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Highlights 

 A progressive structural evolution from Orthorhombic to Tetragonal crystal 

symmetry of lead-free KNN doped with BaTiO3 ceramics; i.e. (100-x)KNN-xBT 

(0%≤x≤7%) was associated with the coexistence of O and T phases. 
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 Ba2+ ions occupy the A-sites of the perovskite KNN-based ceramics structure, while 

Ti4+ ions replace the Nb5+ ions at the B-sites producing a distortion of the 

orthorhombic crystal symmetry.  

 Positron lifetime annihilation spectroscopy made it possible to reveal the nature and 

structure of the vacancy-like defects created during the phase transition.  
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Abstract 

 

 A study on the induced changes in the vacancy-like defect structure and the dielectric 

properties of K0.5Na0.5NbO3 ceramics by the addition of different amounts, between 0% and 

7%, of BaTiO3 is presented. The samples were prepared by a mechanochemically activated 

solid-state reaction method. The structural evolution due to the orthorhombic to the tetragonal 

phase transition of the KNN doped samples was followed using X-ray diffraction and Raman 

spectroscopy. The use of positron annihilation lifetime spectroscopy allowed to identify the 

defect structure at sub-nanometric scale and the nature of the vacancy-like defects generated 

by the phase transition. The obtained results are discussed considering the lattice symmetry 

change and the defects structure formed due to the replacement of alkaline and niobium ions 

by barium and titanium ones. Additionally, changes in the dielectric properties are discussed 

in terms of the structural modifications of the different KNN-based ceramics involving 

different kinds of vacancy-like defects. 

 

 

Keywords: (K,Na)NbO3; BaTiO3; positron annihilation spectroscopy; dielectric properties; 

point defects 
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1. Introduction 

Lead zirconate-titanate ceramics (Pb(Zr1-xTix)O3 - PZT) are the most widely used and 

studied piezoelectric materials for applications such as actuators, sensors, transducers, or 

vibrators [1,2]. However, the use of lead-based ceramics has caused serious environmental 

problems due to the high toxicity of lead oxide [3]. Consequently, there is an increasing 

request for the use of environmentally-friendly lead-free ceramics in piezoelectric devices 

[4]. As an alternative, potassium sodium niobate ceramics (K0.5Na0.5NbO3 - KNN) have 

attracted the attention due to their high Curie temperature (TC), good electrical properties, 

and environmentally friendly nature [5,6]. Moreover, KNN ceramics present a morphotropic 

phase boundary that increases dielectric properties [7]. This transformation is influenced by 

the replacement of some of the A or B cations of the perovskite-like structure (ABO3) 

modifying, consequently, the Curie temperature and the piezoelectric constant [8,9]. 

Regardless of having promising properties, there are some problems associated with the KNN 

ceramics during processing. One major problem is the volatilization of alkali elements at the 

sintering temperatures, where oxygen vacancies are created increasing the electronic 

conductivity of the ceramics [10,11]. 

To modify final properties, several solid solutions have been investigated [11-13]. In (1-

x)K0.5Na0.5NbO3-xBaTiO3 (KNN-BT) ceramics, BT diffuses into the KNN lattice to form a 

solid solution [14-18]. Subsequently, barium ions replace sodium or potassium ions at the A-

sites whereas titanium ions are located at the B-sites occupied by niobium ions. Guo et al. 

[15] noted that for 4%BT, KNN-BT ceramics still retain an orthorhombic structure. However, 

for a concentration of 6%BT the crystalline symmetry exhibits a small tetragonal distortion, 

indicating that the morphotropic phase edge is established. For BT compositions higher than 
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20%, the authors reported another phase transition corresponding to a cubic symmetry where 

a significant decrease in the piezoelectric properties was detected. 

 It is known that KNN-based ceramics in the range between room temperature (RT) 

and 500°C display two phase transitions, attributed to a phase transformation from the 

orthorhombic phase to the tetragonal one; and then, to the paraelectric phase [19]. 

Consequently, dielectric curves show marked peaks revealing these phase transformations 

with the temperature, which are sensitive to changes in the composition of the system. It was 

reported that in KNN-SrZrO3 solid-solutions, as the concentration of the second component 

increases, the peak of the dielectric permittivity corresponding to the ferroelectric tetragonal 

to the paraelectric cubic structure shifts to lower temperatures and, besides, it becomes much 

broader than those obtained for pure KNN ceramics [20]. Dielectric studies reveal that 

0.97(K0.5Na0.5)NbO3–0.03(Ba0.6Sr0.4)0.7Bi0.2TiO3 ceramics show a broad dielectric peak with 

a permittivity maximum near 2000 and a low dielectric loss (i.e., tan δ) [20]. Liu et al. [21] 

found temperature-stable dielectric properties in the 0.86(K0.5Na0.5)NbO3-0.14SrZrO3 solid 

solution ceramics with high dielectric permittivity (ε = 2310) and a low dielectric loss 

sustained in a broad temperature range (from −55°C to 201°C). These authors detected that 

Sr and Zr elements exhibited an inhomogeneous distribution from the shell to the core within 

grains and attributed these duplex grain microstructures to the observed temperature-stable 

dielectric properties. Liu et al. [22] also determined that KNN-NbZn ceramics displayed both 

high permittivity and low dielectric loss (tan δ) in a wide temperature range (from 20 °C to 

500 °C). They concluded that the dopants enter into the lattice positions modifying the 

symmetry of the crystal structure and the microstructural morphologies. Also, the observed 

thermal stability dielectric performance is due to the orthorhombic to tetragonal and 
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tetragonal to cubic phase transition peaks suppression, indicating an evolution from a sharp 

to a diffuse phase transition. 

 Positron annihilation spectroscopy (PAS) is a well-recognized, non-destructive 

nuclear technique for studying open volume defects in solids [23]. In particular, PAS has 

demonstrated to be a powerful tool to investigate the presence of vacancy-like defects in 

metals and semiconductors [24,25]. 

 Some authors of the present work have used positron annihilation lifetime 

spectroscopy (PALS), one of the experimental variants of PAS, to characterize vacancy-like 

defects in BaTiO3-based ceramics. In particular, in a first work, it was possible to characterize 

and quantify vacancy-like defects in BaTiO3 single crystals submitted to thermal cycles 

including the critical temperature Tc of the ferroelectric–paraelectric transition [26]. A few 

years later, the authors used PALS and electron paramagnetic resonance to study the 

compensation mechanisms in donor-doped BaTiO3-based ceramics [27]. The results obtained 

made it possible to conclude that vacancy-like defects present in the different BaTiO3–based 

specimens were dependent on the type of additive. Besides, in each case, it was proposed a 

relationship among the doping levels and the defect structures. 

 In general, from the positron lifetime spectra decomposition several lifetime 

components can be obtained; each of them is characterized by a lifetime i and an associated 

intensity Ii. The state i can be the delocalized one in the lattice (bulk state), or localized states 

at different defect sites in which positrons become trapped and annihilated. In this last case, 

the value of the positron lifetime reflects the size of the open volume associated with the 

defect in which positrons are annihilated; increasing lifetime values indicate that positrons 

become trapped in bigger open volumes. 
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In the present work, a systematic analysis of the structural at the micro- and nano-scale 

and the dielectric properties of the K0.5Na0.5NbO3 ceramics with the addition of different 

amounts of BaTiO3 is presented. Firstly, the structural characterization of the different 

samples is presented. Toward this aim, the phase transition from orthorhombic to tetragonal 

symmetry due to the addition BaTiO3 to pure K0.5Na0.5NbO3 was obtained using XRD and 

Raman spectroscopy. Besides, the morphology and the grain size distribution are shown. The 

nature of the vacancy-like defects induced by the structural evolution of the KNN-based 

ceramics during the orthorhombic to the tetragonal phase transition, as a consequence of the 

BT addition, was investigated using PALS. On the other hand, the influence of the BT doping 

on the dielectric properties of the KNN ceramics is analyzed and discussed. Finally, a 

summary and a joint discussion of the main results obtained are presented. 

 

2. Experimental 

(100-x)K0.5Na0.5NbO3-xBaTiO3 ceramics with (x = 0, 3, 4, 5, 6 and 7) ceramics were 

synthesized by the conventional solid-state reaction method. For the synthesis, all reactants 

(Na2CO3 (Biopack 99.5%), K2CO3 (Cicarelli 99.99%), Nb2O5 (Aldrich 99.9%), BaCO3 

(Merck 99%) and TiO2 (Aldrich 99.9%)) were mechanochemically activated, using zirconia 

balls in an alcoholic medium for 3 h, in a planetary mill (Fritsch, Pulverisette 7, 1450 rpm) 

and subsequently heat-treated at 800°C for 2 h. The powders obtained were uniaxially 

pressed into discs and sintered at 1150°C for 2 h. To study the influence of BaTiO3 addition 

on the defect’s formation in the perovskite and to avoid possible interactions, sintering aids 

were not added in the samples. The nomenclature of sintered samples is detailed in Table 1. 
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Sample KNN KNN-

3BT 

KNN-4BT KNN-5BT KNN-

6BT 

KNN-7BT 

%BT 0.0 3.0 4.0 5.0 6.0 7.0 

%KNN 100.0 97.0 96.0 95.0 94.0 93.0 

ρ (g/cm3) 4.28 4.10 4.10 4.07 3.90 3.80 

Densification 

(%) 

 95.3  90.7  90.3 89.5  85.5 83.2   

Table 1. Nomenclature, measured density (ρ) values and densification (%) of the KNN-xBT 

sintered samples. 

 

Structural analyses were performed using X-ray diffraction patterns (XRD) employing 

a PANalytical, X'pert Pro with CuKα radiation whereas Raman spectroscopy studies were 

carried out using a Renishaw In Via Reflex multichannel microspectrometer. Structural 

refinement was performed using a tetragonal symmetry (T, P4mm) and an orthorhombic 

symmetry (O, Amm2). The relative volume fractions can be calculated by using the 

integrated intensities of degenerate reflections, such as the tetragonal (002) and (200), 

orthorhombic (022), and (200) peak, respectively, obtained from line profile analysis [28]. 

Peaks positions were fit assuming a Lorentz peak shape (more information about the 

evolution of the phase volume fraction as a function of the BaTiO3 content is given in the 

Supplementary Information SI.1). 

Relative density values were determined using the Archimedes´ method whereas the theoret-

ical density (ρt) for each composition was calculated by mixtures´ law, considering the den-

sity of the (K0.5Na0.5)NbO3 and BaTiO3 pure phases 4.49 g/cm3 (ICSD 186341) and 6.02 
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g/cm3 (ICSD 72-0128), respectively. Microstructural characterization was evaluated using a 

field emission scanning electron microscope (FE-SEM, Sigma, Zeiss, Germany) on fractured 

samples. The average grain size and grain size distributions were determined from FE-SEM 

micrographs by an open-source image-processing program (ImageJ), considering more than 

150 grains in each measurement. 

For dielectric characterization, electrodes were painted with silver paint. Dielectric 

measurements were carried out as a function of the temperature (from 25°C to 500°C) and in 

the frequency range of 100 Hz to 1 MHz using an impedance analyzer (LCR meter 

HP4284A). 

PALS spectra were obtained using a Positron Lifetime Picosecond Timing System 

ORTEC ® with a time resolution of 210ps in a collinear geometry. As a positron source, a 

10µCi sealed source of 22NaCl (Radionuclides Product Number: NEZ081 produced by 

PerkinElmer) deposited onto two thin Kapton foils (7.5µm thick) sandwiched between two 

identical samples was used. The spectra were acquired at RT and, typically 1.5-2x106 counts 

per spectrum were collected. The lifetime values reported in this work for each sample are at 

least an average of 10 measurements in the same experimental conditions. After subtracting 

the background and the source contribution, positron lifetime spectra were analyzed using 

the LT10 code [29]. 

 

3. Results and discussion 

3.1 Microstructural characterization and perovskite structure compounds 

Fig. 1(a) shows the diffraction patterns of the KNN-BT system in the range of the BT 

compositions studied. In general, the results reveal the existence of the perovskite structure 

without the presence of secondary phases. To analyze the (022) and (200) diffraction peaks 
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located at 45°<2ϴ<47° and to determine the integral angular and wide positions, the patterns 

were adjusted using a Lorentz peak function. The corresponding settings are shown in Fig. 

1(b). The phase structure for varying BT concentrations is judged by the characteristic 

(002)/(200) diffraction peaks. Both the splitting of the (002) and (200) diffraction peaks, as 

well as the intensity changes caused by the addition of BaTiO3 to the K0.5Na0.5NbO3, indicate 

that there is an evolution in the orthorhombic symmetry (O), characteristic of KNN at RT, to 

a tetragonal one (T) for the (100-x)K0.5Na0.5NbO3-xBaTiO3 system (see Fig. 1(c)). 

Specifically, for the ceramic with x = 0, the crystal symmetry is exclusively the O-phase; 

while in the compositional range 3 ≤ x ≤ 6, all samples presented a polymorphic behavior, 

which is associated with the RT coexistence of the tetragonal (T, P4mm) and orthorhombic 

(O, Amm2) symmetries. It should be highlighted that this polymorphic behavior shows a 

clear evolution with the progressive addition of BT. First, in the composition range 3≤ x ≤ 4 

at a RT coexistence of O-T phases is observed, the peaks associated with O symmetry being 

most relevant (see Fig. 1(c)). By contrast, a different trend is detected for the compositions 

with higher BT contents (i.e., 5≤ x ≤ 6). In this last compositional range, the peaks associated 

with the tetragonal symmetry are more relevant than in the ceramics with low BT contents, 

which implies a stabilization of the tetragonal symmetry (see Fig. 1(c)). Finally, for the 

sample with the highest BT addition (i.e., x = 7), the tetragonal symmetry is only registered. 

(More information about the phase volume fractions depending on the BT content is given in 

the Supplementary Information SI.1). 
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Figure 1. X-ray diffraction patterns of the different (100-x)K0.5Na0.5NbO3-xBaTiO3 samples. In panel 

(a), the patterns are presented following the BT additions between x=0% (top)  x = 7% (bottom). 

The panel (b) shows a detail of the XRD diffraction pattern in the 2 range from 44.5º to 47º 

of the (100-x)K0.5Na0.5NbO3-xBaTiO3 ceramics. The patterns with 3≤ x ≤ 6 were fitted using a 

sum of 4 Lorentzian peaks, 2 tetragonal peaks (represented in blue color) plus 2 orthorhombic ones 

(in red color) of the perovskite phase. In the case of the ceramics with x = 0% and x = 7%, the patterns 

were fitted using in each case the sum of 2 Lorentzian peaks, 2 orthorhombic peaks (represented in 

red color) and 2 tetragonal ones. In panel (c), the volume fraction of the T and O phases as a function 

of the BT content is shown. (More details on this figure are given in the text). 
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Fig. 2(a) shows the Raman spectra of the KNN-BT system for all compositions under 

study. The figure shows that the Raman spectra of the (100-x)KNN-xBT systems have the 

typical vibration modes corresponding to the perovskite phase [28,30,31]. The observed 

modes in the range of 0–200 cm−1 are classified as the translational modes of the mixed 

perovskite A-site, including Na+, K+, and Ba2+ cations, whereas the internal vibrational 

modes in the range of 200–700 cm−1 are related to the NbO6-octahedra vibrations [32]. ν1, ν2, 

and ν5 modes are the breathing or bending modes of the oxygen octahedra, whereas the ν3 

and ν4 modes are the stretching and bending modes of the Nb-O bond [33].  It can also be 

seen that BT increase induces small changes in the internal modes associated with the 

octahedron of NbO6 and leads to the modification of the Raman spectra. Changes in the 

position of the υ1 mode located at 620 cm-1, corresponding to the vibration contraction of the 

NbO6 octahedron due to the difference of the Nb-O bonds, are observed, a band broadening 

and the movement of the υ2 mode to a lower position of this mode are detected (see Fig. 

2(b)). These shifts can be related to changes in the perovskite structure, produced by the 

incorporation of titanium (ionic radius 0.605 Å), which induces a distortion in the angles of 

the O-Nb-O bond [28]. The increase in the strength of the union between the Nb5+ (ionic 

radius 0.65 Å) and its coordination oxygen when the shortening of the link distance occurs 

and, consequently, the corresponding oxygen octahedral of NbO6 changes their vibrations 

[34,35]. At the same time, these results added to those obtained by XRD patterns would 

indicate that Ba2+ ions occupy the A-sites of the structure, and the Ti4+ ions replace the Nb5+ 

ions at the B-sites, resulting in the distortion of the perovskite structure. This distortion 

induces a change in the local symmetry of the vibrations and the deformation of the NbO6 

octahedron [34]. Consequently, the observed Raman bands broadening can be associated 
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with the structural evolution from orthorhombic to tetragonal symmetry where the disorder 

degree is rising with BaTiO3 addition.  
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Figure 2. (a) Raman spectra for the different KNN-xBT, 3.0≤x≤7.0 ceramics samples. (b) 

Amplified Raman spectra fitted by the sum of 2 Lorentzian peaks, ascribed to the Eg (υ2) and A1g 

(υ1) corresponding to Raman modes of the perovskite phase. 

 

 Figs. 3(a)-3(e) show the FE-SEM images of the samples corresponding to the KNN-

BT system, sintered at 1150°C for 2 h, where the respective grain distribution diagrams are 

included. All samples retain the typical microstructure with cubic and faceted grains 

characteristic of the KNN ceramics. From the images, a grain size diminution for increasing 

BT content can be observed. These results are in agreement with those reported in the 

literature [36-38]. Specifically, the medium grain size decreases from 2.4 m to 0.06 m 

when the BT content is increased from 3% to 7%. These microstructural changes are 

accompanied by a remarkable reduction in the density values (see Table 1). Unfortunately, 

the densification degree of these samples is not high. For a better densification plasma spark 
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sintering [39], hot-pressing [7], the incorporation of additives (such as CuO, ZnO, SnO2, 

CeO2, MnO2, WO3, TiO2 [40,41] or a stable glass [42]) could be analyzed in future studies. 

Additionally, these changes in the grain size with BaTiO3 addition could also contribute to 

the observed broadening of the Raman spectra in Figure 2, especially for the higher additions 

(6% and 7%). 

The better homogeneity and density of the grains in the ceramics with the KNN-4BT 

composition than KNN-3BT suggest that the presence of a possible polymorphic phase 

boundary (PPB) (orthorhombic-tetragonal phase) would increase the mass transport, 

resulting in more homogeneous grain growth. It is noted that alkaline volatilization, typical 

of KNN-based ceramics, did not cause the formation of secondary phases in this system, nor 

the apparent formation of the liquid phase during the sintering process. 

 

 

 

Figure 3. FE-SEM images of KNN-3BT (a), KNN-4BT (b), KNN-5BT (c), KNN-6BT (d), and KNN-

7BT (e) ceramic samples. Additionally, the evolution of the grain size as a function of the BT addition 

is shown (f). 

 

Different authors have reported that in perovskite structure compounds, to maintain 
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charge neutrality, oxygen vacancies must be generated [43,44 39,40]. In particular, in KNN-

based ceramics, due to the volatile nature of the alkaline elements during high-temperature 

processing, cationic and oxygen vacancies are also generated by oxygen losses in high-

temperature treatments [43 39]. Using the Kroger-Vink notation, the defects generated by the 

volatile elements or oxygen loss can be expressed according to the following equations: 

 

𝑁𝑎𝑁𝑎 + 𝑒´ → 𝑁𝑎 + 𝑉𝑁𝑎
′                                           (1) 

𝐾𝐾 + 𝑒´ → 𝐾 + 𝑉𝐾
′                                                 (2) 

𝑂𝑂 →
1

2
(𝑂2) + 𝑉𝑂

•• + 2𝑒′                                       (3) 

 

 Additionally, due to the substitution produced at the A and B sites of the perovskite by 

the incorporation of BT, new oxygen and cationic vacancies are generated, as detailed in Eqs. 

(4), (5) and (6). In the case of the replacement of Na+ and K+ by Ba2+ ions, it is expected a 

preferential replacement at the K+ sites due to the ionic radii similarity. 

 

2𝑇𝑖𝑂2 + 2𝑁𝑏𝑁𝑏 + 𝑂𝑂 → 2𝑇𝑖𝑁𝑏
′ + 𝑉𝑂

•• + 𝑁𝑏2𝑂5                          (4) 

𝐵𝑎𝑂 + 2𝐾𝐾 → 𝐵𝑎𝐾
• + 𝑉𝐾

′ + 𝐾2𝑂                                         (5) 

𝐵𝑎𝑂 + 2𝑁𝑎𝑁𝑎 → 𝐵𝑎𝑁𝑎
• + 𝑉𝑁𝑎

′ + 𝑁𝑎2𝑂                                  (6) 

 

3.2 Defect structure 

To go deeper into the analysis of the possible defects stabilized in the KNN-BT ceramics, 

PALS studies were carried out.  As an example, in Fig. 4 two typical spectra of those obtained 

measuring our samples are shown; specifically, and for the sake of clarity, the PALS spectra 
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chosen correspond to the pure KNN and KNN-6%BT samples. Depending on the sample, 

PALS spectra could be satisfactorily fitted using up to three discrete lifetime components 

(specific information regarding the analysis of PALS spectra is given in the Supplementary 

Information SI.2). Furthermore, in all measured spectra, a long-lived lifetime of about 1700-

2000ps with an associated intensity <0.5% was found. Taking into account the small value 

of the intensity of this lifetime, this lifetime component was not considered for further 

discussions. 

 

Figure 4. PALS spectra of a pure KNN (panel a) and KNN-6%BT (panel b) samples. For the 

sake of clarity, only two spectra representing the pure and the doped samples are presented. 

 

 

As can be seen in Table 2, from the PALS spectra measured for the pure KNN sample 

two lifetime components were obtained. There exists a dominant lifetime component 

characterized by a lifetime of 265±2ps and associated intensity of ~80%, and another 

component that has a shorter lifetime of 152±5ps. 
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Sample 

(%BT) 
1 (ps) I1 (%) 2 (ps) I2 (%) 3 (ps) I3 (%) 

0 152 ± 5 20 ± 1 265 ± 2 80 ± 1   

3 108 ± 6 7 ± 2 262 ± 3 85 ± 2 363 ± 10 8 ± 1 

4 105 ± 6 5 ± 1 263 ± 2 86 ± 1 365 ± 10 9 ± 1 

5 120 ± 6 10 ± 4 266 ± 2 77 ± 4 370 ± 10 13 ± 2 

6 125 ± 6 9 ± 1 267 ± 2 77 ± 1 365 ± 10 14 ± 1 

7 209 ± 3 39 ± 2 295 ± 2 60 ± 2   

Table 2. Characteristic positron lifetimes and their associated intensities obtained from the 

decomposition of PALS spectra. 

 

For the KNN sample doped with different amounts of BT up to 6%, in the spectra 

decomposition a third-lifetime component (3, I3) was observed. In this doping concentration 

range, the second and third-lifetime values are almost constant, within the experimental 

scatter, and their values are2~ 265ps and 3 ~368ps, respectively. Besides, the corresponding 

intensities associated with these lifetimes change depending on the doping concentration. 

In the case of the samples of KNN with BT addition up to 4%, the intensity I2 grows 

from 80% to 86%. In the concentration BT range between 4% and 6%, I2 decreases to 77%; 

while, I3 grows from 0% to 14%. For the highest doping of the KNN system; that is, 7% BT 

the decomposition of the PALS spectra could satisfactorily be decomposed into two lifetime 

components. 
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When studying materials having complex structures in which several kinds of defects 

can be considered to exist, theoretical calculations of positron states are very useful to 

interpret the measured positron lifetimes (see for example Refs. [45,46 41,42]). 

In this work, we have used the simplest calculation scheme to obtain theoretical 

positron lifetimes for the bulk and for different vacancy states that could be present into the 

pure KNN structure. Specifically, positron lifetimes were calculated using the density-

functional theory (DFT) within the so-called standard scheme [47 43]. Toward this aim, a 

rigid lattice was considered and to calculate the effective lattice electron density the atomic 

superposition approximation method (ATSUP) implemented in the Doppler program 

included in the MIKA package [48 44] was employed. For the electron-positron correlation, 

the local-density approximation (LDA) was used employing the Boronski and Nieminen 

parameterization [49 45], with a correction for an incomplete positron screening [50 46] 

using the dielectric permittivity value experimentally determined in the present work at RT 

and 1 MHz for the KNN system, ∞= 299. 

 

 

Figure 5. Orthorhombic KNN unit cell. In the figure, Na and K atoms are represented in violet, Nb 

atoms in green, and O atoms in red. 
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To model the undefected KNN lattice, we have used an orthorhombic unit cell with 10 

atoms, presented in Fig. 5 (Amm2nro 38 space group) [51 47] with the experimentally 

determined lattice parameters: a=3.95Å, b=5.68Å, and c=5.65Å [52,53 48,49].  

On the other hand, the defect states were modeled using a supercell of 640 atoms 

(4×4×4 replication of the unit cell depicted in Fig. 5). In Figs. 6 and 7, the vertical and 

horizontal cross-sections of the supercell modified by the creation of different vacancy-like 

defects in the modeled KNN supercell are presented, respectively. In particular, as can be 

seen in Fig. 6 an oxygen vacancy (𝑉𝑂 , 𝑙𝑎𝑏𝑒𝑙𝑒𝑑𝐴) was created by removing an O atom; a 

potassium vacancy (𝑉𝐾) by removing a K atom and a sodium vacancy (𝑉𝑁𝑎) by removing a 

Na atom, to these two kinds of vacancies was assigned the same 𝑙𝑎𝑏𝑒𝑙𝐵. Besides, in this 

figure different K-O vacancy-complexes can be observed: the 𝑉𝐾 + 𝑉𝑂 divacancy, labeled C; 

the 𝑉𝐾 + 2𝑉𝑂 trivacancy labeled D, and the pentavacancy 𝑉𝐾 + 4𝑉𝑂 labeled E, which were 

modeled removing 1, 2 and 4 O atoms nearest-neighbors to the  𝑉𝐾, respectively. In Fig. 7, it 

can be seen a niobium vacancy (𝑉𝑁𝑏 , 𝑙𝑎𝑏𝑒𝑙𝑒𝑑𝐴) created by removing a Nb atom; and a Nb-

O vacancy-complex (𝑉𝑁𝑏 + 𝑉𝑂 divacancy, labeled B created removing the O atom nearest-

neighbor to the VNb. 
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Figure 6. Vertical cross-section of the orthorhombic KNN supercell used for the calculation of 

positron lifetimes. In this figure, the different vacancy-defect states simulated in the present work can 

be identified: (A) 𝑉𝑂; (B) 𝑉𝐾 (or 𝑉𝑁𝑎); (C) 𝑉𝐾 + 𝑉𝑂; (D) 𝑉𝐾 + 2𝑉𝑂 divacancy; and (E) 𝑉𝐾 + 4𝑉𝑂 

pentavacancy. In the figures, the Na (or K) atoms are represented in violet and O atoms in red. Light 

violet and light red spheres represent a missing Na (or K) and O atom, respectively. 

 

 

Figure 7. Horizontal cross-section of the orthorhombic KNN supercell used for the calculation of 

positron lifetimes.  In this figure, the different vacancy-defect states simulated in the present work 

can be identified: (A) 𝑉𝑁𝑏 and (B) 𝑉𝑁𝑏 + 𝑉𝑂 divacancy. In the figures, Nb atoms are represented in 

green and O atoms in red. Light green and light red spheres represent a missing Nb and O atom, 

respectively. 
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As a first approach, for all calculations presented in this work, non-ionic relaxations 

were considered. Besides, all defect states were assumed to be in their neutral state. The 

results obtained are reported in Table 3. From the analysis of the results presented in the 

table, the positron lifetime calculated for a VO is barely 2% higher than that calculated for 

the bulk (b). It must be stressed that in metal-oxide perovskites (ABO3), an isolated oxygen 

vacancy is considered as a shallow trap and, therefore, the 𝑉𝑂 can hardly trap positrons. On 

the contrary, A- and B-sites vacancies are deeper positron traps and, consequently, they can 

be detected by positrons [54,55 50,51].  

 

Positron 

state 

positron lifetime 

 (ps) 

bulk 157 

𝑉𝑂 161 

𝑉𝑁𝑏 183 

𝑉𝐾 253 

𝑉𝑁𝑎 254 

𝑉𝑁𝑏 + 𝑉𝑂 209 

𝑉𝐾 + 𝑉𝑂 259 

𝑉𝐾 + 2𝑉𝑂 266 

𝑉𝐾 + 4𝑉𝑂 280 

Table 3. Theoretical positron lifetimes for a KNN structure and various defects states 

(see text). 
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From our results, it is clear that positron lifetime values are strongly dependent on the 

site of the lattice in which a vacancy is located. In such a case, from now on we will refer to 

a K or Na vacancy as an A-site vacancy (𝑉𝐴) and in the case of the Nb vacancy as a B-site 

vacancy (𝑉𝐵). When considering a 𝑉𝐵, its positron lifetime is ~17% higher than that 

calculated for the bulk, while the positron lifetime for a 𝑉𝐴 is approximately 60% higher than 

b. 

The important difference between the positron lifetime annihilated in 𝑉𝐴 and b makes 

it possible to conclude that this type of vacancy should be detected. Furthermore, when 

oxygen vacancies are aggregated to a cation vacancy to form metal-oxygen vacancy 

complexes the results of the positron lifetimes are higher than those obtained for an isolated 

metal vacancy. It must be mentioned that the calculated lifetime for the 𝑉𝐴 + 𝑉𝑂 divacancy 

is only slightly higher (~2%) than that obtained for an isolated 𝑉𝐴; besides, in the case of 

𝑉𝐵 + 𝑉𝑂, its positron lifetime is ~15% higher than that obtained for the 𝑉𝐵. Our results are in 

qualitatively good agreement with those reported in the literature of positron lifetimes 

calculated for vacancy states in other kinds of perovskite systems (see for example Refs. 

[54,55 50,51]). 

Based mainly on the positron lifetime values obtained using ab-initio calculations for 

the different positron states reported in Table 3, an analysis and a discussion of the 

experimental data reported in Table 2 are given as follows: 

 

(i) Pure KNN sample 

It is important to remember that from the analysis of the PALS spectra obtained 

measuring pure KNN samples a dominant lifetime component of ~265ps with an associated 
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intensity of ~80% and a short-lived lifetime component of ~152ps and I1 ~20% is present. 

To our knowledge, there is only one paper in which the same pure system was studied by 

PALS [52 48], the results reported show a reasonable agreement with those presented here. 

Taking into account the lifetime values reported in Table 3, the experimental lifetime 

2 can be interpreted as the result of positron annihilation in 𝑉𝐴 + 𝑉𝑂 vacancies complexes. 

In such a case, positron traps would have a mean size comparable to that formed by two 𝑉𝑂 

surrounding one A-site vacancy. Besides, the high I2 value indicates that there is a high 

concentration of this kind of defect. The assumption of the existence of the mentioned defect 

seems to be very reasonable since it was reported that in pure KNN the predominant defects 

should be the K and Na vacancies (see Eqs. (1) and (2)) caused by the volatilization of these 

elements at high sintering temperatures [56 52]. On the other hand, the experimental 1 is 

lower than the calculated b; consequently, it must be considered 1 as a reduced bulk lifetime 

due to positron annihilations in 𝑉𝐴 + 𝑉𝑂vacancy complexes, but it cannot be excluded that 

some positrons could  be annihilated in Nb vacancies. It is worth mentioning that in such a 

complex system, positron annihilation cannot be analyzed using the well-known simple 

Standard Trapping Model (STM) [23] because there is a variety of defects that can act as 

effective positron traps. Therefore, it is not possible to get direct information regarding the 

defect concentration in the pure KNN samples. 

 

(ii) BT-doped KNN samples (up to 6%) 

When the KNN samples are doped with BT in the compositional range between 3% 

and 6%, among the three positron lifetimes components obtained from the decomposition of 

the PALS spectra, the dominant one is characterized by the same lifetime value, indicating 
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that in the four samples studied the same kind of vacancy-like defects as those detected in 

the pure KNN sample is present; specifically, 𝑉𝐴 + 𝑉𝑂 vacancy complexes. 

On the other hand, when analyzing the I2 evolution for increasing BT doping the 

analysis can be divided into different stages. Comparing with the reference pure KNN 

sample, the increase in the I2 value observed for the KNN samples doped up to 4% BT 

indicates an increment in the concentration of the vacancy complexes described above. So, 

such a level of doping would favor the formation of new K and/or Na vacancies complexed 

with O vacancies (see Eqs. (5) and (6)). For higher BT addition, the I2 decrease reflects a 

diminution of the concentration of vacancy complexes. However, as can be seen in Table 2 

its concentration is still high enough. 

In the case of the third-lifetime component, such a high 3 value is similar to those 

reported for nanostructured systems such as compacted nanocrystalline powders and 

nanostructured metallic samples [46, 57-60 42, 53-56].  In these works, the authors attributed 

such lifetime values to positron annihilations into point defects with an associated open 

volume comparable to small vacancy clusters located at the grain boundaries. As  reported 

above, all the samples analyzed in the present point have grain sizes around 1 m; we also 

know by the literature [61 57] that in polycrystalline samples having similar or bigger grain 

sizes, the number of positrons annihilating into grain boundaries is almost negligible. 

The XRD and Raman spectroscopy results presented in this work indicate that the 

addition of BT to pure KNN induces a gradual phase transformation from the orthorhombic 

structure characteristic of pure KNN to a tetragonal one. In particular, in the compositional 

range between 3% and 6% BT doping, the polymorphic behavior at room temperature is 

reasonably identified as the coexistence between tetragonal and orthorhombic symmetries, 
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which is modulated by the BT content, highlighting that the relative volume fraction of the 

T phase gradually increases while the O-phase content decreases. Taking into account the 

experimental results obtained in the present work using PALS, XRD and Raman 

spectroscopy for the (100-x)K0.5Na0.5NbO3-xBaTiO3 (x = 3, 4, 5 and 6) samples; and those 

reported in the literature from PALS studies on nanocrystalline powders and nanostructured 

metallic samples [48, 57-60 42,53-56] and by Baker et al. [62 58]  from high-resolution XRD 

and neutron powder diffraction on KNN with different K/Na ratios sample, we could 

conclude that the high τ3 value comes from positron annihilations in vacancy-like defects 

with associated big open volumes located at the orthorhombic-tetragonal phase boundaries. 

 

(iii) KNN-7%BT sample 

The results obtained for the sample doped with 7% BT must be analyzed separately 

from those previously obtained for the other KNN-BT samples due to two reasons: 

(i) the sample is in the tetragonal phase; and 

(ii) the average grain size is ~60 nm, which is comparable to the 

typical positron diffusion length in solids, L+~50-100nm [23]. 

Consequently, it can be assumed that a large number of positrons easily reach the grain 

boundaries by diffusion and, then annihilates there [59,61 55,57]. Therefore, the dominant 

lifetime component 2 = 295±5ps can be attributed to positron annihilations in vacancy-like 

defects located at the intergrain regions. The value of the short-lived lifetime component 1 

= 209±3 ps is higher than that calculated for the free-defect state of pure KNN, b (see Table 

3); therefore, this lifetime could be interpreted as an average of different contributions of 

positron lifetimes arising from positrons annihilated in small vacancy-like defects located in 
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the intragrain regions with an open volume comparable to mono- or di-cationic vacancies (K 

and/or Na and/or Nb) and to positron annihilations into the bulk of the sample. 

 

3.3 Dielectric properties 

Dielectric properties of the samples corresponding to the system under study are 

presented in Fig. 8, where changes in the permittivity as a function of the temperature are 

shown. 

From the analysis of the permittivity curves for pure KNN, two-phase transitions were 

detected. At approximately 196°C, the ferroelectric orthorhombic to the tetragonal phase 

transition produces a step in the real permittivity versus temperature curves, whereas the 

pronounced maximum close to 400°C reveals the ferroelectric tetragonal to the paraelectric 

cubic phase transition. Interestingly, these peaks shift to lower temperatures with the addition 

of barium titanate (for low BT contents); and finally, a broad peak is detected for the highest 

BT concentrations. 

In what follows, the results are discussed according to the BT concentrations. For 3 ≤ 

x ≤ 6, the main real permittivity peak shifts to lower temperatures. The highest value of the 

dielectric permittivity is observed for the samples containing 3% and it could be the result of 

a mixed structure of the O-T phases. It is well-known that a mixed structure at a given 

composition increases the polar nature of the ceramic, which is reflected in an increase of the 

corresponding polarization [63 59]. Consequently, the greater the polarization in a system, 

the greater the value of its permittivity. For higher BT addition, the broadening of the peak 

could be due to a lattice disordering or the strain induced by the doping [64 60]. Also, the 

increase of the relative permittivity can be attributed to the decrease grain size with BT 

addition. 
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Besides, the low-temperature peak observed in the real permittivity curves shifts from 

196°C for pure KNN, to approximately 100°C, 90°C and 60°C for samples with 3%, 4% and 

5% of BT addition, respectively. Taking into account that this low-temperature peak is related 

to the orthorhombic to tetragonal structural transition, the shift in the temperature observed 

for this peak is indicative of the KNN structural transitions with the barium titanate addition. 

Guo et al. [15] reported that for the same KNN-based ceramic with BT additions until 4%, 

two-phase transitions were observed; these authors also reported that the tetragonal-

orthorhombic phase transition disappeared for a BT content of 6%. Men et al. [65 61] also 

observed that for (1-x)KNN-xBT spark plasma sintered samples the shape of the permittivity 

peak became remarkably broadened for x higher than 4. 

It could be possible to associate the real permittivity peaks broadening and their shifts 

to lower temperatures with the formation of vacancy complexes, specifically 𝑉𝐴 + 𝑉𝑂 (where 

𝑉𝐴 could be 𝑉𝑁𝑎 or 𝑉𝐾), and to the creation of other kinds of point defects with associated big 

open volumes located at the orthorhombic-tetragonal phase boundaries. As mentioned above, 

this last kind of defects appears when the orthorhombic and tetragonal phases coexist and, 

therefore they could be linked to the stabilization of the polymorphic phase boundary with 

the composition change. As can be seen in Fig. 8, a notorious broadening in the permittivity 

versus temperature curve observed for the KNN-6BT sample is similar to that measured for 

the KNN-7BT sample. However, the XRD and PALS results presented in this work indicate 

that for the KNN-6BT sample the tetragonal and orthorhombic phases still coexist, although 

this last phase is the minority. These experimental proofs could be associated with the 

presence of nanoregions in which both the orthorhombic and tetragonal phases coexist in 

KNN ceramics containing until 6% BT.  Interestingly, for samples with x=6% and 7% a 

hump at around ~350°C, which is associated with a residual KNN-phase slightly doped with 
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BaTiO3, is observed. Although from the XRD patterns, the amount of this residual phase is 

lower than 2%, the sensitivity of dielectric properties makes it possible to detect it. 

 

 

Figure 8. Temperature dependence of the real permittivity measured for the (100-x)K0.5Na0.5NbO3-

xBaTiO3 ceramics at a frequency of 100 kHz (see details in the text). 

 

For the sample containing the highest BT values; that is, sample KNN-7BT, the 

corresponding dielectric permittivity curve shows a significant flattening concerning the rest 

of the permittivity curves presented in Fig. 8. It must be pointed out that our PALS results 
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obtained for this sample indicate that positrons annihilate in vacancy-like defects located at 

the intergrain regions; that is, grain boundaries and in the intragrain regions (e.g., point 

defects located inside the grains). In the last case, positrons annihilate in a defect state having 

mono- and/or di-cationic vacancies (𝑉𝑁𝑎, 𝑉𝐾, 𝑉𝑁𝑏) or in the intragrain bulk. The presence of 

the mentioned cationic vacancies inside the grains is compatible with, for instance, recently 

reported TEM results on the study of the (1-x)K0.5Na0.5NbO3-xSrZrO3 (0.14≤x≤0.16) 

ceramics, such results reveal the existence of an inhomogeneous element distribution from 

the shell to the core within grains [21].  Both effects could be responsible for the multi-peaks 

coupling resulting in a very diffuse peak as observed in Fig. 8. The diffuse phase transition 

has been observed in many ABO3-type perovskites [66 62] and, specifically, in 

K0.5Na0.5NbO3-based ceramics [63]. As discussed above, due to the similar ionic radii, Ba2+ 

substitutes the A-site Na+ and K+, while Ti4+ substitutes the B-site Nb5+. Therefore, the A- 

and B-sites show an inhomogeneous distribution of elements giving rise to a diffuse-phase 

transition [21,66,67 62,63]. Moreover, the observed Raman bands broadening can also be 

associated with the enhancement of the diffuse-phase transition behavior of these ceramics 

with the BT addition. Our experimental results obtained for the KNN-7BT sample confirm 

that there is a progressive structural evolution from the orthorhombic to tetragonal symmetry 

correlated with an increase of the disorder degree with the addition of BaTiO3. 

On the other hand, it was found that the dielectric loss (tan δ) registers a strong 

reduction, with the barium titanate addition, across the complete temperature range studied 

(data not shown). 

Finally, the small variation in the dielectric permittivity and the low dielectric loss (tan 

δ) across the wide temperature range from 25°C to 380°C observed for the KNN samples 
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having the highest BaTiO3 additions suggest that these ceramics could be used for capacitors 

design with low capacitance variation in a wide temperature range [68 64]. 

 

 

4. Conclusions 

In the present work, the influence of the addition of barium titanate to lead-free (100-

x)K0.5Na0.5NbO3-xBaTiO3 (x = 0, 3, 4, 5, 6 and 7) ceramics, prepared by a 

mechanochemically activated solid-state reaction synthesis method, on the structural changes 

at micro, nano, and sub-nanometric scale as well as the dielectric properties were studied. 

From our investigations, it was possible to reveal that the BT addition to the KNN ceramic 

induces a progressive structural evolution from the orthorhombic crystal symmetry 

characteristic of pure KNN at RT to the tetragonal one; in fact, the KNN-BaTiO3 samples 

presented a polymorphic behavior associated with the coexistence of the T and O phases.  A 

systematic decrease of the grain size in the doped ceramics for increasing BT contents was 

also observed; specifically, from 2.4 m (x=3) until 0.06 m (x=7).  Besides, the joint 

analysis of Raman spectroscopy and XRD made it possible to conclude that Ba2+ ions occupy 

the A-sites of the structure, while the Ti4+ ions replace the Nb5+ ions at the B-sites producing 

a distortion of the perovskite structure. 

The use of PALS made it possible to reveal the nature of vacancy-like defects created 

during the O-T phase transitions, as well as the defect structure in each sample. In the case 

of the pure KNN ceramic characterized by a crystal symmetry entirely orthorhombic, it was 

found that in the defect structure there was a dominant kind of defects identified as 𝑉𝐴 + 𝑉𝑂 

complexes having a mean size comparable to that formed by two 𝑉𝑂 surrounding one A-site 

vacancy. In the compositional range 3 ≤ x ≤ 6, in the defect structure of the KNN-BaTiO3 
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samples the same kind of vacancy complexes detected in the pure KNN sample were still 

mostly present; but the presence of big vacancy-like defects located at the orthorhombic-

tetragonal phase boundaries was also detected. In the case of the sample containing the 

highest BT content; that is, x = 7 the defect structure is formed by small vacancy-like defects 

located in the intragrain regions with sizes comparable to a mono- or di-cationic vacancies 

(K and/or Na and/or Nb). 

On the other hand, for the samples with BT concentrations between 3% and 6% the real 

permittivity peaks broadening and their shifts to lower temperatures observed during the 

orthorhombic to tetragonal phase transition were associated with the formation of the 

vacancy-like defects characterized by PALS. 

An important result derived from the present work was that the use of a macroscopic 

analysis of the dielectric properties through, for instance, the dielectric permittivity versus 

temperature curves, cannot be used for the exact determination of the polymorphic phase 

transition. Conversely, PALS gave a clue to go deeper into the analysis of the XRD spectra 

obtained for the sample containing 6%; thus, it was found that still at such BT concentration 

the orthorhombic and tetragonal phases coexist as a consequence of the presence of minority 

orthorhombic nanoregions. This work opens a new way for the exact determination of the 

polymorphic phase transition in ceramics. 
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