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A. Details of Rietveld refinement of the neutron diffraction patterns 

Since our earlier study shows that the monoclinic Pm space group is more adequate to describe 

unmodified KNN ceramics [S1–S3], we adopted a single-phase Pm space group in the Rietveld 

refinement against the neutron diffraction patterns of KNNL6 at 290 K, as shown in Fig.S1(a). 

However, a two-phase Pm+P4mm model yielded a lower Rw of ~ 4.04% (Fig. 2 (f)) compared to 

a single-phase model. More importantly, a two-phase model better reproduces the splitting peaks 

as shown in Fig. 1, such as (311) and (420) shown in Fig. S1(b-c). Therefore, the structure of 

KNNL6 at 290 K is more likely to be a two-phase coexistence “Pm+P4mm” space group. 

 

 

Figure S1. (a) Observed (black symbol), calculated (red line) and difference (blue line) profiles of 

neutron diffraction patterns of KNNL6 measured at BANK5 of NOMAD, together with the Bragg 

positions (green ticks). Refinement using single-phase Pm model at 290 K. (b-c) Comparison of 

experimental (black symbol) and calculated peak profiles for single-phase Pm model (blue line) 

and two-phase Pm+P4mm model (red line). 

 

 

 

 

 

 



 

We adopted a single-phase Pm space group in the Rietveld refinement against neutron diffraction 

patterns of KNNL6 at 373 K, as shown in Fig.S2(a). However, a two-phase Pm+P4mm model yielded 

a lower Rw of ~ 4.04% (Fig. 2 (e)) compared with a single-phase model. More importantly, a two-

phase model better reproduces the splitting peaks as shown in Fig. 1, such as (311) and (420) shown 

in Fig. S2(b-c). Therefore, the structure of KNNL6 at 373 K is better described by a two-phase 

coexistence “Pm+P4mm” model. 

 

 

Figure S2. (a) Observed (black symbol), calculated (red line) and difference (blue line) profiles of 

neutron diffraction patterns of KNNL6 measured at BANK5 of NOMAD, together with the Bragg 

positions (green ticks). Refinement using single-phase Pm model at 373 K. (b-c) Comparison of 

experimental (black symbol) and calculated peak profiles for single-phase P4mm model (blue line) 

and two-phase Pm+P4mm model (red line). 

 

 

 

 

 

 

 

 



Fig. S3 shows experimental, calculated and difference profiles of neutron diffraction patterns of 

KNNL6 measured at BANK2 of NOMAD. 

 

 

Figure S3. Observed (black symbol), calculated (red line) and difference (blue line) profiles of 

neutron diffraction patterns of KNNL6 measured at BANK2 of NOMAD, together with the Bragg 

positions (green ticks). (a) Refinement using Pm3̅m at 773 K; (b) Refinement using P4mm at 673 

K; (c) Refinement using P4mm at 573K; (d) Refinement using P4mm at 473 K; (e) Refinement 

using Pm and P4mm coexistence at 373 K; (f) Refinement using Pm and P4mm coexistence at 290 

K. 

 

 



 

 

Fig. S4 shows experimental, calculated and difference profiles of neutron diffraction patterns of 

KNNL6 measured at BANK3 of NOMAD. 

 

 

Figure S4. Observed (black symbol), calculated (red line) and difference (blue line) profiles of 

neutron diffraction patterns of KNNL6 measured at BANK3 of NOMAD, together with the Bragg 

positions (green ticks). (a) Refinement using Pm3̅m at 773 K; (b) Refinement using P4mm at 673 

K; (c) Refinement using P4mm at 573K; (d) Refinement using P4mm at 473 K; (e) Refinement 

using Pm and P4mm coexistence at 373 K; (f) Refinement using Pm and P4mm coexistence at 290 

K. 



 

 

Fig. S5 shows experimental, calculated and difference profiles of neutron diffraction patterns of 

KNNL6 measured at BANK4 of NOMAD. 

 

 

Figure S5. Observed (black symbol), calculated (red line) and difference (blue line) profiles of 

neutron diffraction patterns of KNNL6 measured at BANK4 of NOMAD, together with the Bragg 

positions (green ticks). (a) Refinement using Pm3̅m at 773 K; (b) Refinement using P4mm at 673 

K; (c) Refinement using P4mm at 573K; (d) Refinement using P4mm at 473 K; (e) Refinement 

using Pm and P4mm coexistence at 373 K; (f) Refinement using Pm and P4mm coexistence at 290 

K. 



 

B. Details of refinement of neutron PDF 

Fig. S6(a) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 290 K 

for r ~ 1.7-10 Å. Refinement using the P4mm space group got a worse Rw of ~12.06%. Therefore, the 

P4mm structure model cannot reproduce well the peaks at r ~2 and 2.8 Å, as shown in Fig. S6 (b). 

Instead, a Pm model could better describe these peaks as shown in Fig. S6 (b) and Fig.5(a). 

 

 

Figure S6. (a) Experimental and fitted G(r) profiles of KNNL6 at 290 K using P4mm model; (b) Comparison 

of fitted G(r) using Pm and P4mm space groups. 

 

 

 

 

 

 

Fig. S7(a) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 373 K 

for r ~ 1.7-10 Å. Refinement using the P4mm space group got a worse Rw of ~11.54%. Therefore, the  

P4mm structure model cannot reproduce well the peaks at r ~2 and 2.8 Å, as shown in Fig. S7 (b). 

Instead, a Pm model could better describe these peaks as shown in Fig. S7 (b) and Fig.5(b). 

 

 

 

 



 

Figure S7. (a) Experimental and fitted G(r) profiles of KNNL6 at 373 K using P4mm model; (b) 

Comparison of fitted G(r) using Pm and P4mm space groups. 

 

 

 

Fig. S8(a) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 473 K 

for r ~ 1.7-10 Å. Refinement using the P4mm space group got a worse Rw of ~10.35%. Therefore, the 

P4mm structure model cannot reproduce well the peaks at r ~2 and 2.8 Å, as shown in Fig. S8 (b). 

Instead, a Pm model could better describe these peaks as shown in Fig. S8 (b) and Fig.5(c). 

 

 

 

 

Figure S8. (a) Experimental and fitted G(r) profiles of KNNL6 at 473 K using P4mm model; (b) 

Comparison of fitted G(r) using Pm and P4mm space groups. 

 



 

 

Fig. S9(a) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 573 K 

for r ~ 1.7-10 Å. Refinement using the P4mm space group got a worse Rw of ~11.57%. Therefore, the 

P4mm structure model cannot reproduce well the peaks at r ~2 and 2.8 Å, as shown in Fig. S9(b). 

Instead, a Pm model could better describe these peaks as shown in Fig. S9 (b) and Fig.5(d). 

 

 

 

Figure S9. (a) Experimental and fitted G(r) profiles of KNNL6 at 573 K using P4mm model; (b) 

Comparison of fitted G(r) using Pm and P4mm space groups. 

 

 

Fig. S10(a) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 673 K 

for r ~ 1.7-10 Å. Refinement using the P4mm space group got a worse Rw of ~11.64%. Therefore, the 

P4mm structure model cannot reproduce well the peaks at r ~2 and 2.8 Å, as shown in Fig. S10(b). 

Instead, a Pm model could better describe these peaks as shown in Fig. S10 (b) and Fig.5(e). 

 

 



 

Figure S10. (a) Experimental and fitted G(r) profiles of KNNL6 at 673 K using P4mm model; (b) 

Comparison of fitted G(r) using Pm and P4mm space groups. 

 

 

 

 

 

 

Figs. S11(a-b) shows the experimental and fitted G(r) profiles of the neutron PDF of KNNL6 at 773 

K for r ~ 1.7-10 Å using different structure models. Refinement using the Pm3̅m space group yielded 

an Rw of ~13.60%, as shown in Figure S11(a). Refinement using the P4mm space group yielded an 

Rw of ~12.13%, as shown in Figure S11(b). However, both space groups (Pm3̅m and P4mm) cannot 

well reproduce the peak ~4 Å compared with the Pm space group shown in Fig. S11(c) and Fig.5(f). 

 

 

Figure S11. (a) Experimental and fitted G(r) profiles of KNNL6 at 773 K using Pm3̅m model;(b) 

Experimental and fitted G(r) profiles of KNNL6 at 773 K using Pm3̅m model; (c) Comparison of 

fitted G(r) using Pm3̅m, P4mm, and Pm space groups. 

 



 

Fig. S12(a) shows the structural model of KNNL6, where the 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. Fig.S12(b) 

illustrates the displacement of the Nb atom in the monoclinic structure, where the coordinates of Nb 

are given by (x, 0.5, z). Since the angle  is very close to 90°, fractional displacement of Nb, S, from 

the high symmetry position (0.5, 0.5, 0.5) can be calculated according to [S4]: 

S10̅0=x-0.5                                      (1) 

S001=z-0.5                                      (2) 

S10̅1=√(x-0.5)2 + (z-0.5)2                         (3) 

where S10̅0 is the displacement along [1̅00] direction, S001 is the displacement along [001] direction, 

S10̅1 is the net displacement along [1̅01] direction. 

 

The fractional displacement of the Nb atom in the tetragonal P4mm space group is along [001] since 

the coordinate of Nb is (0.5, 0.5, z) as shown in Fig.S12(c). Therefore, the fractional displacement 

can be calculated by equation (2): 

 S001= z-0.5.  

where S001 is displacement along [001] direction. 

 

Nb in the cubic Pm3̅m structure is at the center of the unit cell. Therefore, the fractional displacement 

is 0 since the coordinates of Nb is (0.5, 0.5, 0.5). 

 



 

Figure S12. (a) Structure model of KNNL6, where the 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. (b) Description of Nb 

displacement in the monoclinic phase with coordinates (x, 0.5, z). (c) Description of Nb 

displacement in the tetragonal phase with coordinates (0.5, 0.5, z). (d) Description of Nb 

displacement in the cubic phase with coordinates (0.5, 0.5, 0.5).  

 

 

Figs.S13(a-b) are the neutron PDF G(r) for r ~ 1.6-2.4 Å, which indicate the nearest neighbor Nb-O 

bond distances. Fitting of the low-temperature 290 K and high-temperature 773 K patterns using two 

Gaussian functions are shows. , respectively. It is apparent that the peak for Nb-O nearest neighbor 

dond distances bond peak is split at both low and high temperatures, although the two subpeaks are 

broader at 773 K due to increased thermal vibrations.   



 

Figure S13. G(r) for Nb-O bond peaks fitted with Gaussian Function: (a) G(r) at 290 K; (b) G(r) at 

773 K. 

 

 

C. Introduction for NOMAD at the SNS 

The Nanoscale Ordered Materials Diffractometer (NOMAD) is a neutron time-of-flight 

diffractometer designed to determine pair distribution functions of a wide range of materials 

ranging from short range ordered liquids to long range ordered crystals.[S5] The detailed 

information, including experimental setup, instrument characteristic, and so on could be seen in 

Ref [S6-S7]. 
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