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ABSTRACT: Antiferroelectric materials exhibit a unique electric-field-induced phase transition, which 

enables their use in energy storage, electrocaloric cooling, and non-volatile memory applications. How-

ever, in many prototype antiferroelectrics this transition is irreversible, which prevents their implementa-

tion. In this work, we demonstrate a general approach to promote the reversibility of this phase transition 

by targeted modification of the material’s local structure. A new NaNbO3-based composition, namely 

(1-x)NaNbO3-xSrSnO3, was designed with a combination of first-principles calculations and experimental 

characterization. Our theoretical study predicts stabilization of the antiferroelectric state over the ferroe-

lectric state with an energy difference of 1.4 meV/f.u. when 6.25 mol.% of SrSnO3 is incorporated into 

NaNbO3. A series of samples was prepared using solid state reactions and the structural changes upon 

SrSnO3 incorporation were investigated using X-ray diffraction and 23Na solid-state nuclear magnetic 

resonance spectroscopy. The results revealed an increase in the unit cell volume and a more disordered, 

yet less distorted local Na environment, which were related to the stabilization of the antiferroelectric 

order. The SrSnO3-modified compositions exhibited well defined double polarization loops and an 8-

times higher energy storage density as compared to unmodified NaNbO3. Our results indicate that this 

first-principles calculations based approach is of great potential for the design of new antiferroelectric 

compositions.  

mailto:koruza@ceramics.tu-darmstadt.de
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Introduction 

 

Oxide-based antiferroelectric perovskites are characterized by the existence of an antipolar phase and a 

related ferroelectric polar phase with a small free energy difference1, 2. This small difference between the 

antiferroelectric (AFE) and ferroelectric (FE) order enables the phase transformation to be triggered by 

the application of external stimuli, e.g. electric fields. Given this unique functionality, AFE materials are 

gaining increasing attention for their potential application in high-energy storage capacitors3, 4, which 

could be used in convertors for renewable energy sources and electric vehicles. Other emerging applica-

tions include solid-state electrocaloric cooling5, 6 and non-volatile random access memories7.  

 

The free energy difference can be tailored by chemical composition8, microstructure9, 10, temperature11, 12, 

and mechanical stress13. The phase transformation between AFE and FE phases can be reversible or irre-

versible in nature. A reversible transition is macroscopically characterized by double polarization hyste-

resis loops, which is a precondition for the application of these materials. However, there is a limited 

number of perovskite oxide systems showing such characteristic hysteresis loops at ambient conditions. 

In many materials that exhibit antipolar ordering, the electric-field-induced phase transition is mostly 

irreversible (NaNbO3) or cannot be induced at all (PbZrO3) at room temperature. The origins of this be-

havior are not well understood and seem to be related to the free energy difference between the phases 

and the height of the phase transition energy barrier, which are both defined by the crystallographic struc-

ture and chemical bonding.    

 

PbZrO3 (PZ) was the first compound identified as an AFE material and serves as a model system that has 

been most thoroughly studied so far12, 14. Antiferroelectricity appears upon cooling the material below the 

structural phase transition at 230 °C, which is accompanied by antiphase rotations of oxygen octahedra 

along [110] and antiparallel shifts of the Pb2+ ions along the pseudocubic <110> directions. Pure PZ fails 

to exhibit characteristic double polarization hysteresis loops at room temperature, which is related to the 

relatively large energy difference (20 meV/f.u.) between AFE and FE phases15. However, composition-

ally modified (Pb,Nb)(Zr,Sn,Ti)O3
16 (PNZST) and (Pb,La)(Zr,Sn,Ti)O3

17 (PLZST) material systems al-

low reversible electric-field induced transitions to be obtained under ambient conditions. Unfortunately, 

these compositions contain about 60 wt.% of toxic lead. Increasing environmental concerns thus initiated 

widespread scientific activity in the search for nontoxic replacements of these lead-based materials18, 19.  
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Promising lead-free AFE compositions were found in the group of niobate perovskites8, 20-22. Antiparallel 

displacements of niobium ions in NaNbO3 reported earlier23 made this compound the basis for the re-

cently-discovered group of niobate-based lead-free AFE materials. The irreversibility of the AFE-FE tran-

sition in pure NaNbO3
24, 25 could be altered by the formation of solid solutions with other perovskites8, 22, 

26, albeit reversibility was not always achieved at ambient conditions. Recently, exceptionally high energy 

storage densities could be obtained in some other NaNbO3-containing solid solutions27-29. However, 

whether the property enhancement mechanism is related to antiferroelectricity or the relaxor nature is still 

under debate and the influence of chemical modifications and structural properties of these materials re-

main to be fully understood.  

 

Despite the lack of complete mechanistic understanding of the crystallographic and electronic structures 

of AFE, the existing literature provides some basic guidelines for the stabilization of the AFE phase and, 

hence, achieving reversibility. Earlier investigations suggested that the AFE-FE phase transitions can be 

tailored by modifying the Goldschmidt tolerance factor. For example, in PZ the A-site substitution with 

a larger isovalent ion, e.g., Ba2+, stabilizes the FE phase, while A-site substitution with a smaller isovalent 

ion, e.g., Sr2+, allows for the stabilization of the AFE phase30, 31. Similarly, B-site substitution with a larger 

ion stabilizes the AFE phase. As demonstrated in the PLZST system, incorporation of more Sn moves the 

composition deeper into the AFE region of the PbZrO3-Pb(Zr0.5Sn0.5)O3-Pb(Zr0.5Ti0.5)O3 ternary phase 

diagram, which is accompanied by an increase in the critical field, EAF
32 (electric field required to trigger 

the field-induced phase transition). This indicates that Sn is an AFE stabilizer when substituting for B-

site ions. Shimizu et al. demonstrated that these materials design strategies are to some extent also appli-

cable to stabilize the AFE order in NaNbO3-based systems, where incorporation of compounds with 

smaller A-site cations and larger B-site cations resulted in AFE phase stabilization8. This result was ra-

tionalized by considering a combination of tolerance factor, electronegativity, and polarizability of the 

ions.  

 

In this work, we have approached the development of new lead-free AFEs using first-principles calcula-

tions. The calculated energy differences between individual phases revealed that the stability of the AFE 

phase in NaNbO3 increases with the substitution of Sr2+ and Sn4+ for the A-site and B-site ions, respec-

tively. A series of (1-x)NaNbO3-xSrSnO3 compositions were synthesized and investigated using X-ray 

diffraction and 23Na Nuclear Magnetic Resonance (NMR) spectroscopy to reveal the influence of the 
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substitution on the long-range and local structures. Finally, the new materials were exposed to high elec-

tric fields and the existence of well-defined double polarization hysteresis loops and strongly enhanced 

energy storage density were demonstrated.  
 

 

EXPERIMENTAL SECTION 

 

First-principles calculations. The density functional theory (DFT) calculations were carried out for pure 

NaNbO3 and the solid solution 0.9375NaNbO3-0.0625SrSnO3. The calculations were done using the pro-

jector augmented-wave method, as implemented in the VASP code33, 34. For both FE and AFE phases, 

supercells of 80 atoms are generated and optimized with forces converged to be less than 0.0005 eV/Å. 

The cutoff energy for the plane wave basis is set to be 520 eV for structural relaxation and total energy 

evaluation, with effective k-mesh of 6 × 6 × 3 in the supercell geometry to ensure good convergence. The 

exchange-correlation functional is approximated using the generalized gradient approximation (GGA) as 

parameterized by Perdew–Burke–Ernzerhof (PBE)35. For the NMR calculations, the hyperfine coeffi-

cients and chemical shifts are evaluated using a cutoff energy of 650 eV to guarantee good convergence, 

while the other parameters are kept the same. Specifically, we started with the Pbcm (space group 57) and 

Pmc21 (space group 26) structures for the AFE and FE phases of pure NaNbO3, with the experimental 

lattice parameters (5.504 Å, 5.570 Å, 15.517 Å)36 for the former and (7.8636 Å, 5.6306 Å, 5.5483 Å)37 

for the latter. Supercells with 80 atoms correspond to a √2 × √2 × 1 supercell for the AFE phase and a 

2 × √2 × √2 supercell for the FE phase. For the solid solution, one Sr and one Sn atom substitute one Na 

and one Nb atom out of 16 possible locations for each, respectively, corresponding to a SrSnO3 composi-

tion of 6.25 mol.%. Based on symmetry, Wyckoff position, and the distance between Sr and Sn atoms, 

we created 10 representative geometries for each of the AFE and FE phases and evaluated the total ener-

gies of these structures after full ionic relaxation. The AFE/FE structures with the lowest energies among 

each set of geometries are selected for the discussions below. Please refer to the Supporting information 

(Table S1 and Figure S1) for the complete information on such structures, including the corresponding 

energy values and the Sr‒Sn distances.  

 

Sample preparation. The (1−x)NaNbO3-xSrSnO3 (x = 0.03‒0.06 with an interval of 0.01; abbreviated as 

NN-xSS) polycrystalline materials were prepared by solid-state-reaction. High-purity precursors Na2CO3 

(99.95 %, Alfa Aesar, Germany), SrCO3 (99.99 %, Alfa Aesar, Germany), SnO2 (99.90 %, Alfa Aesar, 

Germany), and orthorhombic Nb2O5 (99.50 %, Sinopharm, China) were dried at 200 °C for 8 h and sub-
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sequently weighed in a stoichiometric ratio with 1 wt.% excess Na2CO3 to compensate for possible evap-

oration38. All raw materials were homogenized by planetary ball milling using yttria-stabilized zirconia 

(YSZ) balls in ethanol for 12 h at 250 rpm and then dried at 100 °C. The powder mixtures were calcined 

at 850 °C for 4 h. The as-calcined powders were subsequently ball milled for 12 h at 250 rpm, dried, and 

compacted into disks with 10 mm in diameter and 1.5 mm in thickness. The discs were subject to cold 

isostatic pressing of 200 MPa before sintering at 1360 °C for 2 h using a packing powder with the same 

composition. The density of the sintered samples was determined by the Archimedes method (Supporting 

information, Table S2). Scanning electron microscopy (SEM, XL 30 FEG, Philips, Eindhoven, Nether-

lands) was used to examine the microstructure of the sintered samples, which were ground, polished with 

diamond paste down to 1.0 μm particle size and thermally etched at 1250 °C for 30 min. Grain size dis-

tributions were determined from SEM images (Supporting information, Figures S2 and Figure S3, Ta-

ble S2). 

 

Structural characterization. The structure was investigated using an X-ray diffractometer (XRD, Bruker 

AXS D8 Advance, Germany) with Cu Kα radiation. Full-pattern Rietveld analysis was performed with 

the Jana2006 software package39, using the AFE P phase of pure NaNbO3 as the starting structure (Data-

base ICSD #23239). Details about the refinement process can be found in the Supporting information, 

Table S3.  

 

23Na NMR spectra were recorded on a Bruker Avance III spectrometer operating with a 7.1 T magnet at 

a carrier frequency of 79.38 MHz. Four pellets of ceramic NN-0.05SS were cut into cuboids 

(2.3×2.3×0.6 mm3), stacked, and packed into the middle section of a 4 mm zirconia rotor with TiO2 serv-

ing as a filler material. For pure NN, six pellets with dimensions 2.3×2.3×0.4 mm3 were used40. The sam-

ples were subjected to magic angle spinning (MAS) at 10±0.001 kHz during acquisition and the 23Na 

chemical shift scale was referenced to the signal of NaNO3(s) at -8.1±0.1 ppm41. Two-dimensional Satel-

lite Transition Magic Angle Spinning (STMAS) experiments were carried out using a z-filtered se-

quence42. 2128 transients were averaged for each of the 110 increments with a relaxation delay of 1 s. 

Excitation, mixing, selective 90° and selective 180° pulse lengths were 1.4 μs, 2.1 μs, 21.75 μs, and 

40.75 μs, respectively. Line shape simulations were carried out with the program DMFit43. 

 

Electrical measurements. The samples for electrical characterization were cut and ground to a dimension 

of 1.5×1.5×0.25 mm3, followed by 400 °C stress-release annealing and sputtering with platinum elec-
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trodes to completely cover both 1.5×1.5 mm2 surfaces. Polarization and strain hysteresis loops were meas-

ured with a triangular field amplitude of 16 kV/mm at 1 Hz using a modified Sawyer-Tower circuit and 

an optical displacement sensor (D63, Philtec Inc., USA). The hysteresis loops in the second cycle are 

shown. The piezoelectric d33 coefficient was measured using a Berlincourt meter (Piezotest PM300, Sin-

gapore). An oscillating load of 0.25 N was applied at a frequency of 110 Hz, superimposed on a force 

bias of 2 N. Temperature-dependent permittivity measurements at a frequency of 10 kHz were performed 

using an impedance analyzer (4192A LF, Hewlett-Packard, USA) on samples before they were subjected 

to electric fields. 

 

RESULTS AND DISCUSSION 

 

The AFE phase stabilization in NaNbO3 by Sr2+ and Sn4+ substitution was initially investigated using first-

principles calculations. In the first step, the stability of the phases in pure NaNbO3 was calculated. As 

shown in Table 1, the energy difference between the AFE and FE phases is 2.3 meV/f.u., whereby the FE 

phase is more stable than the AFE phase. This is in a good agreement with previous reports8. The small 

energy difference corresponds to a temperature change of only 27 K. It is further reduced upon Sr2+ and 

Sn4+ substitution and reaches a value of 1.4 meV/f.u. if simply the two most stable calculated AFE and 

FE structures of NN-0.0625SS are compared (column a in Table 1). Interestingly, after this substitution 

the AFE phase is more stable than the FE phase.  

 

However, in real antiferroelectric perovskites, the AFE-FE transition is of a displacive type and, therefore, 

the atomic configurations in both phases (before and after the transition) correspond to each other. By this 

we mean that the lattice parameters correspond to each other as if we would rotate the FE structure onto 

the AFE one before the substitution of Sr and Sn (apart from the distortions, i.e., small rotations or dis-

placements existing in the AFE or FE phases, the atoms in one phase will be mapped onto the same atoms 

of the other phase). For the Sr/Sn-modified case, the corresponding atomic positions throughout the sim-

ulation can be determined using the Wyckoff positions splitting through the phase transition (for Sr mod-

ification), followed by geometrical considerations (for Sn modification).Therefore, in order to compare 

the energies of the AFE and FE phases of NN-0.0625SS, while taking into account the nature of a dis-

placive phase transition, the structures of both phases should have corresponding atomic configurations. 

Hence, two scenarios were considered (Table 1). The scenario in column b refers to a situation where the 

energy of the most stable AFE structure (among ten considered AFE structures) is compared to the one 

of the corresponding FE structure. In turn, the scenario in column c is obtained by choosing the most 
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stable FE structure among the ten different FE structures, which is then compared to the corresponding 

AFE structure. The structures of the former scenario are displayed in Figure 1. In scenario b the energy 

difference between the most stable AFE structure and the corresponding FE structure is 1.4 meV/f.u., 

whereby the AFE phase is more stable. Interestingly, in this scenario the corresponding FE structure has 

the same energy as the FE structure which is the most stable one among the ten different considered FE 

structures (scenario c). In turn, in scenario c (Table 1) the energy of the corresponding AFE phase is the 

same as the energy of the most stable AFE structure among the ten different AFE structures. That is, in 

this case the energy difference is 1.4 meV/f.u. in favor of the AFE phase, too. Therefore, the results sug-

gest that the SrSnO3 substitution will lead to a more stable AFE phase. Note that a stable AFE phase and 

the coexistence of a FE phase with a slightly higher energy were previously predicted as a necessary 

requirement for the existence of AFEs with double polarization loops 2, 12. 

 
Table 1. The energies (per formula unit) and structural parameters for the AFE (Pbcm) and FE (Pmc21) phases of 

pure and substituted NaNbO3, as calculated by DFT. Calculations made for a) comparing most stable AFE and FE 

phases; b) most stable configuration of AFE and the same atomic arrangements of FE phase; c) most stable config-

uration of FE and the same atomic arrangements of AFE phase. 

  NN NN-0.0625SS  

   a) b) c) 

AFE phase E [eV] -39.08240  -38.60406 -38.60406  -38.60406 

a [Å] 5.564 5.597 5.597 5.597 

b [Å] 5.641 5.600 5.600 5.600 

c [Å] 15.586 15.760 15.760 15.761 

V [Å3] 489.22 493.94 493.94 493.95 

FE phase E [eV] -39.08470 -38.60267 -38.60267 -38.60267  

a [Å] 7.798 7.850 7.850 7.850 

b [Å] 5.585 5.612 5.612 5.612 

c [Å] 5.649 5.625 5.624 5.625 

V [Å3] 246.02 247.78 247.77 247.78 

Difference ΔE [meV] 2.3  

(FE more  

stable) 

1.4 

(AFE more 

stable) 

1.4 

(AFE more 

stable) 

1.4 

(AFE more 

stable) 
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Figure 1. Structures of the most stable AFE configuration of 0.9375NaNbO3-0.0625SrSnO3 and the correspond-

ing FE structure (scenario b in Table 1). 

 

 

In order to experimentally confirm the phase stability predicted by the DFT calculations, a series of Sr2+ 

and Sn4+ substituted NaNbO3 samples was synthesized using the solid-state reaction method. The XRD 

patterns in Figure 2a confirm the formation of the perovskite phase with the orthorhombic Pbcm structure 

(details in Figure S4). All samples thus exhibited the P polymorph. We note that a minor amount of a 

non-perovskite secondary phase was detected in all samples after the calcination treatment. The amount 

of this phase was too small for reliable identification, but it is likely that its composition is close to SnO2. 

Due to the very small amount, nominal compositions will be used for the following discussion. 

 

The unit cell parameters and cell volume of the samples were determined using the Rietveld refinement 

method (Figure 2b, details in Table S3). Increasing the amount of Sr2+ and Sn4+ resulted in an increase of 

the cell parameters a and c, as well as an overall increase in the unit cell volume, which is consistent with 

the DFT calculations (Table 1). This can be explained by the substitution of the smaller Na+ (1.39 Å; 

Coordination Number (CN)= 12) and Nb5+ (0.64 Å; CN=6) ions by the larger Sr2+ (1.44 Å; CN=12) and 

Sn4+  (0.69 Å; CN=6), which is accompanied by a small decrease in the tolerance factor from 0.9671 for 

NaNbO3 to 0.9668 for NN-0.05SS.  
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Figure 2. (a) XRD patterns of (1−x)NaNbO3-xSrSnO3 samples. (b) Cell parameters and cell volumes obtained 

from Rietveld refinements.  

 

23Na solid-state NMR spectroscopy was employed in order to investigate whether the observed AFE sta-

bilization is accompanied by changes to the local structure. Figure 3a,d depicts STMAS spectra recorded 

for pure NaNbO3 and NN-0.05SS, respectively. Two signals corresponding to sodium sites Na(1) and 

Na(2) of the NaNbO3 P polymorph are resolved in the two-dimensional spectrum of Figure 3a. No indi-

cations for the presence of the Q polymorph are found from the projection along the indirect dimension 

(δ1) depicted in Figure 3b. Note that these would appear as a shoulder to the Na(1) signal, as first reported 

by Ashbrook et al.44 As shown in Figure 3d, these two signals are also distinguishable upon 5 mol.% 

SrSnO3 substitution, indicating that both sodium sites are still present in the structure. The continuous 

shape of the signal trace in Figure 3e also does not hint at the presence of a polymorph mixture. Further-

more, the positions of both lines do not change significantly. The position of NMR lines is often under-

stood as a “fingerprint” of the structure45. However, it should be noted that the presence of small amounts 
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of a Q-like polymorph cannot be completely excluded, due to the broadened Na(1) signal in the δ1 dimen-

sion. The retention of the signals, as well as their positions, indicates that the global structure of the ma-

terial is preserved upon addition of 5 mol.% SrSnO3, thereby corroborating the choice of structural models 

for the DFT calculations. Please note that the absence of the Q polymorph was also confirmed by XRD 

analyses described above. 

 

 
Figure 3. Changes of the local structure upon substitution of 5 mol.% SrSnO3 into the NaNbO3 lattice. 23Na STMAS 

NMR spectra of (a) pure NaNbO3 and (d) NN-0.05SS. (b), (e) Summation of the signals along δ1. (c), (f) Positive 

projections of the Na(1) signals (area within the dashed rectangles) along δ2 with the best achieved line shape 

simulations, from which NMR parameters and distributions thereof are extracted as described in the text, in grey. 

 

Despite these similarities, it is apparent from Figure 3 that the width and shape of the signals are affected 

by the formation of the solid solution. As compared to pure NaNbO3, both the Na(1) and the Na(2) signals 

of NN-0.05SS are significantly broadened along the indirect dimension (δ1), with this effect being more 

pronounced for the Na(1) site. Besides, the shape of the Na(1) signal changes considerably when com-

pared to that of pure NaNbO3. The new line shape can be best evaluated by projecting the Na(1) signal 

along the direct dimension (δ2) of the spectra (Figure 3c,f). While the positive projection for pure NaNbO3 

exhibits a well-defined pattern with maxima at -9 ppm and -29 ppm, and thus matches previously-reported 

NMR parameters36, the maximum at -29 ppm is washed out in the case of NN-0.05SS. Note that effects 

of non-uniform excitation of the powder pattern can be observed and are responsible for small deviations 

between the experimental and fitted lines in the Na(1) projection of pure NaNbO3 (Figures 3c and S5a in 

the Supplementary Information)36, but they cannot account for the line shape of NN-0.05SS in Figure 3f.  

 



11 

 

Line shape analysis shows that the width and the left maximum of the Na(1) projection from NN-0.05SS 

can be reproduced by a single set of NMR parameters (CQ =1.90 MHz, η=0; see Figure S5c) with a smaller 

CQ value than for pure NN (CQ=2.13 MHz). The decrease in CQ is also supported by the evaluation of the 

quadrupolar product (PQ), which decreases from 2.17 MHz to 2.02 MHz between NN and NN-0.05SS 

(Figure S6). Despite that, the presence of a plateau instead of a maximum around -29 ppm cannot be well 

reproduced by a single parameter set. Instead, these changes to the Na(1) signal indicate a distribution of 

structure-related NMR parameters and thus a broader variation of local environments for Na+ cations upon 

the incorporation of SrSnO3 into the lattice. In a general sense, this can be conceptualized as an increase 

of disorder in the structure, but analysis of the line shape allows for the identification of the local structural 

features that are affected.  

 

Hence, we decided to test the effect of the distribution of different NMR parameters individually (δiso, CQ, 

η). A distribution of isotropic chemical shifts δiso (Figure S5d) results in the same line shape as when 

Gaussian line broadening is added to the single-parameter fit (Figure S5c). A distribution of η (Figure S5f) 

results in an attenuation of the left maximum, which is contrary to the line shape observed experimentally. 

Contrastingly, when a distribution of CQ is taken into account, the right maximum of the line is signifi-

cantly attenuated to a plateau (Figure S5e). This effect is a consequence of the increasing line width to-

wards lower frequencies as CQ increases (for a fixed chemical shift value) in a quadrupole-perturbed NMR 

line under MAS conditions. In fact, the best fit was achieved by considering a distribution of both CQ and 

chemical shift (Figures 3f and Figure S5g). This fit resulted in an average CQ of 1.9(0) MHz and an 

average chemical shift of -2.(8) ppm, with a distribution width (i.e., standard deviation of a Gaussian 

distribution) of 0.13(0) MHz and 1.(2) ppm, respectively (Table 2). The analysis of the line shape there-

fore indicates that the modification of NaNbO3 with SrSnO3 indeed results in a more disordered, albeit 

less distorted, local structure for the Na(1) site.  

 

Table 2. Comparison between experimental and computed NMR parameters for the Na(1) site in NaNbO3 and NN-

0.05SS. Values for the latter are described in terms of the average and standard deviation of a distribution (see 

Table S6 for the complete data).  
 Experimental DFT Calculation 

 NN 
NN-

0.05SSa 

NN  

(AFE) 

NN-0.0625SS 

(AFE) 

CQ (MHz) 2.1(2) 1.9(0) 2.409 2.211 

std. deviation / 0.13(0) / 0.121 

δ (ppm) -1.(5) -2.(8) -1.5b -1.97 

std. deviation / 1.(2) / 1.03 
a: NMR parameters determined from the best fit to the Na(1) projection (Figure 3c,f). 

b: shielding scale referenced with the chemical shift of both Na sites in pure NaNbO3 (AFE). 
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This analysis can be extended by a direct comparison of the experimental data to DFT-computed NMR 

parameters. We have carried out calculations of the chemical shift and electric field gradient (EFG) for 

both pure NaNbO3 (as a reference) and NN-0.0625SS (scenario b in Table 1). The computed NMR pa-

rameters for the Na(1) site are contrasted to the experimental ones in Table 2. 

 

Conversion of calculated chemical shielding values to the experimental chemical shift scale spectra re-

quires the use of a reference. On a first instance, pristine NaNbO3 with an AFE structure suffices as a 

reference for 23Na chemical shifts. It contains two sodium sites and hence provides two pairs of shield-

ing/shift values for a calibration line. Tables S6 and S7 in the Supplementary Information list the shield-

ings and chemical shifts found for both sites of NaNbO3. The slope of the calibration line deviates from 

unity, which is a possible consequence of the limited number of sodium environments involved in the 

calibration procedure. In spite of that, it enables a qualitative analysis of the chemical shift and its distri-

bution, which result from the chemical modification with SrSnO3. 

 

The resulting computed chemical shift values for NN-0.0625SS are scattered between -0.3 ppm and -

2.8 ppm (Figure 4a). From a discrete statistical analysis we determine an average of -1.97 ppm and a 

standard deviation of 1.03 ppm for the chemical shift of Na(1) (Table 2). The order of magnitude for the 

latter compares well to the fitted spectrum for the case in which only a distribution of chemical shifts is 

considered in the NMR line shape analysis (Table S4). When both a distribution of CQ and chemical shifts 

is taken into account, the best fit was found for a standard deviation of 1.2 ppm for the chemical shift, 

which matches the calculated value with surprising precision.  

 

The average chemical shift for Na(1) in the NN-0.0625SS model (δ=-1.97 ppm) is found to be more neg-

ative than in the reference NN (δ=-1.5 ppm) by 0.5 ppm. The direction of this change is reproduced by 

the line shape analysis with a distribution of NMR parameters, which requires a chemical shift around -

2.8 ppm for a reliable fit. However, the graphical analysis of the signal’s centre of gravity (Figure S6), 

and by extension the isotropic value of the chemical shift and the quadrupolar product resulting thereof 

(Table S5), indicate a chemical shift of +1.5 ppm for NN-0.05SS. As such small differences in chemical 

shift by far surpass the precision of the shielding calculation, we refrain from further speculations about 

this difference. 
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Further insight can be gained from the evaluation of computed CQ values. For the Na(1) site of pristine 

AFE NaNbO3, we computed a quadrupolar coupling constant of CQ=2.4 MHz. Although slightly above 

the experimental value of 2.1 MHz, it allows for a comparison with the SrSnO3-modified structure keep-

ing this discrepancy in mind. For the eight Na(1) sites of the NN-0.0625SS supercell, we find a lowered 

average CQ value of 2.2 MHz. This trend is in accordance with the experimental values of PQ and the 

trend of CQ values determined from an analysis of the Na(1) line shape (Table 2). 

 

Furthermore, we observe that the computed CQ values for the Na(1) sites of NN-0.0625SS are scattered 

between 2.0 and 2.4 MHz (Figure 4b). An estimate of the standard deviation is found to be equal to 0.121 

MHz. This value closely matches the standard deviation of 0.130 MHz which is required for a distribution 

of CQ to reproduce the line shape observed in the Na(1) projection of NN-0.05SS (Figure 3f). The small 

number of Na(1) sites sampled by the supercell may increase the uncertainty of the standard deviation by 

a factor of 2. Nevertheless, the close correspondence between computed and experimental values allows 

us to interpret them as a measure of the order of magnitude for the distribution of CQ, and hence the 

structural disorder which results from the chemical modification in NN-0.05SS.  

 

Next, we attempt an interpretation of the NMR parameters and their distributions in terms of structural 

parameters predicted from DFT calculations for the Na(1) site. While the chemical shift is often related 

to average Na-O distances46, the EFG magnitude (i.e., CQ) is a function of the degree of structural distor-

tion of the NaO12 cuboctahedral cages47. Hence, the distribution of each of these NMR parameters can be 

related to the Na-O distances determined from DFT calculations. More specifically, the distribution of 

chemical shifts can be understood in terms of the distribution of average Na-O distances, whereas the 

distribution of CQ is related to the variance of Na-O distances in each individual NaO12 cuboctahedron. 
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Figure 4. (a) Computed chemical shifts and (b) quadrupolar coupling constants (CQ) for NN (black) and NN-

0.0625SS (green) at all eight Na(1) sites (see Table S6). (c) Calculated Na(1)-O distances for the NaNbO3 and 

NaNbO3-0.0625SS structures of scenario b (Table 1). Insets show the respective NaO12 units of the Na(1) site. (d) 

Calculated histogram of the average Na-O distances for the Na(1) sites in the structures of NN and NN-0.0625SS. 

(e) Calculated histogram of the variance of Na(1)-O distances within the NaO12 units for the same site. According 

to the DFT calculations, Sr occupies the Na(2) site in the supercell of NN-0.0625SS and, hence, there are 8 different 

Na(1) sites. The average Na(1)-O distance and the variance of Na(1)-O distance for NN-0.0625SS were calculated 

for these 8 different Na(1) sites.     

 

 

Figure 4c shows the Na(1)-O distances determined from computed structures of  NaNbO3 and its SrSnO3-

modified counterpart, along with a representative NaO12 unit for the sodium site Na(1). The resulting 

average Na(1)-O distances for the eight NaO12 units of the NN-0.0625SS supercell, displayed in Figure 

4d, are spread between 2.804 Å and 2.838 Å, contrasting the singular value of 2.809 Å for all Na(1) 

cuboctahedra in pure NaNbO3. The distribution of chemical shifts observed and calculated for the SrSnO3-

modified structure can be understood in terms of this broad variation. In turn, Figure 4e shows the vari-

ance of Na(1)-O distances for the NaO12 units. While the Na(1)-O variance equals 0.11 for pure NN, eight 

different values between 0.06 and 0.09 are calculated for the NN-0.0625SS structure model. This is in 

agreement with the distribution of CQ found in both the NMR spectrum and the theoretical values. Addi-

tionally, the overall decrease of the Na(1)-O variance after the addition of SrSnO3 indicates a less distorted 

local structure for the Na(1) site. It can thus be correlated with the decreasing line width of the Na(1) 

NMR signal as well as the overall lower CQ values determined from the spectrum and computed for the 

chemically-modified supercell. 
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Our analysis demonstrates that the NMR spectra reflect the distribution of local structural features ex-

pected from the DFT calculations and, in turn, corroborate the models assumed for the calculation of 

phase stabilities in SrSnO3-substituted NaNbO3. We can speculate that the structural disorder in combi-

nation with the lowered structure distortion, which can only be grasped by techniques sensitive to the 

local scale, affect the electrical properties and the AFE-FE transition in NN-0.05SS. 

 

The influence of the SrSnO3 substitution and the changed phase stability on the functional properties of 

NaNbO3 was evaluated by measuring the dielectric and polarization response. The dielectric properties of 

the investigated materials are shown in Figure 5. The temperature of maximum permittivity at ~370 °C 

represents the phase transition from P to R phase48, 49 in NaNbO3. This transition temperature is lower in 

the investigated SrSnO3-modified compositions and follows a linear decrease with increasing SrSnO3 

content at a slope of -26.3 ± 0.4 °C/mol.%. While the permittivity maximum decreases with increasing 

SrSnO3 content, the value at room temperature increases. The dielectric anomaly observed at ~150 °C for 

the NaNbO3 sample (inset of Figure 5a) is absent in all the SrSnO3-modified samples. The dielectric loss 

shows similar behavior in all the SrSnO3-modified samples. 
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Figure 5. (a) Temperature-dependent dielectric permittivity (solid lines) and (b) dielectric loss (dashed lines) for 

NN-xSS samples at 10 kHz.  

 

Finally, the NN-xSS samples were subjected to large E-fields with different amplitudes and their polari-

zation, P(E), and strain, S(E), hysteresis loops were compared with those of pure NaNbO3 as shown in 

Figure 6a,b, respectively. NaNbO3 exhibits an irreversible electric-field-induced AFE-FE phase transi-

tion25, 50, 51, therefore the loops in the second cycle resemble those of a classical ferroelectric. On the other 
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hand, incorporation of SrSnO3 considerably changes the polarization and strain behavior and characteris-

tic AFE double polarization loops are observed. The remanent polarization decreases with increasing 

SrSnO3 content (Table 3), while the critical field EAF increases from 11.6 kV/mm for NaNbO3 to 

12.4 kV/mm, 12.8 kV/mm and 15.0 kV/mm for NN-0.03SS, NN-0.04SS and NN-0.05SS, respectively. 

We note that the EAF of NN-0.06SS sample was above 15 kV/mm, therefore no saturated loops could be 

obtained for this composition. The strain hysteresis loops change from butterfly-shaped ferroelectric loops 

with large negative strain in NaNbO3 to sprout-shaped loops with minimal negative strain for NN-0.05SS. 

This behavior confirms the stabilization of the AFE order. The AFE-FE phase transition becomes reversi-

ble, meaning that the samples revert into the AFE phase after the electric field is removed. This is con-

firmed by a decrease of the macroscopic piezoelectric charge coefficient d33 with increasing SrSnO3 con-

tent: d33 is 35±1 pC/N, 8±1 pC/N, 4±1 pC/N and 2±1 pC/N for NN, NN-0.03SS, NN-0.04SS and NN-

0.05SS, respectively (Table 3).  

 
Figure 6. (a) Polarization and (b) strain hysteresis loops of NaNbO3 and NN-xSS samples in the second cycle (for 

1 Hz, room temperature). Hysteresis loops in the first cycle are shown in Figure S7.  
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Table 3. Electrical properties of NaNbO3 and NN-xSS samples. Pr is the remanent polarization, EAF is the critical 

field, Sneg is the negative strain, d33 is the macroscopic piezoelectricity, Wstor is the storage energy density, Wrec is 

the recoverable energy density and η is the energy-storage efficiency (Wstor/ Wrec).  

 

 NN NN-0.03SS NN-0.04SS NN-0.05SS 

Pr (μC/cm2) 32.4 26.3 21.7 11.0 

EAF (kV/mm) 11.6 12.4 12.8 15.0 

Sneg (%) -0.077 -0.080 -0.043 -0.033 

d33 (pC/N) 35±1 8±1 4±1 2±1 

Wstor (J/cm3) - 3.52 3.98 4.23 

Wrec (J/cm3) 0.12 0.30 0.49 0.90 

η (%) - 8.5 12.2 21.4 

 

From the application point of view, one of the most important parameters for the use of antiferroelectrics 

for energy storage devices is the energy storage density (W). These values were calculated from the po-

larization hysteresis loops (Figure 6a), revealing an energy storage density of 0.12 J/cm3, 0.30 J/cm3, 

0.49 J/cm3 and 0.90 J/cm3 for pure NaNbO3, NN-0.03SS, NN-0.04SS and NN-0.05SS, respectively. The 

significantly increased energy storage densities are a consequence of the reversible nature of AFE-FE 

phase transition in SrSnO3-modified samples. 

 

 

Conclusions 

 

A series of new (1−x)NaNbO3-xSrSnO3 perovskite solid solutions were successfully synthesized using 

solid state reaction, guided by the predictive power of first-principles calculations. Incorporation of Sr2+ 

and Sn4+ into the NaNbO3 perovskite structure was found to increase the unit cell volume and, at the 

atomic scale, results in a more disordered, albeit less distorted, local structure for the Na sites. This change 

triggered the stabilization of the antiferroelectric phase, as evident by the lower free energy, and enabled 

reversible electric-field-induced AFE-FE transitions. On the macroscopic level this was accompanied by 

the disappearance of piezoelectricity, appearance of double polarization hysteresis loops, and an 8-times 
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higher energy storage density of the samples. The presented approach could pave the way for the devel-

opment of a wide variety of new lead-free antiferroelectric materials for high-energy storage capacitors 

and non-volatile memories.  

 

 

Supporting Information.  

 

Figure S1 (Ten representative structures for each of the AFE and FE phases, as calculated by DFT.), 

Table S1 (Values for energies, Sr-Sn distances, and information about which site (Na(1) or Na(2)) was 

substituted by Sr.), Table S2 (Density and average grain size of NaNbO3 and NaNbO3-xSrSnO3 samples), 

Figure S2 (SEM images of NaNbO3 and NaNbO3-xSrSnO3 samples), Figure S3 (Grain size distributions 

of NN-0.03SS, NN-0.04SS, NN-0.05SS, and NN-0.06SS samples), Table S3 (Results of the Rietveld 

refinement of XRD data obtained from crushed and annealed sintered samples), Figure S4 (XRD patterns 

in the 2θ range of 35.5−37.5°, 42.5 −44.2° and 54.0−56.0°), Figure S5 (Simulated NMR spectra for the 

Na(1) projections (F2) of NaNbO3 (a) and NN-0.05SS (b-f) for distribution of different NMR parameters), 

Table S4 (Parameters for simulation of  Na(1) projections (F2) of 23Na STMAS spectra displayed in Fig-

ure S5), Figure S6 (Quadrupolar product PQ determined graphically from the 23Na STMAS NMR spectra), 

Table S5 (Summary of the analysis of center of gravity from Na(1) STMAS signal), Tables S6, S7 (Sum-

mary of computed NMR parameters in NN AFE reference and NN-0.0625SS in scenario b, for Na(1) and 

Na(2), respectively). Figure S7 (Polarization and strain hysteresis loops of NaNbO3 and NN-xSS samples in the 

first cycle, measured at 1 Hz and room temperature). 
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