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Abstract 

The structural and electrical properties of NaBa(2-x)Nd2x/3Nb5O15 ceramics were reported. All 

samples were prepared by the conventional solid-state reaction. A Room temperature X-ray 

study has allowed identifying the stabilization of tetragonal Tungsten Bronzes (TTB) structure 

with P4bm as space group for low Nd3+ concentration, whereas a centrosymmetric space group 

P4/mbm has been revealed for the high concentration. The dielectric study carried out on the 

prepared ceramics showed that the studied system undergo a behavior change from normal 

ferroelectric to a relaxor one with the increasing Neodymium amount.  The complex impedance 

spectroscopy highlighted a thermally activated relaxation process in our samples. A short-range 

relaxation is proposed for x = 0.3 sample, while a possible coexistence of both localized and 

long-range relaxation for x = 1. Further, the Nyquist plot of the impedance is given for the low 

and higher Nd3+ samples and a simple model is proposed to fit the results. 
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1. Introduction 

Tetragonal tungsten bronze structural type (TTB), have been recognised of his potential 

applications in different fields like ferroelectricity [1- 4], ferroelasticity [5, 6] electro-optic [7], 

non-linear optic [8], elasto-optic [9], FRAM [10, 11] etc. The corresponding general crystal 

chemical formula of TTB is: (A)2(B)4(C)4(M)8(M’)2O30, with M and M’ cations forming 

octahedral cavities arranged in the manner to delimit wide tunnels running parallel to [001], 

with three type of sections (Figure 1): pentagonal (B), square (A), and trigonal (C). 

 

Figure.1: View of tetragonal tungsten bronze structure along [001]. 

 

It is interesting to mention that TTB structure is different to the most known perovskites [12-

15]; complex perovskites [16, 17] or spinel structures [18-23]. In fact, TTB structure allows a 

wide variety of compensated substitutions depending on the size of cations, which should be 

located in the appropriate site of the lattice. Large size ions like K+ cations are located in 15-

fold co-ordinated cavities (B), medium size ions like Sr2+ cations will fill the 12-fold co-

ordinated spheres (A) and very small size ions like Li+ can rather easily enter the 9-fold cavities 

(C). However, the latter cavities are exceptionally occupied as in the case of K6Li4Nb10O30 [24]. 

Numerous works have reported that the physical properties characteristic of bronze-type phases 

can be modulated by appropriate ionic substitutions [25]. 

Especially, the mixed niobate of barium and sodium Ba2NaNb5O15 (BNN) has been the subject 

of numerous physicochemical studies (stoichiometry, crystal growth, ferroelectric ferroelastic, 

electro-optic, etc.) due to its exceptional non-linear qualities promising as generator of a second 

harmonic of a laser beam at 0.53 µm [26]. 



In fact, BNN represents only one point of a solid solution, isolated within the ternary diagram 

Na2O-BO-Nb2O5, with tetragonal tungsten bronze structure type [27].  Some authors have also 

noted a variation in stoichiometry in the vicinity of BNN and given formulations  

Ba4 + xNa2-2xNb10O30 (Jamieson et al) or Ba4+ xNa2-2x□xNb10O30 (Singh et al.) with □ represents 

a cation deficiency in sodium sites [28, 29]. 

Noting that in this structure Ba2+ ions occupy the pentagonal tunnels, Na+ ions occupy the 

square tunnels (and induce strong deformation there), while the triangular tunnel remains 

empty. For the octahedral lattice. The niobium ions Nb5+ are statistically distributed in the 

oxygen octahedra (see Figure.1). 

Concerning the physical properties of this compound, BNN undergoes a phase transition from 

the paraelectric phase (space group P4/mbm) to the ferroelectric phase (space group P4bm) at 

Tc = 580 °C, for the stoichiometric composition where the lattice parameters are a = b = 12.45 

Å and c = 3.98 Å [30]. However, this material does not keep the tetragonal symmetry up to 

room temperature; it presents a complicated sequence of phase transitions involving the 

ferroelectric and ferroelastic as illustrated by the following diagram [31]: 

 

 

 

 

The existence of these undesirable INC transitions prevents the use of BNN in technological 

applications. Foulon et al. [32] find as a solution the incorporation of a small amount of the rare 

earth to supress the incommensurate phases. In our previous work [33], we confirm that the 

substitution of Na+ by Nd3+ induces the stabilization of the tetragonal symmetry at room 

temperature with the suppression of the INC phase transition. However, as we mentioned above, 

Nd3+ is a medium size ion with ionic radii of r(Nd3+) =1.27Å [34] compared to those of Na+(1.39 

Å) and Ba2+ (1.61 Å), thus it can be located in both Na+ et Ba2+ sites with 15- and 12-fold 

coordination, respectively.  For all these previous studies, a systematic analysis of how the site-

location of Nd3+ affects the structure and subsequently the related physical properties is still 

lacking. 

 In the perspective of completing our previous work in order to have a whole picture on the real 

role of the incorporation of Nd in the BNN matrix, we are interested in the present paper to 



study the substitution of Barium by Neodymium in the pentagonal sites. The emphasis is placed 

on how this substitution affects the structural and electrical properties of Ba2NaNb5O15. 

 

2. Experimental 

Conventional solid-state reaction was used to elaborate the polycrystalline samples. Notice that 

other methods can be used of the preparation of oxide compounds [35-38]. The starting 

materials used herein were BaCO3, Na2CO3 Nd2O3 and Nb2O5 (all from Sigma-Aldrich, USA) 

of high purity (>99.99%).  The reagents were mixed and grounded in an agate mortar, with the 

respect of the adequate stoichiometry follows: 

Na2CO3+2(2-x)BaCO3 + 
��
�  Nd2O3+ 5Nb2O5   →  2NaBa(2-x)Nd(2x/3)Nb5O15+(5-2x)CO2 

The starting mixture was thoroughly ground before to be submitted to various heat treatments 

from 300 up to 1250°C. A discover Brucker diffractometer (Cu Kα = 1.5406 Å) was used to 

check the phase purity and symmetry at room temperature. Room temperature Raman 

investigation was performed versus composition with a micro-Raman Renishaw spectrometer 

under an argon laser excitation under 20 mW for power. The microstructure of all ceramic has 

been obtained through Philips XL30 Field Emission Scanning Electron Microscope. Dielectric 

measurements were performed within the temperature range -100 to 600°C, using ceramic 

capacitors made of sintered disks with parallel faces painted with silver paste. Detailed 

information about the experimental procedure can be found elsewhere [33]. 

 

3. Results and Discussion 

3.1. Microstructural analysis 

The analysis of the micrographs presented in figure 2 allowed us to follow the microstructure 

of the studied ceramics to highlight the influence of the presence of Nd3+. As shown in the 

figure, the phase corresponding to the composition x = 0.3 is formed mainly by grains of 

spherical shape. As the Nd3+ amount increases, a change in the shape as well as the size of the 

grains are observed. This is the case for x = 0.5 where we observed the appearance of square 

grains. 

However, for x = 0.7, only square and rectangular shapes are observed, the microstructure is 

completely changed. In addition, a decrease in grain size, homogeneity of distribution, as well 

as very high density are observed. Noting that no notable change can be distinguished between 

the microstructures of x = 0.7 and that of x = 1. The radical change in the microstructure 



observed from x = 0.7 suggests that a structural change may take place from this neodymium 

concentration. 

 

 

 

Figure.2. SEM micrographs of Ba2Na2-xNd2x/3Nb5O15 solid solution: 

(a) x=0.3, (b) x=0.5,(c) x=0.7,(d) x=1 

3.2. Crystal structure investigation 

Figure 3(a) shows the X-ray powder diffraction patterns of NaBa2-xNd2x/3Nb5O15 (0 ≤ x ≤1) 

compositions. Noting that a first indexation was performed for these compositions by means of 

the computer program Dicvol [39] in the tetragonal bronze type structure with non-Centro 

symmetric space group (P4bm N° 100). However, a close look to the 2θ range between 29° and 

34° (Figure 3 (b)) shows a noticeable shift in the positions of the reflections to the higher angles. 

This shift is linked to the substitution of the large cation Ba2+ by Nd3 + of smaller size [34]. 

Furthermore, when passing from the mother phase to x = 0.3 composition, a splitting of the 

reflections located in the vicinity of 29.70 ° and 32.25 °, respectively is observed. This behavior 

is due to the change from the orthorhombic (BNN) to tetragonal symmetry [32, 33]. 

However, no noticeable change could be detected with increasing Nd3+ content to x = 0.5. 

Albeit, the reflection observed around 30.40 ° (the left shoulder) disappears and the doubling 



observed around 32.25 °, whose intensities seem comparable, turns into a large reflection with 

a shoulder on the left. The intensity of the first doubling peak become more pronounced (see 

fig.3 (b)). Thenceforth, this remarkable change observed in the shape of the peaks as well as 

the shift of the peaks with the increase in the rate of Nd3+, led us to reconsider the indexing of 

the reflections, in particular for the compositions x = 0 , 7 and x = 1. A centrosymmetric space 

group suitable for the tetragonal tungsten bronze structure (P4 /mbm No. 127) was found to be 

more convenient. The crystalline parameters obtained after refinement of the structures are 

gathered together in table 1. 

 

Figure.3. (a) X-ray diffraction patterns of the series NaBa2-xNd2x/3Nb5O15 (0 ≤ x ≤1); 

(b) Illustration of the peaks evolution in the X-ray diffraction patterns of the series  

NaBa2-xNd2x/3Nb5O15 (0 ≤ x ≤1) in the angular range of [29°, 34°]. 



Table 1. Details of Rietveld refinement conditions of the series NaBa2-xNd2x/3Nb5O15 (0.3≤x≤1) 

Composition  x=0.3 x=0.5 x=0.7 x=1.0 

Symmetry tetragonal tetragonal tetragonal tetragonal 

Space group P4bm P4bm P4/mbm P4/mbm 

Z 2 2 2 2 

Lattice 

parameters 

a=b= 12.45341 (3) 

c= 3.96080 (1) 

a=b= 12.46614(8) 

c= 3.90442 (2) 

a=b= 12.45623 (3) 

c= 3.92243 (4) 

a=b= 12.46636 (1) 

c= 3.90448 (1) 

Volume 614.271 (2) 606.765 (8) 608.594 (2) 606.795 (7) 

P-V function 0.76389 (5) 0.87389 (3) 0.95392 (2) 0.50657 (5) 

Caglioti 

parameters 

U= 0.09100 (3) 

V= -0.04101 (1) 

W= 0.01009 (2) 

U= 0.11753 (2) 

V= -0.08328 (5) 

W= 0.02454 (1) 

U= 0.08893 (2) 

V= -0.03877 (3) 

W= 0.00940 (8) 

U= 0.08462 (2) 

V= -0.06361 (3) 

W= 0.02276 (5) 

RF/RB 9.99 / 7.50 11.1 / 12.3 9.84/ 7.45 9.19 / 7.21 

RP/Rwp 5.21 / 7.35 4.73 / 6.58 6.18 / 9.14 4.44 / 6.32 

 

The X-ray powder patterns were fitted to the calculated ones using a full-profile analysis 

program (FullProf) [40, 41]. The refinement of the powder XRD patterns were carried out with 

tetragonal (P4bm) for the compositions x=0, x=0.3 and x=0.5. In this case, the Nb5+ cations 

occupy 8d(x, y, z) and 2b(0, 0.5, z) sites and Ba2+/Na+/Nd3+ cations are placed at 4c (x, x+1/2, 

z), while Na+/Ba2+ are located in 2a (0, 0, z) sites. Finally, the oxygen atoms occupy the 8d 

Wyckoff positions (x, y, z), 4c(x, x+1/2, z) and 2b(0, 0.5, z).  The compositions x= 0.7 and 1 

were fitted with the tetragonal (P4/mbm). In this model Nb5+ atoms are located in 8j(x, y, 0.5) 

and 2c(0, 0.5, 0.5) sites. Ba2+, Na+, and Nd3+ are located in both crystallographic sites 4g(x, 

x+0.5, 0) and 2a(0, 0, 0). The oxygen atoms occupy the 8i, 8j, 4h, and 2d Wyckoff positions 

with the general positions 8i(x, y,0), 8j(x,y,0.5), 4h(x, x+0.5,0.5) and 2d(0, 0.5, 0). As an 

example, in figure 4 we show the typical Rietveld refinement patterns along with the difference 

plot, at room temperature, for NaBa1.7Nd0.2Nb5O15, NaBa1.3Nd0.467Nb5O15, and 

NaBaNd0.667Nb5O15. It is worthy to note that significantly good residuals of the refinements are 

obtained. As an example, the refined structural parameters are given in table 2 for the 

compositions NaBa1.7Nd0.2Nb5O15 with P4bm as space group, and NaBaNd0.667Nb5O15 with 

P4/mbm as space group. 



 

Figure.4. Plot of Rietveld refinement of the series NaBa2-xNd2x/3Nb5O15 (x= 0.3, 0.7 and 1.0). 

The upper symbols illustrate the observed data (red circles) and the calculated pattern (solid 

line). The vertical markers show calculated positions of Bragg reflections. The lower curve is 

the difference diagram. 

 

 

 

 



Table 2. Refined structural parameters for the composition x=0.3 with P4bm as space group 

and x=1.0 with P4/mbm as space group. 

 Site  x y z Biso Occupancy  

x= 0.3 NaBa1.7Nd0.2Nb5O15 (P4bm) 

Ba/Nd/Na 4c 0.1716(3) 0.6716(3) 0.4380(2)   0.0571(5) 1.332/0.200/0.742 

Ba/Na 2a 0.000 0.0000 0.5049(4) 0.5392(5) 0.368/0.258 

Nb1 8d 0.07420(4) 0.2097(1)  -0.0605(6) 0.6863(2) 4 

Nb2 2b 0.000 0.5000 -0.0722(6) 0.6863(2) 1 

O1 8d 0.0035(3) 0.6562(6) -0.1066(2) 1.6236(6)   4 

O2 8d 0.0689(5) 0.8474(4) 0.8188(3) 1.6236(6) 4 

O3 8d 0.0758(3) 0.2012(7) 0.3364(6) 1.6236(6) 4 

O4 4c 0.2826(1) 0.7826(3) -0.0176(4) 1.6236(6) 2 

O5 2b 0.0000 0.5000 0.5116(2) 1.6236(6) 1 

x= 1 NaBaNd0.667Nb5O15 (P4/mbm) 

Ba/Nd/Na 4g 0.1729(6) 0.6729(6) 0.0000 0.2391(3) 0.395/0.666/ 0.605 

Na/Nd/Na 2a 0.0000 0.0000 0.0000 0.6393(2) 0.604/0.001/ 0.395 

Nb1 8j 0.0753(2) 0.2118(3) 0.5000  0.4391(4) 4 

Nb2 2c 0 0.5 0.5000 0.4391(4) 1 

O1 8i 0.0588(5)   0.1834(5)   0.000 1.6873(5) 4 

O2 8j 0.3383(2)   0.0083(6)   0.5000 1.6873(5) 4 

O3 8j 0.1511(3)   0.0723(6)   0.5000 1.6873(5) 4 

O4 4h 0.2853(4)   0.7853(4)   0.5000 1.6873(5) 2 

O5 2d 0.0000 0.5000 0.0000 1.6873(5) 1 

 

3.3. Raman spectroscopy analysis at room temperature 

Recall that XRD analysis has allowed distinguishing two space groups for the studied 

system. The compositions x = 0.3 and x = 0.5 crystallize in the non-centrosymmetric P4bm, 

while x = 0.7 and x = 1 adopt a centrosymmetric space group P4/mbm. The irreducible 

representation associated with both space groups are given by Eq.1 [42] and Eq.2 [43] 

respectively: 

Γ(vibr) = 19A1+14B1+18B2+35E  for P4bm        (Eq. 1) 

Γ(vibr) = 12A1g+6A1u+10A2g+12A2u+10B1g+12B2g+5B2u+14Eg+28Eu  for P4/mbm     (Eq. 2) 



With A1g, B1g, B2g and Eg are active Raman modes (48 modes) while A2u and Eu are infrared 

active modes (38 optical modes). 

Experimentally, the number of modes observed is much smaller than what expected 

theoretically, signature of a structural disorder resulting in the overlap of different Raman 

modes. As evidenced from the figure 5, there are three dominant vibration bands (ν1), (ν2), and 

(ν3) characteristic of the vibrations within the octahedra [NbO6]7- [44- 47]. Further, a group of 

low intensity modes are observed at low wavenumber (denoted ν0 in this work) 

 

 

Figure.5. Room temperature Raman spectra of Na Ba(2-x)Nd2x/3Nb5O15 (x = 0,3, 0,5, 0,7and 1) 

compositions. 

  

From the comparison, it seems that there is no noticeable change between the recorded spectra, 

which shows a similar shape to that obtained generally for disordered TTB structure [48, 33]. 

However, a close look to the low wavenumber region [10 cm-1- 300 cm-1], some changes could 



be spotted from x = 0.7.  In fact, υ1 mode shows a slight shift in its position with the appearance 

of a new shoulder to its left. Further, the mode splitting observed around 100 cm-1, seems to 

merge in a single band. In addition, there is a reversal of the intensities between ν1 and ν0 (the 

doublet). This reversal of intensities is detectable from the composition x = 0.7. These 

transformations become more visible when the concentration of Nd3+ increases (x=1).  

These changes are related to in crystal symmetry change evidenced by the structural study.  

 

3.4. Dielectric investigations 

The dielectric measurements as a function of the temperature were carried out for different 

compositions of the solid solution Ba(2-x)Nd(2x/3)NaNb5O15 at three frequencies 10, 100 and 1000 

kHz as shown in figure 6.  The examination of these graphs shows that for the composition x = 

0.3 the phase transition is located near 280 ° C. No clear relaxation behavior could be depicted 

form the plots, the behavior is that of a classical ferroelectric (Fig. 6 (a)). 

Figure 6 (b) shows the evolution of the constant and the dielectric losses of the composition x 

= 0.5. As it can be seen from the plots, two dielectric anomalies are visible. The first one is 

located in the positive range of temperature around 120 °C, which seems to be frequency 

independent. However, the second one is manifested by a maximum located towards lower 

temperatures in the range 20°C-50°C and it is frequency dependent. It is likely that this 

composition exhibits two types of behavior: a classical ferroelectric one, as in the case for x = 

0.3 and more likely a relaxor behavior.  

The further increase of the neodymium content (x = 0.7 and x= 1) shows that only one single 

broad peak is observed, with the maximum (Tm) is frequency dependent. This behavior is 

characteristic of ferroelectric relaxor materials (Fig. 6 (c) and 6(d)). These results are in good 

agreement with the room temperature structural investigations where x = 0.3 and x = 0.5 are 

crystallized in non-centrosymmetric compatible with classical ferroelectric material 

(observation of a transition in the positive temperature range). Whereas, a centrosymmetric 

space group (P4/mbm) is obtained for x = 0.7 and x = 0.1; that corroborates the absence of 

transitions above room temperature. 



 

Figure.6 Temperature dependence of the dielectric constant and dielectric loss of (a) x = 0.3; 

(b) x = 0.5; (c) x = 0.7 and (d) x = 1. 

 

3.5. Complex impedance spectroscopy of NaBa(2-x)Na(2x/3)Nb5O15  ceramics 

It is well known that in polycrystalline materials the microstructure plays an important role in 

the transport properties of the system. Therefore, a detailed impedance study may give us a 

proper relation between the electrical properties of our material and their microstructure [49]. 

Figure 7 (a-d) presents the frequency dependent real and imaginary part of the impedance at 

various temperature (440°C to 550°C) for the NaBa(2-x)Na(2x/3)Nb5O15 ceramics (x = 0.3 and 1). 

It can be noted from the figures that Zʺ(f) curve present a maximum (figure 7 (b, d)), whereas 

a decrease can be observed in Zʹ(f) plot (figure 7 (a, c)). This last behavior reveals the 

occurrence of a relaxation within the studied materials, which might be assigned to space 

charges. Regarding Zʺ(f) curves, we can observe that the relaxation frequency for both 

compounds is temperature dependent with an evident shift towards high frequencies. This 

behavior reveals a thermally activated relaxation process in our samples [50]. 



 

Figure.7. Real impedance Zʹ(f) curves for (a) x = 0.3, and for (c) x = 1. Imaginary impedance 

Zʺ(f) curves for (b) x = 0.3, and (d) for x = 1. 

 

Besides, in the high frequencies, a merging is noticed for all temperatures, which is due to the 

release of space charges owing to the reduction in the barrier properties of the samples. In 

addition, we can observe that the relaxation frequency for both samples is different, where the 

composition x = 1 presents a relaxation at higher frequency compared to x = 0.3.   

The exploitation of the complex electric modulus (M*) along with the complex impedance 

formalism may give an important information about our samples. Since it is well known that 

Zʺ(f) represents the resistive properties of the material, whereas Mʺ(f) reveals the localized 

relaxation process [51]. Therefore, we present in figure 8 (a-d) the real and imaginary part of 

the electric modulus as a function of frequency and at different temperatures for the NaBa(2-

x)Na(2x/3)Nb5O15 ceramics (x = 0.3 and 1). The plotted curves also reveal a temperature-

dependent relaxation frequency in the material with a peak maximum in Mʺ(f), and an increase 

in Mʹ(f). The study of the electric modulus generally reveals the existence of the grains and/or 

grain boundaries contributions in the system. In our case, the appearance of one peak in Mʺ(f) 

plot indicates the sole contribution of grains in our samples.  



 

Figure.8. Real part of the electric modulus Mʹ(f) as a function of frequency for (a) x = 0.3, and 

(c) x = 1. Imaginary part of the electric modulus Mʺ(f) as a function of frequency for (b) x = 

0.3 and (d) x = 1. 

 

Figure 9 (a, b) presents a comparison of the imaginary part of the electric modulus and the 

impedance at 550°C. The combined curves can give information about the relaxation 

mechanism occurring in our samples. Notice that the overlapping of Mʺ and Zʺ curves is an 

indication of the delocalized relaxation [52]. In our samples, we can observe a difference in the 

peak positions of the curves which is more pronounced for x = 0.3 than for x = 1. We suggest 

that for x = 0.3 sample, a short-range relaxation is occurring, while a possible coexistence of 

both localized and long-range relaxation coexist for x = 1 sample.  

 

Figure.9.: Comparison of the Zʺ(f) and Mʺ(f) curves for (a) x = 0.3 and (b) for x = 1 samples, 

at 550°C. 



To extract more information about the resistive properties of our samples, we plotted in figure 

10 (a-c) the Nyquist plots (Cole-Cole) of the impedance formalism for both samples at different 

temperatures. The plots point out well-resolved semi-circles for all the studied temperatures. It 

can be observed that the radius of the semi-circles is decreasing as the temperature increases, 

which demonstrates the semiconducting nature of our samples. Besides, using a model (inset 

of figure 10 (c)), we could fit the obtained experimental Nyquist plots. Our proposed model 

contains the grain contribution, i.e., grain resistance and capacitance (R, C). In addition, the 

absence of the overlapping peak positions of the imaginary impedance and electric modulus in 

figure10 denotes the departure from an ideal behavior and implies the use of a constant phase 

element (CPE) in the circuit [53]. Figure 10(c) presents a comparison of the fitted Nyquist plots 

for both samples at 550°C. Our model seems to fit well the experimental data. Table 3 regroups 

the electrical parameters used for the fit for all the studied temperatures. We observe that the 

resistance of both compounds is decreasing as the temperature increases. This behavior is 

demonstrating the Negative Temperature Coefficient of Resistivity (NTCR) of our samples. A 

similar trend is observed for the capacitance. Besides, the resistance decreases as the value of x 

increases, such that for 550°C, a significant different can be observed in the resistance of the 

samples (R = 1.31×106 for x = 0.3, and R = 3.20×105 for x = 1). 

Table 3: Resistance and Capacitance parameters resulting from the fit of the 

NaBa(2-x)Na(2x/3)Nb5O15 ceramics (x = 0.3 and 1) at 550°C. 
 

x = 0.3 x = 1 

R (ohm) C (F) R (ohm) C (F) 

T = 440°C 3.60×106 3.42×10-11 1.49×106 6.30×10-11 

T = 460°C 2.56×106 3.35×10-11 1.16×106 6.25×10-11 

T = 480°C 1.88×106 3.16×10-11 7.54×105 6.02×10-11 

T = 500°C 1.55×106 3.12×10-11 5.04×105 5.83×10-11 

T = 520°C 1.36×106 3.04×10-11 3.80×105 5.39×10-11 

T = 550°C 1.31×106 2.84×10-11 3.20×105 5.25×10-11 

 

 



 

Figure 10. Cole-Cole plots of (a) x = 0.3, (b) x = 1 at different temperatures, and (c) a 
comparison of x = 0.3 and x = 1 at 550°C. The inset present the model used to fit our systems. 
 

Figure 11 (a, b) presents the frequency dependence of the ac electrical conductivity (σac) at 

different temperatures. The latter was calculated using the following relation σac = ε0εrtanδ. We 

can observe from the figures a plateau in the low frequency region, whereas at high frequencies 

no conductivity dispersion can be noted. We can thus conclude about the occurrence of a 

transition from long-range hopping to short-range ionic motion in the samples.  

To get more information from the conductivity plots of our samples, we performed fitting of 

the ac conductivity using the Jonscher power law described as follow (e.g. inset of figure 11) 

[54]: 

��� � ��� 	 
���      (Eq. 3) 

Where S1 take values between 0 and 1, and σdc is dc conductivity of the samples. Table 4, 

present the fitting parameters for different temperatures (from 400°C to 550°C). We can note 

that the conductivity of both samples is increasing as the temperature increases. This behavior 

is related to the thermal activated process. Figure 12 (a, b) shows the logarithmic scale of the 



ac and dc conductivity versus 1000/T for the two samples. The plots are observed to be linear 

and follow the following Arrhenius equation [55]: 

� � ��exp	�� ��
���

�     (Eq. 4) 

Where the activation energy is Ea, the Boltzmann constant KB, and the pre-exponential factor 

σ0. The activation energies extracted from both ac and dc conductivity plots are illustrated in 

figure 12. 

 

Figure.11. Conductivity as a function of frequency and temperature for (a) x = 0.3; (b) x = 1. 
Insets show an example of the fitted plots at 500°C (using the Jonscher Power Law). 
 

Table 4: Jonscher Power Law fitting parameters for different temperatures for x = 0.3 and x = 
1 samples.  

NaBa(2-x)Nd2x/3Nb5O15 (x = 0.3) 

 400 420 440 460 480 500 520 550 

��� 1E-6 1.97E-6 2.93E-6 4.01E-6 5.34E-6 6.47E-6 7.32E-6 7.56E-6 

A1 3.57E-10 1.12E-9 1.63E-9 1.81E-9 2.15E-9 2.41E-9 2.58E-9 2.35E-9 

S1 0.797 0.731 0.713 0.712 0.704 0.704 0.697 0.701 

NaBa(2-x)Nd2x/3Nb5O15 (x = 1) 

 400 420 440 460 480 500 520 550 

��� 5.066E-6 5.86E-6 7.10E-6 9.19E-6 1.29E-5 1.94E-5 2.53E-5 2.97E-5 

A1 5.48E-9 5.73E-9 2.44E-9 6.04E-9 4.11E-8 4.43E-8 4.06E-8 2.10E-8 

S1 0.593 0.596 0.687 0.634 0.506 0.514 0.524 0.574 

 

 

 

 

 



 

Figure.12. Arrhenius plots of NaBa(2-x)Nd2x/3Nb5O15 samples with (a) x = 0.3, and (b) x = 1. 

The activation energies extracted from the dc and ac conductivity for each sample are given in 

the plots. 

 

It is reported that if the parameter S1 is temperature dependent, many-body interactions among 

charge carriers and defect states could be expected [56]. In our case, the value of S1 is not 

temperature dependent (Table 4), indicating that the conduction process should be unique. 

Furthermore, the close values of the activation energies of the dc and the ac conductivities 

reveals the existence of a similar potential barriers for local hopping (ac) and long-range 

movement (dc) and that energy barrier heights are randomly distributed [57]. Recall that in 

Ba2NaNb5O15 vacancies constitute a part of the structure. Further, this phase is delimited by 

non-stoichiometric Ba1.90Na1.2Nb5O15 and Ba2.27Na0.46Nb5O15 compositions [33]. Differently to 

the perovskite with fully-occupied A sites, in the TTB-type compound (like BNN) the large 

free space created by the large Ba2+ cations (A sites) is favor of oxygen ion migration. Such 

cationic vacancies may be responsible for the obtained lower activation energy; in agreement 

with what it is reported by Hongqiang Ma et al. in BaBiNb5O15 with TTB structure type [58]. 

 

4. Conclusion 

Compositions of NaBa(2-x)Nd2x/3Nb5O15 (0 ≤ x ≤1) solid solution were prepared using the 

conventional reaction method. Microstructural investigations revealed a change in the shape 

and in the size of the grains with the increase of Nd3+ concentration. X-ray diffraction study has 

confirmed that the whole range of composition is of tetragonal tungsten bronze structural type. 

Compositions with low Neodymium concentration revealed a normal ferroelectric behavior, 

which changed to relaxor one for Nd- high concentration samples.  



The CIS study revealed a thermally activated relaxation process in our samples. Besides, a 

short-range relaxation is suggested for x = 0.3 sample, whereas for x = 1, a possible coexistence 

of both localized and long-range relaxation is occurring. Further, a simple model was proposed 

to fit the Nyquist plot of the impedance data of the low and higher Nd3+ samples. The 

determination of activation energy of both ac and dc conductivities revealed close values 

indicating that the conduction mechanism is unique and can be attributed to the migration of 

oxygen ion governed by A-sites vacancies. 
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