observed for KTP crystals studied at 297, 100, and 9 K [49] (at 100 K a peak of lower intensity is still observed but at 9 K disappears). X″ peaks correspond to the static disordering of the potassium atoms, meaning these defects are formed during crystal growth.



Thus, the studies of KTA crystals [35] revealed a dynamic and static disordering of potassium atoms in the channels at room temperature. As compared to KTP crystals, the greater effect of static (greater occupancies of static positions) and dynamic (greater occupancies of dynamic positions) disordering of potassium atoms in the structure at room temperature enhances the nonuniformity of electron density distribution in the structure channels. This can also lead to an increase in the SHG signal.





5. Single Crystals of KTP Doped with Zr, Hf, and Nb


KTP single crystals doped with Zr, Hf, and Nb were grown by spontaneous crystallization and studied in [36,37,38]. An increase in the SHG signal was observed at concentrations of these impurities ~4–5%.



5.1. Changes in the Framework


Impurities of Zr, Hf, and Nb replace Ti atoms in the KTP structure. Atoms of Zr (~3% out of 4%) and Hf (~1.2% out of 1.5%, ~2.2% out of 3.5%, and ~9.5% out of 12.8%) mainly occupy the Ti2 position (the Ti2O6 octahedron is smaller in volume and less distorted). Atoms of Nb, on the other hand, replace Ti atoms mainly (~3% out of 4% and ~4% out of 6%) in a larger Ti1O6 octahedron. The incorporation of Zr, Hf, and Nb atoms into the KTP structure and an increase in the impurity concentration leads to a decrease in the distortion of (Ti1,(Zr,Hf))O6, (Ti2,(Zr,Hf))O6, TiO6, and NbO6 octahedra (Table 4) and do not significantly affect the structure of PO4 tetrahedra [36,37,38]. Thus, the nonlinear susceptibility arising due to the difference in long and short bonds (Ti,(Zr,Hf))–O and Ti–O, Nb–O decreases. However, in KTP crystals doped with hafnium, the SHG signal increases by 35–40% compared to KTP crystals [15], in crystals doped with niobium by 10–20% [10,11,12] and in crystals of KTP doped with zirconium it is almost doubled [13,14].


Table 4. Difference of lengths of titanyl bonds in the structures of pure KTP [46], KTP:4%Zr [36], KTP:1.5%Hf, KTP:3.5%Hf, KTP:12.8%Hf [37], KTP:4%Nb, and KTP:6%Nb [38].





	Bonds
	KTP
	KTP: 4%Zr
	KTP: 1.5%Hf
	KTP: 3.5%Hf
	KTP: 12.8%Hf
	KTP: 4%Nb
	KTP: 6%Nb





	ΔTi1–O2–Ti1–O1
	0.2563(4) (100%)
	0.2430(5) (−5.2%)
	0.2476(5) (−3.4%)
	0.2416(6) (−5.7%)
	0.2004(6) (−21.8%)
	0.2312(8) (−9.8%)
	0.2388(7) (−6.8%)



	ΔTi2–O1–Ti2–O2
	0.3479(4) (100%)
	0.3298(5) (−5.2%)
	0.3263(5) (−6.2%)
	0.3178(6) (−8.7%)
	0.2520(6) (−27.6%)
	0.3348(5) (−3.7%)
	0.3361(5) (−3.4%)



	ΔNb1–O2–Nb1–O1
	–
	–
	–
	–
	–
	0.114(5)
	0.093(4)



	ΔNb2–O1–Nb2–O2
	–
	–
	–
	–
	–
	0.096(3)
	0.073(2)









As in KTA crystals [35], relative changes in the links of Ti–O–P chains, i.e., parameter Δ (1), were analyzed in [36,37,38]. This parameter did not change significantly and even decreased (Table 5) and the nonuniformity of the electron density distribution over these fragments of the framework decreased. Thus, the nonlinear susceptibility arising due to the difference in interatomic distances (Ti,(Zr,Hf))–O and P–O, Ti–O, Nb–O and P–O decreased. The absence of significant changes in the structure of the KTP doped with zirconium, hafnium, and niobium was confirmed by an analysis of P–O–Ti, Ti–O–Ti, and O–Ti–O angles. The variation of these angles was insignificant, 0.2°–0.7° on average.


Table 5. Degree of deviation (Δ) from the difference of the average Ti–O and P(As)–O interatomic distances in the structures of pure KTP [46], KTP:4%Zr [36], KTP:1.5%Hf, KTP:3.5%Hf, KTP:12.8%Hf [37], KTP:4%Nb, and KTP:6%Nb [38].





	Bonds
	KTP
	KTP: 4%Zr
	KTP: 1.5%Hf
	KTP: 3.5%Hf
	KTP: 12.8%Hf
	KTP: 4%Nb
	KTP: 6%Nb





	Ti2–O6–P(As)1
	0.0181
	0.0169
	0.0123
	0.0140
	0.0058
	0.0154
	0.0138



	Ti2–O5–P(As)1
	0.1559
	0.1540
	0.1530
	0.1563
	0.1511
	0.1559
	0.1550



	Ti1–O4–P(As)1
	−0.0599
	−0.0384
	−0.0429
	−0.0419
	−0.0075
	−0.0410
	−0.0449



	Ti1–O3–P(As)1
	0.4445
	0.4347
	0.4367
	0.4275
	0.4045
	0.4237
	0.4265



	Ti1–O7–P(As)2
	0.1787
	0.1695
	0.1622
	0.1673
	0.1721
	0.1726
	0.1583



	Ti1–O8–P(As)2
	0.0510
	0.0517
	0.0529
	0.0518
	0.0541
	0.0533
	0.0640



	Ti2–O9–P(As)2
	−0.0218
	−0.0194
	−0.0139
	−0.0211
	−0.0216
	−0.0112
	−0.0072



	Ti2–O10–P(As)2
	0.0507
	0.0475
	0.0425
	0.0647
	0.0406
	0.0412
	0.0418










5.2. Changes in the Channels


The incorporation of Zr, Hf, and Nb atoms into the KTP structure resulted in significant changes in the channels [36,37,38]. In KTP:Zr [36] and KTP:Hf [37] crystals, the potassium atoms shifted relative to their main and additional positions in the KTP structure; occupancies of the main positions of potassium atoms decreased as compared with the KTP crystal, and the occupancies of the additional positions increased (Table 6). The distribution of potassium atom positions over the channels of the structures of these crystals was similar to the distribution in the KTP structure (Figure 4a).


Figure 4. Difference maps of electron density in a channel after taking into account a statistical distribution of potassium atoms in the crystal structure of: (a) pure KTP [46]; (b) KTP:4%Nb; (c) KTP:6%Nb [38]. The isolines are drawn in steps of 0.1 e Å−3.
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Table 6. Occupancies of potassium atomic positions and distances between these positions in the structure of pure KTP [46], KTP:4%Zr [36], KTP:1.5%Hf, KTP:3.5%Hf, KTP:12.8%Hf [37], KTP:4%Nb, and KTP:6%Nb [38].





	
Occupancies of the Potassium Atomic Positions




	
Position

	
K1

	
K1′

	
K1″

	
K2

	
K2′

	
K2″

	
K3




	
KTP

	
0.838(1)

	
0.092(1)

	
0.058(1)

	
0.843(2)

	
0.061(2)

	
0.090(2)

	
–




	
KTP:4%Zr

	
0.770(4)

	
0.135(6)

	
0.091(6)

	
0.722(6)

	
0.146(6)

	
0.126(7)

	
–




	
KTP:1.5%Hf

	
0.863(7)

	
0.080(7)

	
0.050(7)

	
0.851(9)

	
0.080(9)

	
0.060(8)

	
–




	
KTP:3.5%Hf

	
0.823(3)

	
0.099(3)

	
0.080(3)

	
0.817(2)

	
0.090(2)

	
0.087(2)

	
–




	
KTP:12.8%Hf

	
0.869(2)

	
0.078(2)

	
0.040(2)

	
0.845(2)

	
0.080(2)

	
0.059(2)

	
–




	
KTP:4%Nb

	
0.827(2)

	
0.052(2)

	
0.037(2)

	
0.827(4)

	
0.058(4)

	
0.036(4)

	
0.053(2)




	
KTP:6%Nb

	
0.734(4)

	
0.187(5)

	
–

	
0.670(5)

	
0.146(4)

	
0.104(5)

	
0.062(4)




	
Distances, Å




	
Positions

	
K1–K1′

	
K1–K1″

	
K2–K2′

	
K2–K2″

	
K1′–K1″

	
K2′–K2″

	
K1–K3 1




	
KTP

	
0.284(3)

	
0.277(6)

	
0.321(3)

	
0.246(4)

	
0.286(5)

	
0.414(4)

	
–




	
KTP:4%Zr

	
0.263(6)

	
0.180(7)

	
0.262(7)

	
0.186(7)

	
0.367(8)

	
0.278(9)

	
–




	
KTP:1.5%Hf

	
0.233(6)

	
0.320(10)

	
0.234(8)

	
0.249(5)

	
0.250(10)

	
0.430(20)

	
–




	
KTP:3.5%Hf

	
0.330(10)

	
0.227(6)

	
0.294(5)

	
0.249(7)

	
0.170(10)

	
0.390(10)

	
–




	
KTP:12.8%Hf

	
0.317(6)

	
0.324(9)

	
0.300(8)

	
0.257(8)

	
0.310(10)

	
0.390(10)

	
–




	
KTP:4%Nb

	
0.416(4)

	
0.456(8)

	
0.439(5)

	
0.379(7)

	
0.456(8)

	
0.656(8)

	
1.614(5)




	
KTP:6%Nb

	
0.251(3)

	
–

	
0.235(7)

	
0.188(8)

	
–

	
0.292(9)

	
1.629(5)








1 In the structure of KTP:Nb [38] position K3 is closer to the atom K1. Other distances for K3 position: K2–K3 = 2.528(5) Å, K1′–K3 = 1.209(7) Å, K1″–K3 = 1.564(8) Å, K2′–K3 = 2.722(7) Å, and K2″–K3 = 2.162(8) Å for KTP:4%Nb; K2–K3 = 2.556(5) Å, K2′–K3 = 2.499(8) Å, and K2″–K3 = 2.374(9) Å for KTP:6%Nb.








The largest displacements of the K1′ and K1″ atoms for KTP:Hf crystals under study were observed in the KTi0.965Hf0.035OPO4 [37] in which the maximum SHG signal was detected. A similar situation was found in the crystal KTi0.96Zr0.04OPO4, in which the maximum SHG signal was also fixed. The decrease in the occupancies of the main potassium atom positions compared to the KTP crystal and the increase in the occupancies of the additional positions resulted in a redistribution of the electron density in the structure channels, namely, an increase in its concentration near the additional positions of the potassium atoms. The enhancement of the nonuniformity of the electron density distribution in the structure channels can result in increasing SHG signal in these crystals compared to KTP crystals.



In the KTP:Nb crystals [38], the number of vacancies in the potassium sublattice rose with increasing Nb concentration. The occupancies of the main positions of the K atoms decreased (Table 6). The number of additional positions increased (a new position K3 appeared), and their location in the channels (Figure 4b,c) and the distribution of K atoms over these positions changed.



The nonuniformity of the potassium distribution over its positions is more pronounced in the structure of the KTP:4%Nb crystal [38]. In this structure, additional atomic positions K1′, K1″ and K2′, K2″ are located farther from the main positions than in the KTP:6%Nb crystal. On average, all additional positions are at distances of ~0.4 Å from each other and from the main positions, except for the K3 atom, which is located at a distance of ~1.6 Å from the atom K1 and ~2.5 Å from K2. With Nb concentration increasing to ~6%, the additional positions “approach” the main positions to distances of ~0.2 Å, whereas the position of the K3 atom moves away from K1 and comes closer to the additional positions of the K2 atom. Such an arrangement of potassium atoms enhances the nonuniformity of electron density distribution in the channels of the structure and assures an enhancement of nonlinear optical properties, i.e., an increase in SHG signal.





6. Conclusions


Accurate X-ray diffraction analysis of KTP [34,46], KTA [35], KTP:Zr [36], KTP:Hf [37], and KTP:Nb [38] single crystals is carried out. In these crystals, the SHG signal of laser radiation is greater than in crystals of pure KTP. It is found that TiO6 octahedra, PO4 tetrahedra, KO8 groups, and KO9 groups contribute to the nonlinear optical properties of the KTP family crystals and the degree of contribution of each of the three structural components depends on the crystal composition. However, this is not the case for all compositions: the presence of alternating long and short Ti–O bonds in the chains of TiO6 octahedra is shown to be the decisive factor for the optical susceptibility of crystals.
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