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Abstract 

 

Solid solutions based on the KSr2Nb5O15 host-structure with stoichiometry 

KSr2(NixNb5-x)O15-, where  x = 0.25, 0.50 and 0.75 were synthesized. Single 

phase nanopowders were synthesized via Modified Poliol method. Both X-ray  
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diffraction and Infrared spectroscopy were used to derive the magnitude of the 

niobium off-center. Curie temperature was derived by X-ray diffraction 

measurements and Infrared spectroscopy.  Deconvolution of the infrared spectra 

based on a set of Gaussian functions was applied to derive oscillating frequency 

assigned to the bond niobium off-center apical oxygen, while crystallographic 

parameters were derived via Rietveld Method. The shifting of Nb cation along of 

c-axis and its correlation with to octahedra distortion allowed to derive further 

inter-correlation between niobium-off center degree and softening phenomena. 

Curie-temperature shifting to low temperature domain as a function of doping of 

host structure with Ni cation is discussed.  

 

Keywords: Deconvolution, Gaussian function, Infrared spectroscopy, Force 

constant, Niobium off-center 

 

 

1 Introduction 
 

Niobates with tetragonal tungsten bronze (TTB)-type structure are of great 

scientific, technological and industrial interest from classical properties as 

electro-optic, nonlinear, elasto-optic, pyroelectric, ferroelectric and electrical 

properties [1-4].  Actually, niobates with the TTB-type structure attract attention 

mostly because of the high anisotropy of their crystalline structure. Among the 

TTB structure oxides, the strontium potassium niobate oxide is of particular 

interest [5, 6]. This material is a ferroelectric belonging to the class of ceramic 

compounds that present great potential for manufacturing such devices as sensors, 

actuators, memories, filters, and capacitors [7]. The TTB structure can be 

derivative of the classical perovskite structure and can be described by a general 

chemical formula (A1)2(A2)4(C4)Nb10O30 with four cations sites. However, Nb5+ 

cations can be differentiated as Nb(1) and Nb(2) since they occupy two 

non-equivalent octahedral sites called B1 (2b sites) and B2 (8d sites) [5, 6] giving 

the chemical formula (A1)2(A2)4C4(B1)2(B2)8O30 where A1, A2, C, B1 and B2 

represent different sites in the crystalline structure. The A1 cavities have 

cuboctahedral coordination, the A2 cavities have pentacapped pentagonal 

prismatic coordination, and the C cavities have tricapped trigonal prismatic 

coordination. The cavity size decreases in the following order: A2>A1>C. A1 and 

A2 occupy 12-fold coordinated and 15-fold coordinated tunnels, respectively. C 

sites are typically vacant [5].  A wide variety of cation substitutions is possible in 

A2 and A1 and C sites from alkaline and alkaline-earth elements.  

The cation size, its replacement fraction at different sites of the TTB structure, 

and the degree of occupation have significant effects on the physical properties as 

a function of occupation of distinct crystallographic site by alkaline and earth 

alkaline metals. A chemical formula with specific site occupation by distinct 

cations has been proposed to the TTB-type structure as 

(A1)2-x[(A2)+x(A1)/4]4C4(B1)2(B2)8O30. The tetragonal site is occupied only by 

alkaline metal and pentagonal sites can be occupied by members of groups IA-IA,  
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IA-IIA or IIA-IVA of periodic table. The occupation of the tetragonal and 

pentagonal sites of TTB niobate is a function of the electronegativity of ions, 

which determines a part of thermal structural stability of lattice [8]. Exception can 

emerge but seems that doping involving B1 and/or B2 position substitution might 

lead to changing of covalent character of the structure, while substitution seems 

have invariant effect if stabilizes the off-center position z of the Nb. In this sense, 

to reach the understanding of the properties of TTB-type structure, a route is the 

engineering of degree of non-stoichiometry of compound by the doping via a 

non-isovalent substitution cation. 

In this work, the deconvolution of infrared spectra and structural refinement 

via Rietveld method to attain the niobium off-center characteristic were carried 

out as further tool to understanding ferroelectric-ferroelectric’ and softening 

phenomenon in nickel-doped KSr2Nb5O15 powders with unipolar-ferroelectric 

characteristic, what synthesized by chemical route. Despite several studies on the 

properties of TTB structure oxides, the use of infrared spectroscopy is not 

reported in the solid solution investigations. The direct relation between the apical 

Nb–O bond wavenumber magnitude in the [NbO6] octahedron with the 

magnitude of the Nb off-center displacement correlates with the force constant 

and the Curie temperature [9]. 

 

2 Experimental section 
 

2.1 Synthesis 

Nanostructured KSr2(NixNb5-x)O15-  solid solution powders, where x = 0.25, 

0.50 and 0.75, with stoichiometry KSr2(Ni0.25Nb4.75)O15- (KSNNi-0.25), 

KSr2(Ni0.50Nb4.50)O15- (KSNNi-0.50) and KSr2(Ni0.75Nb4.25)O15- (KSNNi-0.75), 

were synthesized by a modified polyol method [8]. As a whole, this method gives 

rise to a better control of reagents, a low calcination temperature, a single-phase 

material, and a powder with a high specific surface area [10]. Starting reagents for 

the synthesis via chemical route were nitric acid, HNO3 (99,5% Reagen), 

strontium carbonate, SrCO3 (99,0% Reagen), potassium carbonate, K2CO3 (99,0% 

Reagen), ethylene glycol, HOCH2CH2OH (98,0% Synth), nickel oxide, Ni2O3 

(99,5% Reagen) and niobium ammonium oxalate, NH4H2[NbO(C2O4)3].3H2O 

(CBMM-Brazil).  

The reagents were dissolved in nitric acid with continuous stirring in a beaker. 

Then 100 ml of ethylene glycol was added. The solution was heated at 90°C, 

promoting the decomposition of NO3 group, similar to the process developed in 

the Pechini method [11, 12]. After the polyesterification reaction, a polymeric gel 

is obtained. This polymer is maintained in the beaker being subjected to a primary 

calcination in a box-type furnace. The heating cycle was carried out via a two-step 

calcination starting from room temperature. In the first step, the temperature was 

increased with a heating rate of 10°C/min up to 150°C. At this point, the 

temperature was kept constant during 30 min. in the second step, the temperature 

was increased to 300°C and kept constant for 1 h. Then the furnace was cooled by  
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nitrogen a constant flux rate of 500 ml/min. The process results in partial polymer 

decomposition to form a resin, which consists of a brittle reticulated material. This 

material was deagglomerated (350 mesh), agate-mortar, being called of a 

precursor powder. This powder was calcined in a tube furnace in under integral 

oxygen atmosphere under a flux rate of 300 ml/min. Both parameters time and 

temperature for the precursor powder calcination were optimized to synthesize 

KSr2Nb5O15 single-phase and crystalline powders with a pale-green color. The 

calcination was carried out at 1150°C during 12h, heating rate of 5°C/min. 

The powder was uniaxially pressed into pellet form of 8x2 mm dimension. 

The green compacts were retreated at 1423 K in air for 2 h at a heating rate of 2.0 

K/min. The relative densities of the samples were at around 65% of the theoretical 

density was reached. The aim of the thermal treatment of powder compacts at the 

same calcination temperature was to eliminate adsorbed gases on the particle 

interfaces and release compaction stress. The average crystallite sizes were 

assumed to be equal or very close to the average crystallite sizes of the 

nanostructured powders. In practice, the development of large domains and 

further interaction between them is blocked. In this sense, all parameters were 

derived on the powders. 

 

2.2 Structural characterization 

 

Structural characterization of KSr2(NixNb5-x)O15- powders KSNNi-x, where  

x = 0.25, 0.50 and 0.75, were carried out by X-ray diffraction. A Shimadzu 

(model XRD-6000) diffractometer with Cu-K1 radiation ( = 1.54056 Å) and a 

graphite monochromator were used. Measurements were collected over an angular 

range of 5o  2  80o with a scanning step of 0.02o and a fixed counting time of 

10s. Divergence, scattered and receiving radiation slits were 1o, 1o and 0.2 mm 

respectively. The crystallite sizes (D) was derived by Scherrer’s equation from the 

Jade 8 Plus software [13]: 

 

                                                     (1) 

 

where  is the broadening of the diffraction line measured at half of the maximum 

intensity, λ is the wavelength (Cu-K),  is the Bragg angle for a given diffraction, 

and k is a constant, which is in general equal to 0.9 for powders. The instrumental 

broadening effect was eliminated by subtracting the Full-Width at Half-Maximum 

(o) of a standard sample (SiO2) from  of the respective Bragg peaks. 

The structures were refined according to the Rietveld method using the 

Fullprof program [14]. The set of refinement parameters and variables adopted 

were as follows: the background coefficients, profile coefficients, scale factor, 

lattice parameters, atomic coordination, occupancy factors and isothermal 

parameters for five species of atoms (K, Sr, Ni, Nb and O). The isotropic atomic 

displacement parameter Beq is described by following relation:  





cos.

.k
D 
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Beq = (82/3) ijUij ai*aj*(ai.aj)                                      (2) 

 

where Uij is the orthogonalized tensor. The Beq value is correlated to average 

degree of disorder. The background level was fitted with a five-order polynomial 

function, and the peak shape, with a pseudo-Voigt function. The angular 

dependence of the peak full-width at half-maximum (FWHM) was defined by the 

function determined by Caglioti et al. [15]. Powder data and experimental 

conditions of KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 are listed in Table 1. 

 

Table 1: List of crystallographic data of Nickel-doped KSr2Nb5O15. 

 

Crystallographic Data 

Solid Solution KSNNi-0.25 KSNNi-0.50 KSNNi-0.75 

Crystal System Tetragonal Tetragonal Tetragonal 

Space group P4bm (n°100) P4bm (n°100) P4bm (n°100) 

a [Ǻ] 12.4637(2) 12.4614(2) 12.4635(3) 

c [Ǻ] 3.9363(3) 3.9366(7) 3.9361(9) 

V [Ǻ3] 611.485(3) 611.302(4) 611.43(3) 

Tetragonality factor 0.3158 0.3159 0.3158 

Rietveld Data 

Function for 

background level 

Polynomial - 5 

order 

Polynomial - 5 

order 

Polynomial - 5 

order 

Function for  peak 

shape 

Pseudo-Voigt Pseudo-Voigt Pseudo-Voigt 

x2 4.27 4.17 4.39 

  

From atomic positions derived of structural refinement procedure, a set of 

Ni-doped KSr2Nb5O15 unit cell were built using the Diamond software package 

[16].   

 

2.3 Chemical Bonding Analysis 

 
Chemical bonds were analyzed by infrared spectroscopy with Fourier 

Transformed (FTIR). The sample was diluted in KBr in the ratio of 1:100. 

Infrared spectrum measurements were carried out with an instrument resolution of 

1 cm-1 for 100 scans using a Fourier transform spectrometer; model Digilab 

Excalibur (FTS 3100 HE series) in the range of 1500-400 cm-1. Spectra were 

corrected for dark current noises and background using two-point base line 

correction. A quantitative analysis of infrared spectra was carried out by a careful 

deconvolution of the absorption profiles using computer-based software (Peak-Fit 

software ) that considers hidden peaks at wavenumbers different from the local 

maximum in the data stream. This event does not mean that the hidden peak is not 

discernible. As a matter of fact, a set of peaks is automatically detectable by the 

spectrometer. However, the deconvolution procedure can determinate the band 

position with precision to gain further insight into both parameters position and  
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intensity of the band. For the fit to be as realistic as possible, bands detected 

previously composed of some apparent maxima and well developed shoulders, 

were used as starting bands during the deconvolution procedure. For completeness, 

the deconvolution procedure was applied to a spectrum range between 300 and 

1500 cm-1. This range is positioned in the range of mid-infrared where the 

characteristic bands assigned to Nb-O bonds appear. Further data adjustment used 

Gaussian functions to adjust each absorption band.   

In one dimension, the Gaussian function is the probability density function of 

the normal distribution given by relation: 

 

𝑓(𝑥) =  
1

𝜎√2𝜋
𝑒−(𝑥𝑜−𝜇)2/(2𝜎2)                                                  (3) 

 

The full width at half maximum (FWHM) parameter for a Gaussian is found by 

finding the half-maximum points of bands. The constant scaling factor can be 

ignored, so must solve by: 

 

𝑒−(𝑥𝑜−𝜇)2/(2𝜎2) =  
1

2
𝑓(𝑥𝑚𝑎𝑥)                                                  (4) 

 

But 𝑓(𝑥𝑚𝑎𝑥) occours at 𝑥𝑚𝑎𝑥 =  𝜇, so 

𝑒−(𝑥𝑜−𝜇)2/(2𝜎2) =  
1

2
𝑓(𝜇) =  

1

2
                                                 (5) 

Solving, 

𝑒−(𝑥𝑜−𝜇)2/(2𝜎2) =  2−1                                                        (6) 

 −(𝑥𝑜−𝜇)2

2𝜎2
=  −𝑙𝑛2                                                             (7) 

(𝑥𝑜 − 𝜇)2 = 2𝜎2 ln 2                                                         (8) 

𝑥𝑜 =  ±𝜎√2 𝑙𝑛2 + 𝜇                                                          (9) 

The full width at half maximum FWHM is therefore given by: 

FWHM = 𝑥+ − 𝑥− = 2√2 𝑙𝑛2 𝜎 ≈ 2.3548𝜎                                 (10) 

The position, full width at half maximum (FWHM), and intensity of each band 

were adjusted automatically by the program. The adjustment routine was based on 

the minimization of deviations between the experimental and simulated spectra. 

Data on the peak positions (wavenumbers) detected automatically by the 

spectrometer were used as an input file. This procedure decreased the number of 

trials carried out until best fitted data were found.  

http://mathworld.wolfram.com/ProbabilityDensityFunction.html
http://mathworld.wolfram.com/NormalDistribution.html
http://mathworld.wolfram.com/FullWidthatHalfMaximum.html
http://mathworld.wolfram.com/FullWidthatHalfMaximum.html
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In this work, the direct relation between the apical Nb(2)–O(6) bond 

magnitude in the [NbO6] octahedron with the magnitude of the Nb off-center 

displacement has been used as a standard for an estimated value of the 

wavenumber  , corresponding to the stretching mode of the Nb5+ bond with 

apical oxygen in the set of [NbO6] octahedra. It is important to note that Nb(2) is 

the most abundant, representing 80% of niobium atoms in the structure and the 

number (6) of the oxygen represents the first oxygen. Commonly the apical 

oxygens are marked by numbers 5 and 6, the representation 1 and 6 for the apical 

oxygens were choose here, in according to Table 4. 

In Infrared spectroscopy, the wavenumber  (nu bar) represent the reciprocal 

of the wavelength:   

 

 /1                                                        (11) 

 

where   is in units of cm-1, since  is in units of cm. Both the wavelength and 

the frequency, f, can be related by equation 12: 

 

/cf                                                         (12) 

 

where the parameter c represents the speed of light, which is at about 3.00 x 1010 

cm/s. Further relation between parameters f and  is found out by the substitution 

of (11) into (12), as follow: 

 

cf                                                          (13) 

 

The harmonic oscillator model was used for deriving the absorption of infrared 

radiation by covalent-ionic bonded solids when the stretching vibration is one 

normal vibration mode assigned to a specific metaloxygen bond in an [MeO6] 

octahedron. The frequency for a classical unidimensional harmonic oscillator is: 

 

2/1
K

2

1
f 










                                                  (14) 

 

where K represents the force constant of the bond and  represents the reduced 

mass. The reduced mass  is given by:  

 

21

21

mm

mm1 



                                                  (15) 

 

where m1 and m2 represent the masses of the bonded atoms. Combining both eq 

13 and eq 14, it is possible to rewrite the wavenumber as a function of the force 

constant K and reduced mass as:  
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K

c2

1                                                    (16) 

a second expression for  is derived by manipulating the expression given by eq 

15: 

ONb

ONb

mm

m*m


                                                  (17) 

 

where 
Nb

m  and 
O

m correspond to the mass of the Nb and O atoms, respectively. 

Combining eq 16 and eq 17 the   as a function of K can be rewritten, as follow: 

 

 
)m*m(

mm

c2

1

ONb

ONbK





                                          (18) 

 

2.4 Dielectric Characterization 

 

Dielectric measurements were carried out by impedance spectroscopy being the 

Curie temperature of a nanostructured powder derived with a high level of 

confidence [6]. Platinum electrodes were deposited on faces of the ceramic pellets, 

prepared as in the experimental section, with a platinum paste coating (TR-7905 –

Tanaka).  

After complete solvent evaporation, pellets were dried at 1073 K for 30 min. 

Measurements were taken in the frequency range of 5 Hz to 13 MHz, with an 

applied potential of 500 mV using an Impedance Analyzer Alpha N High 

Resolution Dielectric from Novocontrol GmbH, which was controlled by a 

personal computer. The samples were placed in a sample holder with a 

two-electrode configuration. Measurements were taken from room temperature to 

700 K in 50-K steps at a heating rate equal to 1.0 K/min in air. A 30-min interval 

was used prior to thermal stabilization before each measurement. The impedance 

of a ceramic can be represented by the following equation: 
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2
11
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11

0

1

0
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senRC1)RR(
R)('Z

RCj1

)RR(
R)(*Z  

                                                              (19) 

 

where R  and 0R represent the resistance at high and low frequency, 

respectively, and  represents the decentralization angle, following the Cole-Cole 

theory [17]. From equation (19), the grain and grain boundary contributions can 

be described in according to equation (20):  
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                    (20) 

 

where RG and RGB  represent the resistance of the grain and grain boundary and 

CG and CGB represent the capacitance of the grain and grain boundary,  

respectively. The complex dielectric permittivity, *(), can be derived from 

impedance data, Z*(), Z*() = Z’() + jZ”(), using the following relations: 

 

 

*() = (j CoZ*)-1 = ’() + j”()                                 (21)  

 

where Co is the vacuum capacitance, ’() and ”() represent the real and 

imaginary parts of the permittivity, respectively. Both parameters '() and ''() 

were extracted from the impedance in a conventional way, according to the 

following equations: 

 

 

'() = Z” / (2foA|Z|2)                                        (22) 

 

''() = Z’ / (2foA|Z|2)                                    (23) 

 

where A represents the geometric factor given by the relation S/l and |Z|2 

represents the impedance modulus.  

 

 

3 Results and discussion 
 

3.1 Size and Micro-Morphology of the Powder 

 

The size and micro-morphology of the KSNNi-0.25, KSNNi-0.50 and 

KSNNi-0.75 precursor powders calcined at 1150°C for 12h were investigated 

using Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD). Figure 

1 shows a set of SEM micrographs, in which spherical agglomerates with several 

sizes, indicating nanoparticle coalescence and well defined aggregate that 

compose agglomerates sintered development. According to the SEM image, the 

size of primary particles should be close to 35 nm, since from coalescence 

actuation mechanism secondary particles with sizes ranging from 50 to 100 nm 

were formed. As whole, the SEM data clearly indicate that ultrafine crystalline 

nanostructured powders were prepared at high temperature. 
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(a (b 

 

 (c 

 

 

Fig. 1: Scanning electron microscopy (SEM) image of the: (a) KSNNi-0.25, (b)  

KSNNi-0.50 and (c) KSNNi-0.75 precursor powders calcined at 1150 oC for 12 h. 

 

The evolution of the average crystallite size (D) of KNN (x =0), KSNNi-0.25, 

KSNNi-0.50 and KSNNi-0.75 precursor powders calcined at 1150°C during 12h 

is shown in Figure 2.  

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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39.00
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42.90
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n
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x [Ni
+2

]
 

Fig. 2: Evolution of the average crystallite size (D) of KSN, KSNNi-0.25, 

KSNNi-0.50 and KSNNi-0.75 precursor powders calcined at 1150°C during 12h. 
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The lowest value for average crystallite size, D = 37 nm, was derived for the KSN 

host structure. Counterclockwise, a non-linear increasing of the average crystallite 

size is observed with increasing of the fraction of nickel cations. The average 

crystallite size of the KSNNi-0.50 and KSNNi-0.75 precursor powders calcined 

for 12 h were at around 50 nm. Mechanism of grain growth has some fundamental 

parameter changed slightly as a function of dopant concentration. In this way, the 

increase of the average crystallite size as a function of nickel concentration was 

correlated with the thermal activation of the densifying mechanism (aggregate 

development) and the non-densifying mechanism as agglomerate development 

and grain growth. During actuation of non-densifying mechanism, grain growth, 

the coalescence of nanoparticles can be related to a lower rate of defect 

elimination in the material [6]. 

 
3.2 Phase Identification 

 

Figure 3 shows the Rietveld plots for KSNNi-0.25, KSNNi-0.50 and 

KSNNi-0.75 precursor powders calcined at 1150°C for 12h in oxygen atmosphere, 

with the observed and calculated XRD patterns, as well as the difference between 

them. Structural parameter refinements by the Rietveld method were carried out 

by taking into account the noncentrosymmetric space group P4bm (#100) which is 

compatible with the existence rule [(0 k l) k = 2n]. The powder data derived by the 

refinement of the KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 are listed in Table 1.  

The best theoretical adjustment for the KSNNi-0.25, KSNNi-0.50 and 

KSNNi-0.75 systems was obtained by assuming that each pentagonal site (4c (x, 

x+1/2, z)) and tetragonal site (2a (0,0,z)) was statistically occupied by an equal 

amounts of K+ and Sr2+ ions, and that each octahedral site was partially occupied 

by Ni2+ ions, similar to KSN [16]. The trigonal site was considered vacant [16]. 

 

 

 

Fig. 3: : Rietveld plot for the (a) KSNNi-0.25, (b) KSNNi-0.50 and (c)   

KSNNi-0.75 powders. 

 

The trigonal site was considered vacant [16]. The statistic mixing of both Nb5+ 

and Ni2+ cations at 2b and 8d sites did not produce a good adjustment. The high 

value of the parameter 2 is ascribed to the degree of the refinement of  intrinsic 

features in all structures and can be assigned to the following factors: the high 

anisotropy degree of the crystalline structure [26], the tetragonality ratio, c/a, 

micro adsorption effects and/or the distribution of crystallite sizes [16] (see Table 

1). The atomic, isotropic atomic displacement and relative occupancies 

parameters derived by the refinement procedure of the KSNNi-0.25, KSNNi-0.50  

      

 

 

 

(a (b 
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 (c 

 

 

Fig. 4: Rietveld plot for the (a) KSNNi-0.25, (b) KSNNi-0.50 and (c)   

KSNNi-0.75 powders. 

 

The statistic mixing of both Nb5+ and Ni2+ cations at 2b and 8d sites did not 

produce a good adjustment. The high value of the parameter 2 is ascribed to the 

degree of the refinement of  intrinsic features in all structures and can be 

assigned to the following factors: the high anisotropy degree of the crystalline 

structure [2], the tetragonality ratio, c/a, micro adsorption effects and/or the 

distribution of crystallite sizes [6] (see Table 1).  

The atomic, isotropic atomic displacement and relative occupancies 

parameters derived by the refinement procedure of the KSNNi-0.25, KSNNi-0.50 

and KSNNi-0.75 are listed in Table 2.  

 

Table 2: Atomic coordinates, isotropic atomic displacement parameters B(eq) (Å)2, 

and relative occupancies P for the KSNNi-0.25,  KSNNi-0.50 and  KSNNi-0.75  

powders. 

 

KSNNi-0.25 

Atoms Wyckoff  

Position  

x/a y/b z/c B(eq) (Å)2 P 

Sr (1) 2a 0 0 0 5.772(22) 0.25 

K (2) 4c 0.17307(4) 0.67307(4) -0.02956(5) 6.657(3) 0.25 

Sr (2) 4c 0.17307(4) 0.67307 (4) -0.02956(5) 6.657(3) 0.25 

Ni (1) 2b 0 1/2 0.47230(0) 10.712(2) 0.25 

Nb (1) 2b 0 1/2 0.47230(0) 10.712(2) 0.20 

Nb (2) 8d 0.07763(3) 0.21397(2) 0.48575(4) 0.467(10) 0.80 

O (1) 8d 0.13875(12) 0.06103(13) 0.56427(6) 0.998(1) 1 

O (2) 8d 0.32037(15) -0.00370(11) 0.58715(5) 0.994(3) 1 

O (3) 8d 0.07995(14) 0.19493(12) 1.88098(11) 0.994 (3) 1 

O (4) 4c 0.30064(12) 0.80064(12) 0.39552(8) 0.994(3) 1/2 

O (5) 2b 0 1/2 0.93595(16) 0.994(3) 0.25 
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Table 3: (Continued): Atomic coordinates, isotropic atomic displacement 

parameters B(eq) (Å)2, and relative occupancies P for the KSNNi-0.25,  

KSNNi-0.50 and  KSNNi-0.75  powders. 
       

KSNNi-0.50 

Atoms Wyckoff   

Position 

x/a y/b z/c B(eq) (Å)2 P 

Sr (1) 2a 0 0 0 4.815(21) 0.25 

K (2) 4c 0.17181(4) 0.67182 (4) -0.00199(6) 6.853(3) 0.25 

Sr (2) 4c 0.17181(4) 0.67182 (4) -0.00199(6) 6.853(3) 0.25 

Ni (1) 2b 0 1/2 0.47230(0) 10.169(2) 0.25 

Nb (1) 2b 0 1/2 0.47230(0) 10.169(2) 0.20 

Nb (2) 8d 0.07667(3) 0.21361(2) 0.46760(4) 0.497(10) 0.80 

O (1) 8d 0.13123(12) 0.06963(12) 0.53970(5) 0.990(1) 1 

O (2) 8d 0.32192(15) -0.00497(11) 0.38266(6) 0.963(3) 1 

O (3) 8d 0.08248(14) 0.20001(13) 1.07678(5) 0.963 (3) 1 

O (4) 4c 0.30462(12) 0.80462(12) 0.39795(8) 0.963(3) 1/2 

O (5) 2b 0 1/2 1.02906(17) 0.963(3) 0.25 

KSNNi-0.75 

Atoms Wyckoff   

Position 

x/a y/b z/c B(eq) (Å)2 P 

Sr(1) 2a 0 0 -0.016(6) 3.6320 (3) 0.16 

K(1) 4c 0.1707(3) 0.6707(3) -0.022(7) 3.2372 (4) 0.32 

Sr(2) 4c 0.1707(3) 0.6707(3) -0.022(7) 3.2372 (4) 0.32 

Ni(1) 2b 0 1/2 1/2 0.7895 (2) 0.28 

Nb(2) 8d 0.07569(12) 0.2126(2) 0.490(5) 1.6028(14) 1.00 

O(1) 8d 0.1345(9) 0.0630(9) 0.574(6) 6.5534 (3) 1.03 

O(2) 8d 0.3384(13) 0.0012(8) 0.535(10) 6.5534 (3) 1.03 

O(3) 8d 0.0716(14) 0.2004(14) 0.080(7) 6.5534 (3) 1.03 

O(4) 4c 0.2791(12) 0.7791(12) 0.493(18) 6.5534 (3) 0.50 

O(5) 2b 0 0.50000 0.175(15) 6.5534 (3) 0.28 
 

According to Table 2, data comparison showed that the Ni-doped KSr2Nb5O15 

exhibits an isotropic atomic displacement parameter, Beq, higher than that of 

KSr2Nb5O15 host structure [5].  

By hypothesis, the doping of the KSr2Nb5O15 structure with nickel cations 

leads to a highest magnitude of enhancement of the static disorder that seems in 

accordance with analysis from Table 2, above.  

 

3.3 [NbO6] Polyhedral Distortions Analysis 

 

Figure 5 shows the graphic representation of the unit cell obtained for the KSN, 

KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders along the ab plane from data 

listed in Table 2.  

Niobium and nickel atoms are coordinated by oxygen atoms in a 1:6 ratio; four 

oxygen atoms are located, a priori, in the same plane as the niobium and nickel  
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atoms, and another two are located above and below the plane, respectively. This 

condition favors the formation of a M site (octahedral symmetry) in the structure 

[17]. Specifically, nickel cations (Ni2+) occupy Nb(1) positions, which is due to 

the ionic radio and octahedral occupation preferential [1]. According to structural 

refinements data, the distinct site occupation of Nb5+ cations termed as Nb(1) and 

Nb(2) due the occupying of two non-equivalent octahedral sites represented by  

B1 (2b sites) and B2 (8d sites), as shown in Table 2. Both arrangement of niobium 

in proper sites form two types of niobium octahedra rings, as shown for the KSN 

structure in Figure 4a, in a 2D view, the ring is based on the set of oxygen of the 

basal plane of each niobium octahedron. By convenience, the O-ring is termed of 

Niobium Octahedra O-Ring having five niobium octahedron being only one of 

these is of the type Nb(1), four of these octahedra are of type Nb(2). However, the 

magnitude of the cooperativity seems be modulated by the second coordination 

sphere addressed to both pentagonal and tetragonal sites, which interact with 

niobium octahedra set via the vertex sharing.  
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Fig. 5: Graphic representation of the unit cell obtained for the KSN (a), 

KSNNi-0.25 (b), KSNNi-0.50 (c) and KSNNi-0.75 (d) powders. 

 

All tetragonal sites have as neighbourhoods only octahedra of Nb(2), while 

pentagonal sites have as neighbourhoods both octahedra of Nb(1) and Nb(2).  

 

 

The shifting of Nb cation along of c-axis, polar axis, rises the octahedron 

geometry, by consequence its dimensions affect the geometry of both pentagonal 

and tetragonal sites. This phenomenon was called of PNOOR effect [8]. In KSN 

structure, the O-ring of five octahedra gives origin to a pentagonal site occupied 

by potassium and strontium cations. In a 2D view, two vertices of two octahedra, 

of the top side of pentagonal site, form the cap of the pentagram, while the other 

three vertices of others three octahedra, of the bottom side, forming lateral sides 

and the base of the pentagram. On the other hand, two Nb(2) octahedra 

accompanied of others two niobium octahedra belonging to another ring forming 

a square-ring containing four Nb(2) octahedra that give origin to the tetragonal  
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site A1. In Figure 4a two pentagonal sites are highlighted with circles; the 

pentagonal sites are called of A2(I) and A2(II) being both occupied by K+ and 

Sr2+ cations. The two circles, involving the pentagonal sites, are circumscribed 

within a large circle. The perimeter of the circle that involves the niobium 

octahedra, which form the pentagonal sites, corresponds closely to the size of the 

O-ring. The occupation of the tetragonal and pentagonal sites of TTB niobate is a 

function of the electronegativity of ions, which determines a part of thermal 

structural stability of lattice [8]. 

 

As shown in Table 3, the pentagonal site A2(II) is rotated 180o in relation to 

the pentagonal site A2(I). Furthermore, the vertex of each octahedron of the 

pentagonal site forms a trigonal site, which is vacant, see Introduction item. The 

rotation of octahedra leads to the decreasing of perimeter of the trigonal sites that 

become smaller and more compact. According to Muller [18], in simple systems 

as ReO3, prototype phase tungsten bronze type, the degree of vacant space filling 

can be increased by the rotation of octahedra about the direction of one of the 

space diagonals of the cubic unit cell. Thereby the large cavity in the ReO3 cell 

becomes smaller, octahedra come closer to each other, and the bond angle at the 

bridging atoms decrease. According to Table 3, in the pentagonal site two 

neighboring octahedra undergoe a counter rotating, i.e., rotating in opposite 

directions, only one of them rotates in clockwise manner while another rotating  

is in a counter clockwise, decreasing the size of the trigonal site formed by them. 

This changing of trigonal site is accomplish displacement of niobium, decreasing 

the value of niobium off-center Δz and the off-centering character (see Table 5), 

which is related to the magnitude of the displacement of Nb from the central 

position of the octahedron [NbO6]. The off-center location of the Nb5+ cation and 

octahedral distortion have been correlated to the second-order Jahn-Teller (SOJT) 

effects [19-22] and can be considered as a primary distortion for the cation [6]. 

The decrease of the magnitude of off-center character of Nb leads to the 

decreasing of covalent character with increasing of ionic character of the Nb 

bonds. Furthermore, such event implies in a decrease in spontaneous polarization.  

The decreasing of the spontaneous polarization enhances the semiconducting 

character of the material, while decreases the ferroelectric character. This 

phenomenon of softening of polar character stabilizes the non-polar character. 

 

Table 3 shows the Niobium Octahedra O-Ring and the perimeter values of 

pentagonal sites (inner and external) of the KSN [8], KSNNi-0.25, KSNNi-0.50 

and KSNNi-0.75 structures. The increasing of the concentration of Ni in the KSN 

host structure increases the perimeter value of the ring up to the composition 

KSNNi-0.50. This behavior shows an expansion of ring with the addition of Ni in 

the structure. On the other hand, the composition 0.75-KSNNi exhibits a 

perimeter value decreases.  
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Table 4: Niobium Octahedra O-Ring and the perimeter values of pentagonal sites 

(inner and outer) of the KSN, KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 

structures. 

 

 
 

The phenomenon assigned to the expansion or compression of octahedral sites 

a 3D phenomenon is called of the PNOOR effect in 2D being determined by a 

distortion of niobium octahedral based on the octahedral rotating, as discussed 

previously. Furthermore, taking in account the PNOOR effect, the compression 

process of niobium octahedra is connected to pentagonal site.  

As discussed previously, in the KSr2(NixNb5-x)O15-  solid solutions, specifically 

nickel cations (Ni2+) occupy Nb(1) positions, which is due to the ionic radio and 

octahedral occupation preferential [8]. This occupation results in some distortion 

degree of [NbO6] polyhedra, which appears to be necessary for the complete stru- 
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ctural accommodation of the nickel. Furthermore, non-isovalent substitution of 

the niobium cations of the KSr2Nb5O15 structure by Ni2+ cations should be 

accompanied by an alteration of the stoichiometry stemming from an apparent 

negative excess charge that should be compensated [1,8]. 

The stoichiometry should be slightly changed to accommodate a minor 

amount of positive charge as a function of a partial reduction of Nb5+ to Nb4+ and 

Nb3+. In a technical way, both Nb5+ and Nb3+ represent stable valences of niobium, 

but the possibility of Nb4+ emerges in a natural way due the disproportioning 

phenomenon.  

The compensation mechanism of the minor amount of positive charge should 

be based on the creation of oxygen vacancies, which occurs via the loss of oxygen 

from oxygen sub-lattice to atmosphere at high temperature [23]. In this sense, the 

oxygen loss can generate further crystallographic ambient to development of 

cationic species exhibiting a low valence state, as an example the cation Nb3+. 

Table 4 shows the interatomic distances of the NbO bonds in both [Nb(1)O6] 

and [Nb(2)O6] octahedral sites of the KSr2Nb5O15 and Ni-doped KSr2Nb5O15 and 

NiO bonds in [Ni(1)O6] octahedra. The [Nb(2)O6] octahedra show distinct 

NbO bond lengths at the central plane of the octahedron, which is consistent 

with the [NbO6] rotation. The set of distinct NbO bond lengths also suggests a 

rotation of the octahedron. In the [Ni(1)O6] octahedra, the NiO bond lengths in 

the central plane are equal, that meaning that the octahedron does not undergo 

rotation, but undergoes an elongation. In fact, the Ni cation exhibits very small 

off-center character. Furthermore, both [NbO6] and [NiO6] octahedra show an 

increasing of the bond length related to oxygen O(1) on the apical axis. The bond 

lengths between niobium and the apical oxygens (O(1) and O(6)) of the [NbO6] 

octahedron are different; this difference is associated with the magnitude of the 

off-center displacement of niobium Δz, which is a function of doping fraction 

being intimately correlated with changing of the spontaneous ferroelectric 

polarization phenomenon. 

 

Table 5: Interatomic distances of NbO bonds of KSN powder and NbO 

bonds and NiO bonds of KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders 

on the octahedral sites. 

 

[Nb(1)O6] Octaedra (KSN) - Atom: Nb(1)  - Wyckoff  Position : 2b* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.3138 1.9353 1.9353 1.9353 1.9353 1.6280 

[Nb(2)O6] Octaedra (KSN) – Atom: Nb(2)  - Wyckoff  Position: 8d* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.2068 1.9562 2.0367 1.9770 1.9934 2.0248 

 [Ni2+(1)O6] Octaedra (KSNNi-0.25)  - Atom: Ni(1) - Wyckoff  Position: 2b* 
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Table 6: (Continued): Interatomic distances of NbO bonds of KSN powder and 

NbO bonds and NiO bonds of KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 

powders on the octahedral sites. 

 
Bonds NiO(1) NiO(2) NiO(3) NiO(4) NiO(5) NiO(6) 

Distances (Å) 2.0723 1.8835 1.8835 1.8835 1.8835 1.8600 

[Nb(1)O6] Octaedra (KSNNi-0.25) – Atom: Nb(1) -  Wyckoff  Position: 2b* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.0723 1.8835 1.8835 1.8835 1.8835 1.8600 

[Nb(2)O6] Octaedra (KSNNi-0.25)  – Atom: Nb(2)  - Wyckoff  Position: 8d* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Interatomic 

Distances (Å) 
2.2519 2.0228 2.1041 1.9224 2.0180 2.0739 

 [Ni2+(1)O6] Octaedra (KSNNi-0.50)  - Atom: Ni(1)  - Wyckoff  Position: 2b* 

Bonds NiO(1) NiO(2) NiO(3) NiO(4) NiO(5) NiO(6) 

Distances (Å) 2.1285 2.0193 2.0193 2.0193 2.0193 1.9941 

[Nb(1)O6] Octaedra (KSNNi-0.50) – Atom: Nb(1) – Wyckoff  Position: 2b* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.1285 2.0193 2.0193 2.0193 2.0193 1.9941 

[Nb(2)O6] Octaedra (KSNNi-0.50)  – Atom: Nb(2) – Wyckoff  Position: 8d* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.2755 2.1357 2.0292 1.9593 1.9793 2.0995 

 [Ni2+(1)O6] Octaedra (KSNNi-0.75)  - Atom: Ni(1) - Wyckoff  Position: 2b* 

Bonds NiO(1) NiO(2) NiO(3) NiO(4) NiO(5) NiO(6) 

Distances (Å)  1.8826 1.8795 1.8795 1.8795 1.8795 2.0395 

[Nb(1)O6] Octaedra (KSNNi-0.75) – Atom: Nb(1) – Wyckoff  Position: 2b* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 1.8826 1.8795 1.8795 1.8795 1.8795 2.0395 

[Nb(2)O6] Octaedra (KSNNi-0.75)  – Atom: Nb(2) – Wyckoff  Position: 8d* 

Bonds NbO(1) NbO(2) NbO(3) NbO(4) NbO(5) NbO(6) 

Distances (Å) 2.2355 2.1357 2.0292 1.9593 1.9793 2.0615 

 

 atoms of the central planes of octahedra 

 

 

3.4 Chemical Bond Analysis 

 

Figure 5 shows three FTIR spectra and its theoretical adjustment from the 

deconvolution of the spectrum from the set of 12 Gaussian line shapes of the 

KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 nanostructured powders.  
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 (b 

 

(c 

 

Fig. 6: FT-IR absorbance spectrum and theoretical adjustment from the 

deconvolution of the spectrum from the set of Gaussian of the: (a) KSNNi-0.25, 

(b) KSNNi-0.50 and (c) KSNNi-0.75 powders. 

 

Table 5 lists parameters band centers, full width at half maximum (FWHM) 

and area derived from the deconvolution of the spectrum of the KSNNi-0.25, 

KSNNi-0.50 and KSNNi-0.75 nanostructured powder.  
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Table 7: The band center, full width at half maximum (FWHM) from of the 

deconvolution of peaks of the spectrum of the KSNNi-0.25, KSNNi-0.50 and 

KSNNi-0.75 powders, at below wavenumber of 900 cm-1. 

 

KSN KSNNi-0,25 KSNNi-0,50 KSNNi-0,75 

λ FWHM λ FWHM λ FWHM λ FWHM 

416 68.76 415 97.14 414 84.87 414 76.79 

476 77.90 476 106.45 472 92.40 484 75.04 

549 109.61 544 99.59 537 91.97 550 113.74 

607 116.39 600 101.67 596 111.66 610 138.44 

663 112.65 559 106.61 653 108.09 668 135.88 

723 103.91 716 109.64 720 97.93 729 121.72 

786 114.03 783 109.23 783 105.74 790 122.77 

870 105.77 866 118.61 860 109.30 852 96.18 

 

All spectrum were analyzed in the wavenumber range from 400 to 1500 cm-1 

being eight vibrational bands and other four low intensity bands identified. The 

first set of eight vibrations is positioned at a wavenumber lower than 900 cm-1. 

The second set of four small magnitude vibrations with wavenumbers higher than 

900 cm-1. Six of them which are broad, symmetric and of middle intensity are 

centered between 500 and 860 cm-1
, respectively. The other two bands are sharp 

with low intensity, centered at around 480 and 414 cm-1, respectively. Vibrational 

bands positioned between 400 and 900 cm-1 has being assigned to Nb-O bond 

[24,25]. The deconvolution showed that the peak positioned at around 420 cm-1 

has its position affected by several superimposition of three bands, two of them 

centered at higher wavenumber. Exception occurs at spectrum of powder 

KSNNi-0.75, in which further adjust required two broad bands at wavenumbers 

higher than 1000 cm-1. Also, band of highest intensity is positioned at around 610 

cm-1. The addition of nickel cations resulted in a displacement of the bands 

associated with Nb-O bond in the region of a lower wavenumber in the spectra of 

KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 in relation to the KSr2Nb5O15 

host-structure spectrum [9]. Nevertheless, in two spectra investigated, a high 

intensity vibrational band was observed at around 414 cm-1, showing a significant 

contribution [6], which represents, a priori, the bond correlated to spontaneous 

polarization, PS. Since, the unit [NbO6] composes the structural backbone of these 

niobates, of TTB-type structure, characteristics of this band is consistent with a 

normal mode of vibration, which can be assigned to binding of niobium to oxygen 

apical octahedron [NbO6] [24]. In this sense, there is a direct correlation of the 

magnitude and FWHM of this vibration with Δz parameter, since the average 

force constant of the vibration is affected.  

Thus, if niobium position tends to the center of the octahedron, the vibration tends 

to be extinct. The nickel doping of the host structure causes a decrease in the 

value of Δz (see Table 6), which is related to the magnitude of the displacement of 

Nb from the central position of the octahedron [NbO6] [1, 8]. 
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Table 8: Parameters derived from Eq. (11), (12) and (13) and Curie temperature 

for the KSN [9], KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders. 

 

Parameters KSN* KSNNi-0.25 KSNNi-0.50 KSNNi-0.75 

λ (cm-1) 413 416 415 414 

E (λ) (J) 8.1723x10-21 5.5069x10-21 5.3483x10-21 5.2234x10-21 

K (Kg/s2) 1.3757x102 1.3936x102 1.3876x102 1.3802x102 

Δz (Å) 0.1090 0.0889 0.0878 0.0871 

Tc 590 K 398 K 387 K 378K 

 

KSr2Nb5O15 with TTB- type structure belongs to the class of ferroelectric 

niobates has been classified as a displacive ferroelectrics [6]. Nickel-doped 

KSr2Nb5O15 solid solution is considered as a displacive ferroelectric since 

involves an orientational order-disorder transition of the Nb5+ ion displacements. 

Thus, the band position corresponding to an inner normal mode of vibration, the 

stretching of the Nb5+ bond, with an apical oxygen of another member of the 

orientational order-disorder class, can be used as a standard for an estimated value 

of the wavenumber 
TTB
ν , corresponding to the stretching of the Nb5+ bond with 

apical oxygen in the [NbO6] octahedra of the KSr2Nb5O15 structure [9]. 

For the KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 solid solutions, there are a 

shifting of the bands to the region of lowest wavenumber, in ratio to the KSN host 

structure [9]. This implies in a decreasing in the covalent character of the bond 

Nb-O-Nb, associated with an increased ionic character. Thus, the covalent 

character of the NbO bond is relevant to the frequency stretching analysis, 

which is a function of the force constant K (see eq 24). The NbO bond that 

exhibits further vibration characteristics should be the bond of the niobium with 

apical oxygen. Given the [NbO6] octahedral vibrations, this vibration is expected 

to exhibit the highest amplitude of vibration [8]. 

From wavenumber derived from adjust of spectra was estimated the force 

constant for the stretching of the Nb5+ bond with apical oxygen in the [NbO6] 

octahedral by eq. 24 [8]: 

 

 2)c2(K                                                   (24) 

 

Eq. 24 describes the physical parameters which influence the frequency of 

stretch, where K is the constant force,   is the frequency and  reduced mass 

[10]. The force constant K can be interpreted as an “average force constant 

between the homopolar atom and the oxygen framework along the polar 

direction”, as described elsewhere [9]. In this sense, the constant K is correlated to 

the dipole moment and of the elastic constant, taking in account z-axis direction.  
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Furthermore, the force constant shows a decrease with increasing concentration of 

nickel in the KSN host structure. The force constant K values for the KSNNi-0.25, 

KSNNi-0.50 and KSNNi-0.75 powders, derived from eq. 24, are listed in Table 6. 

Figure 7 shows the force constant K as a function of the inverse of squared 

parameter Δz for the KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders.  
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Fig. 7: Force constant as a function of the inverse of squared parameter Δz for the 

KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders. 

 

According to Figure 7, the experimental points and the theoretical fitting does 

not show a good linear correlation. The equation of the straight line can be 

represented by the relation:  

 

(KKSNNi-0.75 - KKNNiN-0.25)  =  (Δz2
KSNNi-0.75 - Δz2

KSNNNi-0.25 ) m,  

 

where m is the linear coefficient. Thus, this relation can be written:  

 

m = tan = K/Z2                                                                     (25) 

 

After determined the value of K, the parameter Δz can be calculated from the 

classical equation of energy of the harmonic oscillator, which is an approximation 

of classical Hooke's law [6]. 

 

E (z) = ½ K (∆z)2                                                (26) 

 

By use of the value of E(z) derived from eq 26, the experimental value of 

parameter Δz, which represents the displacement of Nb from the central position 

of the octahedron [NbO6], can be determined from structural analysis, as shown 

in Table 2. From both K and Δz parameters, the Curie temperature of KSNNi-0.25, 

KSNNi-0.50 and KSNNi-0.75 can be derived using eq 27, in which k is the 

Boltzmann constant (1.3806503×10-23 m2.kg.s-2.K-1). 
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In according to eq. 27, the Curie temperature depends on the Δz squared. Thus, 

the higher is the Δz value, major is the value of the Tc parameter, that in fact lead 

to a quadratic dependence and “vice-versa” of Tc with Δz parameter. As the Δz 

parameter is related to the niobium displacement of octahedron center, increasing 

the value of Δz increases the off-center character.  

As result of the addition of nickel cations at the KSr2Nb5O15 occurs a 

decreasing of covalent character of niobium oxygen bond, shifting of Curie 

temperature at lower temperatures. In essence, this phenomenon depending on the 

decreasing of covalent character of bonds associates to polar cations. The 

decreasing of covalent allows the niobium shifting to the center of octahedron. In 

this sense, when Δz reach to zero Nb tends to occupy the center of octahedron that 

would result an increasing of bond length between oxygen belonging to the basal 

plane. In this sense, taking into account the unipolar nature of compounds, there is 

a changing of value K constant, that reflect the distortion of [NbO6] set. Recently, 

a new constant K value has been derived for the Sr2NaNb5O15 [6]. According with 

reported, K is not an universal constant. Thus, at moment, the non-universal 

character of constant K is maintained.  

 

3.5 Contribution of K+ and Sr2+ Cations at the Curie Temperature 

 

The Curie temperature represents the temperature at which such a transition 

from a polar into a non-polar space group occurs. Almost all ferroelectric 

materials known exhibit a Curie point, and those which do not have one simply 

decompose before such a temperature is reached [26]. Typically, materials exhibit 

ferroelectricity phenomenon below of the Curie temperature Tc that reach to a 

paraelectric state at above this temperature. Under heating, the transition 

phenomenon is very wide covering phenomena as symmetry changing, space 

group changing, symmetry and space group, invariant symmetry and space group 

changing by ferroelectric to paraelectric transition, ferroelectric to ferroelectric 

and ferroelectric-antiferroelectric, meaning an oversimplification since at 

temperatures higher than Tc several another ferroelectric states of more high 

symmetry but with polar space group (lower polarization) has been recently 

discussed, but antiferroelectric state can also be reach. 

 

Previous studies have correlated the variations of Tc with factors of chemical 

bonding such as size, coordination or electronic configuration of cations, bond 

covalency, the influence of order–disorder phenomenon, etc [2]. However, a long 

range order within the TTB-type crystalline network favours a cooperative effect 

of dipoles, which in turn highly distorts the structure and induces a change in Tc 

[2]. This distortion is not really enhanced by the disordered distribution of the 

alkaline earth cations and potassium in the sites of coordination pentagonal and 

tetragonal, owing to their comparable size [2]. Recent study has suggested that the  
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electronegativity of ions that occupy pentagonal and tetragonal sites in 

Sr2KNb5O15 of TTB-type structure determines a part of thermal structural stability 

of lattice [9]. In this structure the rotation of [NbO6] is facilitates by the level of 

the electronegativity from low values level (≤ 0.82) to intermediate values level ( 

0.95) of cations that occupy the pentagonal sites [8]. Since oxygens belong to 

(ab)-plane, distortions of niobium octahedron take place with changing of the 

off-center position which is accommodate by changing of bond length of basal 

plane of octahedron. The Nb(2) that coordinates the pentagonal site occupied by 

K+ and Sr2+ cations exhibits a minor niobium off-center magnitude explicating 

some kind of correlation between shifting of niobium along c-axis and octahedron 

rotating along c-axis. In this sense, when the pentagonal site is occupied only K+ 

cations, chemical bonds of basal plane are more distorted. 

Figure 8a shows the pentagonal site coordinated by oxygen atoms. According 

to this figure, the pentagonal site exhibits a pentagonal hemilateral symmetry. The 

top of the pentagon formed by perimeter of pentagonal site shows two distances 

(2.8279Å). Both lateral sides exhibit the same length (2.6660 Å) and one of this 

with length equal to 2.7021 Å. To gain further understanding of magnitude of the 

site there is two dash lines. The major exhibits the length of 4.9766 Å, while the 

height of the pentagonal site is equal to 3.5324 Å. Figure 8b shows the chemical 

bonds in the form of stickball of K+ and Sr2+ cations. These bonds shift slightly 

from the geometric center of the site. It is important to comment that both K+ and 

Sr2+ cations are positioned slight above of the oxygen plan. Figure 8c shows the 

equivalent pentagonal site belonging to the K2NdNb5O15, which is exclusively 

occupied by K+ cation. In this case, K+ cation is closely positioned together of 

geometric center of the pentagonal site, also slight out the pentagonal plane. The 

perimeter of this site is higher than the perimeter of pentagonal site of the Figure 

8a.  

The distance between the sites is equal to 5.4231 Å. This effect can decrease 

the off-center character of niobium and the z, decreasing also the Curie 

temperature. Also, the lower electronegativity of K+ (0.82) allows the balance 

between the forces, resulting in a more ordered system, which leads to an 

unsymmetrical pentagram, but better distributed, with its top with two bonds 

higher of 3.0655 Å, two sides equal to 2.8792 Å and one side equal to 2.7860Å 

(lower side), which sets a distorted pentagram, but still, in these conditions, a 

pentagram highly symmetrical. When the electronegativity of the cation is higher, 

such as Sr2+ (0.95), the pentagonal site is more symmetric. 

 

 

 

 

 

 

 

 

 

 (a     (b 
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Fig. 8: (a) pentagonal site coordinated by oxygen atoms; (b) chemical bonds in the 

form of stick ball of K+ and Sr2+ cations; (c) equivalent pentagonal site belonging 

to the K2NdNb5O15, which is exclusively occupied by K+ cation. 

 

All measurements are smaller than when the K+ cations occupy also the 

pentagonal site. Thus, elements with low electronegativity tend to take the central 

region of the pentagram. However, to become a more stable site, it should be 

surrounded by 6 octahedra, as in classical TTB structure [5, 6].  

As discussed previously, see discussion item polyhedral distortions analysis 

section, the magnitude of niobium-off center phenomenon, Z, when reaching to 

zero (Z 0) values is related to the decreasing of covalent character of chemical 

bond ascribed to the niobium-oxygen. In according to Figure 8c, the increasing of 

bond length of the chemical bond of pentagonal site, with the occupation only of 

K+ cations, is correlated to the decreasing of covalent character of bonds 

associates to polar cation, seems be a cooperative phenomenon. In this sense, the 

non-linear phenomenon of the force constant as a function of the inverse of 

squared parameter Δz, shown in Figure 7, can be related to the influence of 

pentagonal site distortions in basal planes occupied by strontium/potassium atoms. 

 

3.6 Analysis of the Curie Temperature from Dielectric Properties 

 

The ε′(ω) values were derived using Eq. (22). 

The evolution of real part of permittivity ε′(ω) of KSNNi-0.25, KSNNi-0.50 

and KSNNi-0.75 as a function of temperature, measured at 10 KHz, is shown in 

Fig. 9. As the temperature rises, an increase of the permittivity can be seen 

between room temperature and its maximum. The maximum in the permittivity 

curve can be assigned to the Curie Temperature (Tc) with phase transition from a 

ferroelectric to a ferroelectric’, without changing of the crystalline symmetry 

since niobium off-center is stabilized out of center of octahedron. In this sense, a 

paraelectric state is not reached after maximum in dielectric permittivity; instead 

high values are maintained giving a broad and asymmetric character at around the 

point of maximum. 
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Fig. 9: The relative permittivity, ’, as a function of temperature of the 

KSNNi-0.25, KSNNi-0.50 and KSNNi-0.75 powders, at frequency of 10 kHz. 

 

According to fig. 9, a decrease of Curie temperature is observed with 

increasing of cation Ni2+ in the KSN host structure. These values of Curie 

temperature were very close to the values determined from structural properties, 

see Table 6. This find confirm that the determination of the magnitude of the 

displacement of niobium from the center of the octahedron is a powerful tool to 

derive the Curie temperature, see discussion at around Eq. 27. 

 

4 Conclusion 
 

The deriving of the frequency of oscillation of niobium off-center from 

spectrum deconvolution via set of Gaussian function is fundamental for 

understanding of the phenomenon of softening/hardening of niobates 

ferroelectrics with Tetragonal Tungsten Bronze structure. A great correlation is 

observed between the energy of wavelength and energy of harmonic oscillator 

with the displacement Δz, when this occurs in the same direction or close to the 

polarization axis. The determination of force constant K is critical, as the 

character of the covalent bond niobium-oxygen. From the determination of K, Δz 

can also be determined. The knowledge of values of K and Δz, one of the most 

important parameters that characterize the ferroelectric polarization, Curie 

temperature, can be determined. In despite of dependence of Curie temperature be 

proofed, the parameter K is a non-universal parameter.  
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