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Abstract

:

The structure of ferroelectric 0.06LiNbO3-0.94K0.5Na0.5NbO3 (KNNL6) was investigated by the neutron total scattering method in the temperature range of 290–773 K. The Rietveld analysis using the powder neutron diffraction data in the range of 290–773 K indicates transition from a two-phase (monoclinic and tetragonal) mixture at room temperature to tetragonal and cubic phases at higher temperatures. However, characterization of the local structure by the pair distribution function (PDF) method indicates that the local structure (r ≲ 10 Å) stays monoclinic over the same temperature range. Besides, the local oxygen octahedral distortion exhibits smaller changes with temperature than what is observed for the long-range average structure.
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1. Introduction


Ferroelectric materials are widely used for various applications, including capacitive energy storage, piezoelectric sensors and actuators, energy harvesting, and solid-state cooling [1,2,3,4,5]. In the past several decades, lead (Pb)-based compounds have dominated the field of ferroelectrics because of their excellent properties, among which the most well-known example is lead zirconate titanate (PZT) ceramics. For Pb-based ferroelectric solid-solutions, large functional properties are often recorded for regions in phase diagrams where there is a sudden change of crystal structure with a small change in composition, which is known as a morphotropic phase boundary (MPB) [6]. Such property enhancements are associated with the coexistence of multiple phases and/or monoclinic distortions [7,8,9]. However, Pb-based ferroelectrics are facing restrictions due to their environmental impact, which has led to wide research efforts in the development of Pb-free counterparts [3,10,11].



Among Pb-free ferroelectrics, significant attention has been paid to alkali niobate (K, Na) NbO3 (KNN) systems because of their good comprehensive performance and potential for high-temperature applications [12,13,14]. For KNN systems, large dielectric and piezoelectric properties are found for compositions with coexistence of multiple phases, which indicates that such a strategy can be effective for further enhancement in their properties. Conventionally, KNN was believed to have an orthorhombic phase (o) at room temperature, which transforms to the tetragonal (t) phase at approximately 200 °C [15]. The o-to-t phase transition temperature in KNN can be shifted to near room temperature range by the addition of ions or secondary compounds [16], which can lead to an enhancement in electrical properties. For example, the maximum functional properties in (1 − x)(K, Na)NbO3−xLiNbO3 (KNNL) are obtained near room temperature for 6–7% LiNbO3 [17,18,19], which was believed to be the results of an MPB [20,21]. However, some researchers believe that the phase boundaries in KNN-based materials are more appropriately described as “polymorphic phase transition (PPT)” since it is sensitive to not only compositions but also temperatures [3,22,23].



In any case, irrespective of the exact description of phase transition characteristics, the structure of KNN-based systems near the orthorhombic-tetragonal phase boundary is still not fully understood. For example, several recent studies proposed that the structure of unmodified KNN at room temperature can be adequately described as exhibiting monoclinic symmetry [24]. It was also shown that the addition of a small amount of Li (x ≥ 0.05) to KNN stabilizes the monoclinic structure [8,25,26,27]. However, since the difference between the orthorhombic and monoclinic structures is relatively small, resolving these structural differences can be difficult using laboratory X-ray diffraction techniques. Furthermore, a recent study on KNN indicated that the local structure of KNN within 20 Å is different from the average crystal structure, which emphasizes the need for more comprehensive advanced structural characterization [28]. Although there is a huge amount of literature on Li-modified KNN (KNNL) ceramics, a systematic study of their structural evolution with temperature, over both short (<10–20 Å)—and long—length scales is still lacking. In this respect, total scattering techniques, which provide information of both Bragg diffraction as well as diffuse scattering, can be adapted to study the evolution of long-range average structure and short-range structural disorder in KNNL as a function of temperature. In the past, the total scattering method provided unique local structural details in many ferroelectric materials, such as reviewed by Egami in [29] and more recently by Zhu et al. in [30]. Total scattering analysis importantly revealed that for Pb-based ferroelectrics, such as Pb(Zr, Ti)O3, and Pb(Mg, Nb)O3, Pb2+ retains a similar oxygen environment up to 1000 K, even though there are multiple phase transitions in the average structure [29]. Here, we employed neutron total scattering measurements to characterize the local and average structural transitions in KNNL6 for temperatures from 290 to 773 K. Our analysis indicated that although the long-range average structure undergoes two different phase transitions upon heating from 290 to 773 K (from coexisting monoclinic and tetragonal phases to a purely tetragonal phase and finally to a purely cubic phase), its short-range structure within ~10 Å length scale remains monoclinic over the same temperature range.




2. Experiment


First, 0.94 K0.5Na0.5NbO3-0.06LiNbO3 powders were prepared by a traditional solid-state synthesis method. K2CO3 (purity ~99.7%), Na2CO3 (purity ~100%), Nb2O5 (purity ~99.9%), and Li2O (purity ~99.99%), all from Sigma-Alrich, an affiliate of Merck KGaA, Darmstadt, Germany, were ball-milled in ethanol for 24 h. The mixed powder slurry was dried and then calcined at 800 °C for 4 h. Then, the calcined powder was ball-milled for another 24 h and dried, followed by a second calcination under the same condition. After the second ball-milling, the dried powders were ground, mixed with polyvinyl alcohol (PVA), and sieved through 100-μm mesh. Then, the granulated powders were pressed into pellets of a diameter of 10 mm and thickness of 1 mm with a pressure ~ 34.5 MPa. The pellets were placed in an alumina crucible and sintered in air at 1100 °C for 4 h. During sintering, the green pellets were covered with powders of the same composition KNNL6 to compensate for the volatilization of certain elements. The sintered pellets were then ground, and the obtained powder was sieved through 100-μm mesh for further structural characterization.



Time of flight neutron scattering experiments were performed at the NOMAD BL1B instrument of the Spallation Neutron Source (SNS) of the Oak Ridge National Laboratory, USA. The powder sample was filled into the standard NIST vanadium can with a diameter of 6 mm and loaded in an ILL furnace for measurements at different temperatures. Two ~24-min datasets were collected and then summed together to improve the measurement statistics. The background intensity was measured from an empty vanadium can, which was subtracted from the measured neutron scattering intensity from the sample. The background-corrected intensity was subsequently normalized against proton charge and scattering from a 6-mm vanadium rod to correct for neutron flux and detector efficiency, respectively.




3. Results and Discussion


Figure 1 shows the TOF neutron diffraction pattern of KNNL6 from 290 to 773 K. All the diffraction peaks could be indexed using a perovskite phase and no secondary phase was detected, which demonstrates the successful synthesis of KNNL6 ceramic. The tetragonal perovskite structure of KNNL6 is shown as an inset in Figure 1, where K/Na/Li atom occupies the unit cell corners, Nb is near the center of the unit cell, and oxygens are near the face centers. The diffraction peaks at 773 K can be indexed following an ideal cubic structure with the space group Pm3m. At 673 K, the (220), (311), (400), (420), and (422) peaks (marked with arrows) are split, which indicates a phase transition at this temperature. Additional changes in the diffraction peak profiles become evident at 373 K, which indicates another phase transition at this temperature. According to a previous study, the KNN-based phase structure can be quantified by assessing the relative intensity of the (004)/(400) and (040) peaks [31]. For the orthorhombic (or monoclinic) phase, the ratio of I (400)/(004)/I (040) is ~2:1, while this ratio decreases to 1:2 for the tetragonal phase. For the current measurements, at T = 290 K, the (004)/(400) and (040) peaks are of similar magnitude, which could imply the coexistence of orthorhombic (or monoclinic) and tetragonal phases [24]. At T = 473 K, I (400)/(004)/I (040) changes to ~1:2, which indicates a transition to a single tetragonal phase. At 773 K, these two peaks merge into one single peak, indicating a transition to a cubic phase. Therefore, based on a preliminary assessment of the (004)/(400) diffraction peaks, we hypothesized that KNNL6 undergoes transition from a two-phase mixture to a single tetragonal phase at an intermediate temperature, followed by the transition to a cubic phase at higher temperatures.



To further investigate the temperature-dependent evolution of the average crystal structure of KNNL6, we did Rietveld refinement of the neutron Bragg diffraction peaks measured between 290 and 773 K using the software General Structure Analysis System GSAS II [32]. The structural parameters, viz. unit cell constants, atomic coordinates, and atomic displacement parameters (ADPs) were simultaneously adjusted until best fits to the experimental data were achieved. The quality of the fits was assessed based on visual evaluation and weighted residuals Rw [33]. The experimental and calculated diffraction profiles of KNNL6 at different temperatures from 290 to 773 K are shown in Figure 2. At T ~773 K, a cubic Pm3m space group was refined against the experimental data, which provided a reasonable Rw of ~4.99%. For temperatures 673–473 K, best fits to the diffraction data were obtained with a tetragonal P4mm structure model, with Rw ~ 4.5–7%. In a recent related study, we showed that the structure of unmodified-KNN at room temperature is better described using a monoclinic structure with a Pm space group as compared to an orthorhombic structure with an Amm2 space group [34]. Accordingly, we adopted a two-phase coexistence “Pm + P4mm” model [27] for the fitting of Bragg diffraction data of KNNL6 measured at temperatures between 373 and 290 K. The two-phase model provided better reproduction of the Bragg peaks (Figure 2e,f) as compared to a single-phase Pm or P4mm model (Figures S1 and S2), and yielded an Rw of 4.08% and 4.04%, respectively. Importantly, the phase fractions of P4mm for KNNL6 at 290 and 373 K are 0.235 and 0.528, respectively, indicating progressive transformation of the Pm phase to the P4mm phase with increasing temperature. Note that the neutron diffraction patterns were recorded using all six banks of NOMAD. The diffraction data of the middle four banks (2θ = 31°, 67°, 122°, and 154°) were all fitted simultaneously in GSAS. The structural parameters obtained from Rietveld refinement of data from the middle four banks, such as unit cell constants, atomic coordinates, and atomic displacement parameters at various temperatures, are shown in Table 1. Figure 2 shows representative fits of the neutron diffraction patterns from BANK 5 (2θ = 154°), which has the highest resolution. The diffraction data and corresponding fits from all the other three banks are shown in the Supplementary Information (Figures S3–S5). The temperature-dependent changes of the structural parameters, viz. lattice parameters a, b, and c, are plotted in Figure 3a. It shows a large difference between the lattice parameters at and ct of the tetragonal (t) phase and the lattice parameters am and cm of the monoclinic (m) phase at T = 373 K near the orthorhombic–monoclinic phase boundary. In contrast, lattice parameters bm and bt approach each other near the tetragonal–monoclinic phase boundary. This indicates that the polar axis changes from [001]pc in the tetragonal phase to [101]pc in the monoclinic phase within the (010) plane, where the subscript pc indicates pseudocubic axes. The unit cell volume evolution as a function of temperature in Figure 3c indicates that the volume in tetragonal phase Vt is different from the volume in the monoclinic phase Vm at T < 473 K but shows a linear increase with increasing temperature in both the m and t phases.



While Rietveld refinement of the Bragg diffraction peaks provides information of the long-range average structure, the local-scale correlations of atoms are not explicitly revealed in this method. In KNN-based materials, there is strong evidence that the local and the average structures are different and therefore we used the neutron pair distribution function (PDF) to investigate the local structural evolution in KNNL as a function of temperature [28]. The neutron pair distribution function (PDF) is calculated from the sine Fourier transform of the total neutron scattering intensity, which is sensitive to local-scale atomic correlations. The subtle changes in the local structure with temperature are indicated from the PDF peaks below r ~4 Å, which are shown in Figure 4. Here, the first arrow represents the Nb-O (B-O) interatomic distances, and the next two arrows represent the K/Na/Li-O (A-O) interatomic distances for the perovskite structure of KNNL6. For T ≥ 473 K, the Nb-O peak at ~2 Å is broad partly due to the higher thermal vibration of atoms. Moreover, this peak looks asymmetric, indicating that even at high temperature the Nb is off-centered within the oxygen octahedra. However, for T ≤ 373 K, the Nb-O peak appears to split and a shoulder at r ~ 2.1 Å becomes more prominent, which indicates that the off-centered Nb displacements also become more correlated at lower temperatures.



To quantify the local Nb octahedral distortions at different temperatures, we used PDFGui to fit G(r) at short distances below r = 10 Å using different structure models [35]. At 290 K, in line with the Rietveld results, both Pm and P4mm structural models were examined for the fitting of the G(r) as shown in Figure 5a and Figure S6. The Pm model (Rw ~6.98%) provided a significantly better fit to the experimental G(r) data as compared to the P4mm model (Rw ~12.06%). Particularly, the peaks at r ~2 and r ~ 2.8 Å were better reproduced using the Pm model. Similarly, at 373 K, the Pm model yields a significantly better fit compared to the P4mm structural model, in Figure 5b and Figure S7. Models of P4mm and (or) Pm3m, which is the average structure for KNNL6 at higher-temperature T > 373 K, and Pm, which is the average structure at low-temperature T ≤ 373 K, were used to calculate G(r) and compared with the experimental G(r) of KNNL6 at T > 373 K. The resulting fits using Pm symmetry are shown in Figure 5c–f and fits using the high-symmetry models can be found in the Supporting Information (Figures S8–S11). It should be noted that the Rw of the fits all increases at increased temperatures, and this increase minimizes the difference in Rw between the high-symmetry models and the Pm models. Nevertheless, upon visual inspection, it is clear that the Pm model is better at describing the G(r). It is therefore apparent that the local structure for r < 10 Å in KNNL6 remains monoclinic with Pm distortion at all temperatures from 290 to 773 K, although the long-range average structure exhibits two different phase transitions in this temperature range. The difference between local structural distortion and its corresponding average structure is not unusual and has been observed earlier in BaTiO3 [36].



The refined structural parameters (unit cell constants, atomic coordinates, and ADPs) from the PDF in the range from r = 1.7 to 10 Å at 290–773 K are shown in Table 1. The temperature-dependent evolution of the local structural parameters is provided in Figure 3b. It can be observed from Figure 3b that the changes in the lattice parameters a, b, and c for the local structure are more subtle as compared to those for the average long-range structure. Furthermore, for the local structure, the lattice parameter a remains nearly constant, while b and c approach each other at higher temperatures. As shown in Figure 3c, the unit cell volume in the local structure (1.7–10 Å) also shows a slighter increase with temperature compared to that in the average structure, especially at T < 773 K.



Based on Rietveld refinement of the Bragg peaks as well as the analysis of G(r) above, the fractional displacements of Nb at different temperatures from its high-symmetry position are shown in Figure 6a,b (see Supplementary Information for detailed calculations). The components of Nb fractional displacements along both the      1 ¯  00     (   S   1 ¯  00    ) and     001     (   S  001    ) directions are indicated in Figure 6a. In Figure 6a, the Nb fractional displacements in the average structure are represented by blue open symbols, and local Nb displacements are represented by pink closed symbols. Note that the Pm model is more appropriate for the local structure, which allows Nb displacement within the a-c plane. However,    S  001     is higher than    S   1 ¯  00    , which is consistent with the Nb displacement direction reported by Petkov et al. [28]. The variation in net fractional displacements as a function of temperature is shown in Figure 6b. The net fractional displacement of Nb in the local structure is higher compared with its average structure, which confirms that the local structure is more distorted than the average structure. Additionally, Nb fractional displacement in the local structure decreases linearly with increasing temperature at T ≤ 473 K and then remains relatively stable at higher temperatures. Interestingly, larger temperature-dependent changes are observed for Nb displacements in the average tetragonal and monoclinic phases below 473 K, as compared to changes in Nb displacements in the local structure.



Based on Nb off-centering within the O octahedra, the distortion parameter (D) can be calculated using the following equation:


  D =  1 n      ∑ i n          d i  − d  d     2       



(1)




where n is the coordination number (in this case n = 6), and di and d are the individual and average values of the Nb-O bond lengths, respectively [37]. Figure 6c shows the temperature-dependent changes for D in KNNL6, where the open blue symbols represent D in the average structure and the pink closed symbols represent D in the local structure. It is revealed that for the long-range average structure, D is much higher in the tetragonal phase than that in the monoclinic phase for T ≤ 473 K, which is consistent with the conclusions of a previous study [38]. In contrast, D for the local structure decreases slightly with increasing temperature, from D~0.0035 at T < 473 K to D~0.0032 at T = 473 K. This also indicates a small change (~9%) in octahedra distortion at T = 473 K. An obvious splitting of the peak near r ~ 2 Å for T < 473 K clearly indicates two set of nearest neighbor Nb-O bond distances, as shown in Figure 6f. However, the octahedra distortion changes slightly in the local structure, as compared to that for the average structure, which indicates that the local structure within r ~10 Å in KNNL6 is thermally more stable as compared to the average structure. Figure 6d–g graphically shows the evolution of the Nb-O bond lengths in the octahedra with temperature for both the average structure (Figure 6d,e) and the local structure (Figure 6f,g). Based on average structure analysis, both the monoclinic (m) and tetragonal (t) phase coexist at 290 K. The distribution of Nb-O bond lengths in the average t phase is broader (1.76–2.26 Å) as compared to that in the m phase (1.91–2.10) Å, as shown in Figure 6d, which results in a larger value of D~0.0051 in the t phase and a lower value of D~0.0012 in the m phase. As indicated in Figure 6e, the average structure of KNNL6 at high temperatures ~773 K becomes cubic with six equal Nb-O bond lengths. In contrast, the Nb-O bond lengths in the local structure evolves slightly with temperature as shown in Figure 6f,g. For the local structure of KNNL6 at 290 K in Figure 6f, there are two groups of Nb-O bonds with bond distances of ~1.9 and 2.1 Å, which leads to a splitting of the Nb-O peak at low temperatures as can be observed from Figure 4 with D~0.0035. With increasing temperature, the Nb-O bond length changes with a relatively lower D~0.0032 at 473 K, and D~0.0030 at 773 K, which indicates a relatively stable D evolution with temperature in local structure compared with its average structure as shown in Figure 6c. In this respect, KNNL6 shares commonalities with Pb-based perovskite ferroelectrics, such as [39,40,41].




4. Conclusions


In summary, we systematically studied the evolution of local and average structures in 0.06LiNbO3-0.94K0.5Na0.5NbO3 (KNNL6) as a function of temperature in the range from 290 to 773 K using neutron total scattering. Analysis of the Bragg peaks indicated a coexistence of monoclinic and tetragonal phases at room temperature, which transitions to a single tetragonal phase for temperatures above 473 K and a cubic phase above 673 K. In contrast, the short-range structure within 10 Å is best described as monoclinic within the same temperature range. Furthermore, the local octahedral distortion remains comparatively stable as a function of temperature, in contrast to larger temperature-dependent changes in the octahedral distortion of the average structure. These results indicate that KNNL ceramics exhibit length-scale-dependent structural complexities, the implications of which towards structure–property relationships should be further studied.
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Figure 1. (a) Evolution of the neutron diffraction patterns of 0.06LiNbO3-0.94K0.5Na0.5NbO3 (KNNL6) as a function of temperature from 290 to 773 K. hkl reflections are indexed based on a cubic perovskite structure. Inset is a perovskite structure of KNNL6. The arrows mark changes in hkl peak profiles, which indicate phase transitions. (b) Neutron diffraction patterns of {400} reflections as a function of temperature. The x-axis refers to the wavevector Q. 
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Figure 2. Diffraction patterns of KNNL6 powder at different temperatures showing measured (black symbol), refined (red line), difference (blue line) profiles, and Bragg positions (green ticks). The data shown is from BANK 5 of the NOMAD instrument. (a) Pm  3 ¯  m at 773 K; (b) P4mm at 673 K; (c) P4mm at 573 K; (d) P4mm at 473 K; (e) P4mm and Pm at 373 K; (f) P4mm and Pm at 290 K. 
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Figure 3. Unit cell parameters for KNNL6 as a function of temperature from 290 to 773 K: (a) lattice parameters for the average structure from Rietveld refinement of neutron diffraction patterns. Vertical dotted lines represent phase transition temperatures in the average structure. The letters m, t, and c represent phases of monoclinic, tetragonal, and cubic, respectively. (b) Lattice parameters for the local structure from fits to G(r) of r~1.7–10 Å. (c) Unit cell volume for the average and local structure of KNNL6. Note that blue symbols represent parameters obtained from average Rietveld refinement, while the pink symbols represent parameters obtained from PDF refinement in the r range of 1.7–10 Å. 
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Figure 4. Temperature-dependent evolution of G(r), showing nearest neighbor pairwise atomic correlations. Peaks representing Nb-O, K/Na/Li-O, and K/Na/Li-Nb bond lengths are marked with arrows. 
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Figure 5. Experimental and fitted G(r) profiles of KNNL6 for interatomic distance r < 10 Å, as a function of temperature: (a) 290, (b) 373, (c) 473, (d) 573, (e) 673, and (f) 773 K. The calculated profiles correspond to the fit obtained using a Pm space group, with starting parameters obtained from Rietveld analysis of the Bragg diffraction patterns at the corresponding temperature. 
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Figure 6. Atomic displacement and octahedral distortion as a function of temperature: (a) Nb fractional displacement along      1 ¯  00          S   1 ¯  00       and [001] (S001) directions, and (b) net Nb fractional displacement as a function of temperature from 290 to 773 K. (c) Octahedral distortion parameter as a function of temperature from 290 and 773 K for the local and average structures. Note that open blue symbols represent parameters obtained from average Rietveld refinement, while the closed pink symbols represent parameters obtained from PDF refinement in the r range of 1.7–10 Å. (d,e) Illustration of the NbO6 octahedron in the average structure at 290 (left top) and 773 K (right top), respectively. (f,g) Illustration of the NbO6 octahedron in the local structure at 290 (left bottom) and 773 K (right bottom), respectively. The indicated Nb-O bond lengths in (d–g) are in the Angstroms (Å). 
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Table 1. Structural parameters, fractional atomic coordinates, and equivalent isotropic displacement parameters (Uiso in Å2) from the Rietveld refinement and PDF fit (1.7–10 Å) results of neutron data of KNNL6 at various temperatures.
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Rietveld and PDF Refinement of KNNL6 at 773K




	
Rietveld Refinement Tetragonal Phase (Pm3m)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
0

	
0

	
0

	
0.0278 (3)

	
−0.008

	
0

	
0.0587

	
0.0249




	
Nb

	
0.5

	
0.5

	
0.5

	
0.0010 (2)

	
0.4933

	
0.5

	
0.5263

	
0.016




	
O1

	
0.5

	
0.5

	
0

	
0.0182 (2)

	
0.5039

	
0.5

	
−0.0043

	
0.0155




	
O2

	

	

	

	

	
0.0278

	
0.5

	
0.5057

	
0.0243




	
O3

	

	

	

	

	
0.4746

	
0

	
0.5113

	
0.01




	
Lattice parameter (Å)

	

	

	
Lattice parameter (Å)




	
a = b = c = 3.9814 (1)

	
a = 3.9746 (10)

	

	




	
α = ү = β = 90°

	
b = 3.9965 (110)

	
α = ү = 90°




	

	

	

	

	

	
c = 4.0106 (130)

	
β = 91.7043

	




	
Unit cell volume (Å3) V = 63.112 (5)

	

	
Unit cell volume (Å3) V = 63.678




	
Rietveld and PDF Refinement of KNNL6 at 673K




	
Rietveld Refinement Tetragonal Phase (P4mm)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
0

	
0

	
0.0168 (1)

	
0.0259 (3)

	
0.0036

	
0

	
0.059

	
0.0185




	
Nb

	
0.5

	
0.5

	
0.5172 (2)

	
0.0067 (2)

	
0.4933

	
0.5

	
0.5262

	
0.0172




	
O1

	
0.5

	
0.5

	
0.0488 (5)

	
0.0176 (4)

	
0.5037

	
0.5

	
−0.0061

	
0.012




	
O2

	
0.5

	
0

	
0.5589 (2)

	
0.0131 (2)

	
0.0278

	
0.5

	
0.5058

	
0.0258




	
O3

	

	

	

	

	
0.4738

	
0

	
0.4989

	
0.0074




	
Lattice parameter (Å)

	

	
Lattice parameter (Å)

	

	




	
a = b = 3.9659 (1) c = 4.0147 (1)

	
a = 3.9735 (10)

	

	




	
α = ү = β = 90°

	
b = 3.9929 (95)

	
α = ү = 90°




	

	

	

	

	

	
c = 4.001 (110)

	
β = 91.3043

	




	
Unit cell volume (Å3) V = 63.146 (4)

	

	
Unit cell volume (Å3) V = 63.454




	
Rietveld and PDF Refinement of KNNL6 at 573K




	
Rietveld Refinement Tetragonal Phase (P4mm)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
0

	
0

	
0.0163 (8)

	
0.0227 (3)

	
0.0112

	
0

	
0.05281

	
0.0163




	
Nb

	
0.5

	
0.5

	
0.5158 (1)

	
0.0060 (2)

	
0.4933

	
0.5

	
0.526

	
0.0156




	
O1

	
0.5

	
0.5

	
0.0532 (4)

	
0.0155 (3)

	
0.5094

	
0.5

	
−0.0069

	
0.0096




	
O2

	
0.5

	
0

	
0.5599 (2)

	
0.0120 (2)

	
0.02781

	
0.5

	
0.5061

	
0.0277




	
O3

	

	

	

	

	
0.4832

	
0

	
0.4889

	
0.0076




	
Lattice parameter (Å)

	

	

	
Lattice parameter (Å)

	




	
a = b = 3.9589 (1) c = 4.0237 (1)

	
a = 3.9729 (10)

	

	




	
α = ү = β = 90°

	
b = 3.9834 (87)

	
α = ү = 90°




	

	

	

	

	

	
c = 4.0040 (100)

	
β = 91.0581

	




	
Unit cell volume (Å3) V = 63.062 (4)

	

	
Unit cell volume (Å3) V = 63.355




	
Rietveld and PDF Refinement of KNNL6 at 473K




	
Rietveld Refinement Tetragonal Phase (P4mm)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
0

	
0

	
0.0150 (7)

	
0.0182 (3)

	
−0.0333

	
0

	
0.0312

	
0.0167




	
Nb

	
0.5

	
0.5

	
0.51499 (11)

	
0.0041 (2)

	
0.4931

	
0.5

	
0.5271

	
0.0104




	
O1

	
0.5

	
0.5

	
0.0553 (3)

	
0.0126 (3)

	
0.538

	
0.5

	
−0.006

	
0.0153




	
O2

	
0.5

	
0

	
0.56069 (16)

	
0.0093 (2)

	
0.02781

	
0.5

	
0.5066

	
0.0144




	
O3

	

	

	

	

	
0.5128

	
0

	
0.4884

	
0.0065




	
Lattice parameter (Å)

	

	

	
Lattice parameter (Å)

	




	
a = b = 3.9541 (1) c = 4.0281 (1)

	
a = 3.9732 (8)

	

	




	
α = ү = β = 90°

	
b = 3.9699 (77)

	
α = ү = 90°




	

	

	

	

	

	
c = 4.0182 (88)

	
β = 90.8389

	




	
Unit cell volume (Å3) V = 62.980 (4)

	

	
Unit cell volume (Å3) V = 63.372




	
Rietveld and PDF Refinement of KNNL6 at 373K




	
Rietveld Refinement Phase 1 (Pm)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
−0.005 (4)

	
0

	
−0.015 (3)

	
0.0202 (1)

	
−0.0284

	
0

	
0.0267

	
0.0138




	
Nb

	
0.4825 (7)

	
0.5

	
0.5186 (7)

	
0.0104 (8)

	
0.4931

	
0.5

	
0.5306

	
0.0075




	
O1

	
0.5526 (1)

	
0.5

	
−0.0001 (2)

	
0.0345 (2)

	
0.5377

	
0.5

	
−0.0048

	
0.017




	
O2

	
0.0077 (2)

	
0.5

	
0.4940 (1)

	
0.0141 (1)

	
0.0278

	
0.5

	
0.5065

	
0.0092




	
O3

	
0.5104 (9)

	
0

	
0.4673 (8)

	
0.0041 (8)

	
0.5172

	
0

	
0.488

	
0.0057




	
Lattice parameter (Å)

	

	

	
Lattice parameter (Å)

	




	
a = 4.0099 (1) b = 3.9448 (1) c = 3.9840 (2)

	
a = 3.9723 (7)

	

	




	
α = ү = 90° β = 90.3658 (3)

	
b = 3.9640 (6)

	
α = ү = 90°




	
Unit cell volume (Å3) V = 63.018 (2)

	

	
c = 4.0181 (6)

	
β = 90.8121

	




	
Phase fraction 0.472

	

	

	
Unit cell volume (Å3) V = 63.263




	
phase 2 (P4mm)

	

	

	




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	

	

	

	




	
K/Na/Li

	
0

	
0

	
0.0282 (2)

	
0.0067 (6)

	

	

	

	




	
Nb

	
0.5

	
0.5

	
0.5180 (2)

	
0.0002 (2)

	

	

	

	




	
O1

	
0.5

	
0.5

	
0.0598 (6)

	
0.0090 (5)

	

	

	

	




	
O2

	
0.5

	
0

	
0.5599 (4)

	
0.0037 (2)

	

	

	

	




	
Lattice parameter (Å)

	

	

	

	

	

	




	
a = b = 3.9476 (1) c = 4.0319 (1) α = β = ү = 90°

	

	

	

	




	
Unit cell volume (Å3) V = 62.831 (1)

	

	

	

	

	




	
Phase fraction 0.528

	

	

	

	

	

	




	
Rietveld and PDF Refinement of KNNL6 at 290K




	
Rietveld Refinement Phase 1 (Pm)

	
PDF Refinement Monoclinic Phase (Pm)




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	
X

	
Y

	
Z

	
Uiso




	
K/Na/Li

	
−0.0154 (1)

	
0

	
0.0018 (2)

	
0.0012 (7)

	
−0.0283

	
0

	
0.0273

	
0.0113




	
Nb

	
0.4931 (5)

	
0.5

	
0.5270 (5)

	
0.0013 (3)

	
0.493

	
0.5

	
0.5317

	
0.0075




	
O1

	
0.5372 (9)

	
0.5

	
0.0104 (1)

	
0.0094 (1)

	
0.537

	
0.5

	
−0.0051

	
0.0172




	
O2

	
0.0167 (1)

	
0.5

	
0.5108 (1)

	
0.0045 (7)

	
0.0278

	
0.5

	
0.5072

	
0.0071




	
O3

	
0.5137 (7)

	
0

	
0.4776 (4)

	
−0.0004 (4)

	
0.5204

	
0

	
0.487

	
0.005




	
Lattice parameter (Å)

	

	

	
Lattice parameter (Å)

	




	
a = 4.0030 (2) b = 3.9378 (2) c = 3.9861 (2)

	
a = 3.9728 (6)

	

	




	
α = ү = 90° β = 90.3763 (2)

	
b = 3.9626 (57)

	
α = ү = 90°




	
Unit cell volume (Å3) V = 62.832 (7)

	

	
c = 4.0152 (59)

	
β = 90.7796

	




	
Phase fraction 0.765

	

	

	
Unit cell volume (Å3) V = 63.204




	
phase 2 (P4mm)

	

	

	




	
Atoms

	
X

	
Y

	
Z

	
Uiso

	

	

	

	




	
K/Na/Li

	
0

	
0

	
0.029 (3)

	
0.0393 (2)

	

	

	

	




	
Nb

	
0.5

	
0.5

	
0.5052 (5)

	
0.0119 (9)

	

	

	

	




	
O1

	
0.5

	
0.5

	
0.0667 (1)

	
0.0348 (2)

	

	

	

	




	
O2

	
0.5

	
0

	
0.5690 (7)

	
0.0186 (9)

	

	

	

	




	
a = b = 3.9482 (2) c = 4.0235 (3) α = β = ү = 90°

	

	

	

	




	
Unit cell volume (Å3) V = 62.719 (9)

	

	

	

	

	




	
Phase fraction 0.235
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