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The Curie temperature and its correlation with the magnitude of the displacement of the niobium atom
from the center of [NbOg] octahedra in NaSr,NbsO45 nanostructured powder were investigated. A single
powder was prepared by high-energy ball milling. A powder with an average crystallite size of 37 nm
was prepared by calcining the precursor at 1423 K. The refinement of the structural parameters was
carried out by the Rietveld method. NaSr,NbsO;5 exhibits tetragonal symmetry with the tungsten
bronze structure (a=b=12.3495 (6)A, c=3.8911 (2)A, V=593.432 (5)A% and Z=2). The site
occupancy of the Na* and Sr?* cations and the interatomic distances between the niobium and
oxygen atoms were derived. The [NbOg] octahedron undergoes both rotation and tilting depending on
the crystallographic site. The Curie temperature of the powder was derived using both the impedance
and infrared spectroscopy methods.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Niobates with a tetragonal tungsten bronze (TTB)-type struc-
ture are of great scientific, technical, and industrial interest as
materials for laser modulation, frequency multiplicity, and the
generation of second harmonics for applications in pyroelectric
detectors and piezoelectric transducers [1]. Some polycation
ferroelectric oxides are also important for microwave telecom-
munications involving satellite broadcasting and related
devices [2]. In some cases, these materials have the potential to
replace members of the classic set of ferroelectric ceramics, such
as Pb(Zr,Ti)Os (PZT), [(Pb(Mg;3Nby/3)03] (PMN), and [(Pb,La)
(Zr,Ti)O3] (PLZT) [3]. Furthermore, dielectric, thermistor, and
chemical sensor properties can be expected. In the last few years,
alkaline and alkaline earth niobates with TTB-type structures,
such as KSerb5015, NaSerb5015, I(Basz5015, NaBasz5015, and
K5Li;NbsOq5, have been studied due to the high anisotropy of
their crystalline structure [4]. The TTB structure can be consid-
ered as a derivative of the classical perovskite structure. It can be
described by the chemical formula (A1),(A2)4C4Nb;g030. A1, A2,
and C denote different oxygen sites in the crystal structure. The
A1 cavities have cuboctahedral coordination, the A2 cavities have
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pentacapped pentagonal prismatic coordination, and the C cav-
ities have tricapped trigonal prismatic coordination. The cavity
size decreases in the following order: A2 > A1 > C. In TTB-type
compounds, alkaline and/or alkaline-earth metals are located in
the A1 and A2 sites, while only small cations like Li are found in
the C site [5]. Taking into account the TTB-type structure, a
wide variety of cation substitutions is possible. In a broad sense,
TTB-type compounds with the AgNb;¢03¢ formula, where A=Sr,
Ba, are semiconductor oxides containing Nb>* cations. In a TTB-
type structure, the coexistence of cations is favorable in both the
tetragonal and pentagonal sites. In some of them, cation reparti-
tion disorder has been correlated to relaxer behavior [6]. Among
TTB-type oxides, the classical ferroelectric quaternary niobates
are of particular relevance.

The size and type of replacement ions at different sites of the
structure and the degree of disorder have a significant effect on
the dielectric properties. In particular, the Curie temperature (T¢)
is influenced by these parameters. In fact, the value of T depends
on the octahedron distortion [7] because the Tc can be changed by
application of hydrostatic pressure, which gives rise to further
octahedral distortion [8]. In addition, the crystallite size can affect
the domain size, and the degree of cooperation between domains
can modify the Curie temperature [9]. As a matter of fact, the
method of preparation or synthesis and its macroscopic variables,
such as the cooling rate and calcination temperature, can change
structural properties such as the space group [10]. Alkali-metal
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niobate powders are typically prepared via a solid-state reaction.
However, this method does not always lead to a homogeneous
mixture of starting materials. The synthesis of polycation niobates
by chemical methods leads to the simultaneous improvement of
the stoichiometry, texture control, chemical homogeneity, phase
purity, and other parameters [11]. Recently, powder preparation
based on the mechanical mixture of oxide/carbonates by high-
energy ball milling has been reported, and this preparation can
decrease the size of the precursor to the scale of nanometers [12].
Unfortunately, most of the information on the Curie temperature
has been derived from crystals and ceramics with large grain
sizes. At present, there is a lack of data on the Curie temperature
of powders.

In this work, the spontaneous polarization of a powder of
NaSr,Nbs0;s, its correlation with structural characteristics, and
[NbOg] octahedron distortion were analyzed. The lattice para-
meters and atomic positions of TTB-type NaSrNbsO;5 were
determined by structure refinement using the Rietveld method.
The site occupancy by Na* and Sr?* and the interatomic
distances between niobium atoms were derived. The Curie
temperature was determined using the structural parameters
and showed an excellent agreement with the experimental Curie
temperature.

2. Experimental procedure
2.1. Synthesis

NaSr,Nbs0O;5 nanostructured powder was prepared by the
mechanical mixture of oxides via high-energy ball milling
(HEBM) [12]. The starting P.A. reagents were hydrated niobium
oxide (Nb,Os -4 H,0), which were used to prepare the precursor
powder.

The preparation was carried out using a HEBM type Attritor
(Netzsch) with a milling chamber of zirconium (600 ml) that was
cooled with circulation water throughout the process. The mix-
ture of the starting materials was carried out in isopropylic
alcohol using stabilized zirconia balls of 1.2 mm in diameter.
A powder to ball weight ratio of 1:16 was used. The mixture was
agitated with a Molinex-type agitator shaft with eccentric radial
disks that accelerated the grinding media, which gave an extra
radial impulse during each rotation of the shaft with a motor of
1/3 hp. The milling was performed with a rate of 1200 rpm for 5 h.

After milling the reagents, the material was dried in a glove
box with forced air flow at 373 K. Single phase powders were
obtained after calcination at 1423 K for 12 h. The precursor was
calcined in a tube furnace under an integral oxygen atmosphere.
An oxygen flow of 300 mL/min was maintained during a complete
thermal cycle. Powder was deagglomerated in agate mortar with
a 350-mesh minimum.

The powder was characterized by X-ray diffraction and infra-
red spectroscopy. A fraction of this powder was uniaxially pressed
into pellet form. The green compact was retreated at 1423 K in air
for 2 h at a heating rate of 2.0 K/min. A relative density equal to
65% of the theoretical density was reached. The aim of the
thermal treatment of the powder compact at the same calcination
temperature was to eliminate adsorbed gases on the particle
interfaces and release compaction stress. The average crystallite
size was assumed to be equal or very close to the average
crystallite size of the nanostructured powder. In practice, the
development of large domains and further interaction between
them is blocked.

Thus, the additional contribution to the dielectrical properties
stemming from the cooperative phenomenon assigned to large
domains is prevented. Furthermore, the magnitude of the

intrinsic defect distribution and microstrain in the crystalline
lattice were close to the original ones. Therefore, the Curie
temperature of a nanostructured powder might be derived with
a high level of confidence via impedance spectroscopy.

2.2. Dielectrical characterization

Dielectric measurements were carried out by impedance
spectroscopy. Platinum electrodes were deposited on both faces
of the sample with a platinum paste coating (TR-7905—Tanaka).
After complete solvent evaporation, the sample was dried at
1073 K for 30 min. Measurements were taken in the frequency
range of 5 Hz-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 compu-
ter. The sample was 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 data were plotted
using the complex plane formalism, Z'(w) versus Z’(w), and
analyzed with Boukamp’s EQUIVCRT software. This program
works in an environment developed for equivalent electric
circuits based on the fitting of the emittance spectra data [13].
The impedance of a ceramic can be represented by Z*(w)=
Zy(w)+Zg(w), where Zi(w) and Zj,(w) correspond to the impe-
dance of the grain and grain boundary, respectively.

The complex dielectric permittivity, (), can be derived from
impedance data, Z¥(w), Z%(w)=Z'(w)+jZ’'(w), using the following
relations:

(W) = (0CZ*) ! = /() +jg" () 1

where ¢'(w) and ¢”(w) represent the real and imaginary parts of
the permittivity, respectively and C, is the vacuum capacitance.
Both parameters ¢'(w) and &’(w) were extracted from the impe-
dance in a conventional way, according to the following equations:

¢(@)=2"/(2nfeo|Z|*), 2)

g =2/ (angoA\z\Z) 3)

where A represents the geometric factor given by the relation S/!
and |Z|? represents the impedance modulus.

2.3. Structural characterization

Chemical bonds were analyzed by infrared spectroscopy
(FTIR). The sample was diluted in KBr in a ratio of 1:100.
Measurements were carried out with an instrument resolution
of 1cm~! in the range of 1500-400 cm~! for 100 scans using
a Fourier transform spectrometer, Model Digilab Excalibur
(FTS 3100 HE series). This range is in the mid-infrared, where the
characteristic bands assigned to Nb-O bonds appear. A quantitative
analysis of the infrared spectrum was carried out by a careful
deconvolution of the absorption profiles using a computer-based
program (Peak-Fit program) that considers hidden peaks at wave-
numbers different from the local maximum in the data stream.
This event does not mean that a hidden peak is not discernible.
As a matter of fact, a set of peaks is automatically detectable by
the spectrometer. The deconvolution procedure can determine the
band position with precision to gain further insight into both the
position and the intensity of the band. The first IR spectrum was
corrected for dark current noises and background using two-point
base line corrections. For the fit to be as realistic as possible, bands
detected previously from the transmittance spectrum, which are
usually composed of some apparent maxima and well developed
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shoulders, were used as starting bands during the deconvolution
procedure.

For completeness, the deconvolution procedure was applied to
the spectrum range between 300 and 1500 cm~!. Further data
adjustment used Gaussian functions to adjust each absorption
band. The parameter position, full width at half maximum
(FWHM) and intensity of each band were adjusted automatically
by the program. The adjust routine was based on the minimization
of deviations between the experimental and simulated spectra.
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.

Structural characterization of the NaSr,Nbs0;5 nanostructured
powder was carried out by X-ray diffraction (XRD). A Siemens
(model D-5000) diffractometer with Cu-Kot radiation (1=1.54 A)
and a graphite monochromator were used. Measurements were
carried out over an angular range of 5° <20 < 80° with a scanning
step of 0.02° and a fixed counting time of 10 s. Divergence, scattered
and receiving radiation slits were 1°, 1° and 0.2 mm, respectively.

The NaSryNbsOq5 structure was refined according to the
Rietveld method using the Fullprof program [14]. The parameters
and variables adopted during the refinement process were the
background coefficients, profile coefficients, histogram scale,
lattice parameters, linear absorption coefficients, coordination
parameters or oxygen parameters (X), and isothermal parameters
for four kinds of atoms (Na, Sr, Nb, and O). 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 (H) was defined by a
function determined by Caglioti et al. [15]. Using the atomic
positions derived in the refinement step, the NaSr,NbsO5 unit
cell was built using the Diamond software package [16]. The
average crystallite size (D) and the lattice strain of NaSr,NbsO;5 of
the nanostructured powder were estimated from X-ray diffraction
line broadening. The crystallite size was estimated by Scherrer’s
equation using the Jade 8 Plus software [17]:

K
~ BcosO

where (i is the broadening of the diffraction line measured at half
of the maximum intensity, 4 is the wavelength (Cu-Ka), 0 is the
Bragg angle for a given diffraction, and k is a constant, which is in
general equal to 0.9 for powders. The crystallite size was equal to
37 nm. The instrumental broadening effect was eliminated by
subtracting the full width at half-maximum (f5,) of a standard
sample (SiO;) from f of the respective Bragg peaks.

The effect of the HEBM (high-energy ball milling) on the
crystallite size of the starting powders Na,COs, SrCOs, and
Nb,Os -4 H,0 was also investigated. The processing parameters
were the same ones used in the preparation of the NaSr,NbsO;5
precursor powder, as described in Section 2.1.

The starting powders were characterized by XRD, as shown in
Fig. 1. Diffraction patterns of the set of starting powders showed
that the Nb,Os-4H,0 prior to the attritor milling presented an
amorphous character. Table 1 shows a list of the average crystal-
lite sizes of the starting powders before and after the HEBM
procedure. According to XRD analysis, Na,CO3 and SrCO3; showed
a crystalline character with breadth peaks and crystallite sizes
equals to 48 and 36 nm, respectively.

The lattice strain was estimated using the Williamson-Hall [18]
approach:

“)

cos(d) 1
B=F—=pt4
where D represents the crystallite size and ¢ represents the lattice

strain. The characteristic Williamson-Hall plot corresponds to the

sin(0)
A
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Fig. 1. XRD diffraction patterns of the precursor powders.

Table 1
Average crystallite size (nm) of the precursor powders before and after the milling
procedure.

Precursor Before high After high
energy milling energy milling

Na,CO3 58 48

SrCO3 63 36

Nb,Os - 4H,0 Amorphous Amorphous

graph of 8 cos(0)/A versus 4 sin(0)/\. Here, 4 sin(0)/A is on the x-axis.
Each point is assigned to a specific diffraction line. After point
collection, a linear regression should give a linear fit. The crystalline
size was extracted from the y-intercept of the fit. The lattice strain
was extracted from the slope of the fit curve.

3. Results and discussion
3.1. Phase identification

The NaSr,Nbs0Oq5 nanostructured powder exhibited only a set of
diffraction lines ascribed to the TTB-type structure, which was
identified from the JCPDS card number 34-0429. A major crystallinity
was attained with thermal treatment at 1423 K for 12 h. The
crystalline structure exhibited a space group P4bm compatible with
tetragonal symmetry, as described elsewhere [19]. At the moment, it
seems that the preparation route and cooling rate may result in
the orthorhombic symmetry type due to cationic disorder (Na, Sr)
in the structure [20] and suppression of the phase transition,
respectively [21].

Fig. 2 shows the evolution of the average crystallite size (D)
and lattice strain (#) of the NaSr,NbsO,5 nanostructured powder
derived as a function of the calcination time. Both the D and n
parameters were derived in accordance with Eqgs. (4) and (5),
respectively. As shown in Fig. 2, the evolution of the average
crystallite size and lattice microstrain occurred in several steps.
A small increase of the crystallite size was achieved with a
decrease in the microstrain lattice as a function of temperature.
The lowest average crystallite size, D=35 nm, was observed after
6 h of thermal treatment. Counterclockwise, the highest average
crystallite size, at around 37 nm, was derived for the NaSr,Nbs015



S. Lanfredi et al. / Journal of Solid State Chemistry 184 (2011) 990-1000 993

T - . ; . 0.255
370 - 1
L . - U.
—~—— 0.250
365 - 1
| 4 0245
360 . 1
—_ 40240 —~
E I . | =
a ®er ./ lo235 &
350 /o\\\\ 1 0230
| . |
345 \ 40225
340 © 10220
1 L 1 1 1 i 1
4 6 8 10 12
Time (h)

Fig. 2. Average crystallite size and lattice strain as a function of time.
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Fig. 3. Scanning electron microscopy (SEM) image of the NaSr,NbsO;5 precursor
powder calcined at 1423 K for 12 h.

precursor powder calcined for 12 h. In this way, the increase of
the average crystallite size as a function of thermal treatment
time was correlated with the thermal activation of the densifying
mechanism (aggregate development) and the non-densifying
mechanism (particle growing and agglomerate development) of
mass transport at 1423 K. As an example of the non-densifying
mechanism, the coalescence of nanoparticles can be related to a
lower rate of defect elimination in the material and variations in
the degree of microstrain. According to Fig. 2, the mean crystallite
size (D) remained nearly constant after the powders were
calcined. Such behavior suggests an extensive formation of
nanostructures.

The lattice strain of the NaSr,NbsO;5 precursor powder cal-
cined at 1423 K for 12 h was equal to 0.22, a significant degree.

The size and micro-morphology of the NaSr,NbsO;5 precursor
powder calcined at 1423 K for 12h was investigated using
scanning electron microscopy (SEM), as shown in Fig. 3. The
SEM micrography showed spherical particles with several sizes,
indicating nanoparticle coalescence and well defined aggregate
development. The SEM image shows that the size of primary
particles should be of the order of 37 nm because coalescence
actuation secondary particles with sizes ranging from 80 to

100 nm were formed. Thus, the XRD and SEM data clearly indicate
that ultrafine crystalline NaSr,NbsO;s nanostructured powders
were prepared. The difference between the crystallite size calcu-
lated using X-ray diffraction data and the particle size obtained by
SEM was due to the fact that the particles were composed of
several crystalline domains, which were observed by X-ray
diffraction, while the whole particle was observed in SEM [22].

3.2. Rietveld refinement

The X-ray diffraction pattern was indexed on the basis of a
tetragonal unit cell. The structural parameter set of the
NaSr,NbsO;5 nanostructured powders was derived using the
Rietveld method. The refinements were performed by taking into
account the space groups P4bm (No. 100) that are compatible
with the rule of existence [(0 k) k=2n] [19]. The powder data
and experimental conditions are listed in Table 2. Further theore-
tical adjustment for the NaSr,NbsO;5 phase was obtained assum-
ing that each pentagonal site (4c (x, x+1/2, z)) was statistically
occupied by equal quantities of Na* and Sr?* ions and that each
tetragonal site (2a (00z)) was occupied by a Sr’* ion. The
trigonal site was considered vacant.

The atomic parameters, isotropic atomic displacement para-
meters and relative occupancies obtained by the refinement of
the NaSr,NbsO;5 structure are listed in Table 3.

Refinement data obtained for the NaSr,NbsO;s precursor
powder, which was heated at 1423 K several times for less than
12 h, showed major isotropic atomic displacement parameter B.q
values (data not shown). Because the B,, parameter is related to
the degree of order-disorder, a higher B.; value suggests a
significant degree of disorder in the structure [23]. It is possible
to hypothesize that the NaSr,NbsO;s5 powder prepared here
exhibited a residual static disorder that is correlated to the
A and B sites occupation and Nb>* cation off-center. This feature
is compatible with a process of rearrangement and the growth
of crystallites from the sintering of nanostructures [19].

Table 2
Structural data for the NaSr,NbsO;5 powder and the experimental conditions.

Crystallographic data

Formula

NaSr;NbsOq5

Crystal system Tetragonal
Space group P4bm (No. 100)
a (A) 12.3495 (6)
c(A) 3.8911 (2)
V (A)? 593.432 (5)
z 2

Data collection

Temperature (°C) 26
Wavelength [Cu-Ko] (A) 1.5418
Monochromator Graphite
Measuring range (deg) 5<20<80
Step (° 20) 0.02
Integration time (s) 10

Rietveld data

Program FULLPROF

Function for background level
Function for peak shape
(H?>=U tan? 0+V tan 0+ W)

9)

Polynomial—5 order
Pseudo-Voigt

0.091759 (4)

v ~0.054645 (2)
w 0.031320 (4)
Roragg (%) 437

Re (%) 428

CR, (%) 7.44

CRup (%) 10.8

CRexp (%) 498

x2 467
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Table 3
Atomic coordinates, isotropic atomic displacement parameters B (A

Atoms Wyckoff x/a y/b z/c Beg ( A2)
position
Si(1) 2a 0 0 —0.01457 (4) 1.2633 (3)
Na(2) 4c 0.17263 (2) 0.67263 (2) —0.02115 (4) 43426 (2)
Sr(2) 4c 0.17263 (2) 0.67263 (2) —0.02115 (4) 43426 (2)
Nb(1) 2b 0 1/2 1/2 2.6845 (2)
Nb(2) 8d 0.07627 (3) 021104 (3) 0.47820 (2) 1.0264 (2)
o(1) 8d 0.13270 (9) 0.06722 (9) 0.37197 (3) 43426 (4)
0(2) 8d 0.34232 (1) 0.00469 (8) 0.38305 (4) 43426 (4)
0(3) 8d 0.08883 (1) 0.19947 (9) ~0.07274 (6) 43426 (4)
0o(4) 4c 0.28409 (8) 0.78409 (8) 0.43520 (9) 43426 (4)
o(5) 2b 0 1/2 0.02700 (4) 43426 (4)
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Fig. 4. Rietveld plot for the NaSr,Nbs0,5 powder.
The evolution of the crystallite size and lattice microstrain is
shown in Fig. 2. An order retrieving has been reported after
thermal annealing of the disordered material, in which a large
degree of disorder was created by the mechanical refinement of
the crystallite size [24], which means that the disorder exhibits a /s
metastable character, being, in essence, a reversible event. Nb(ll)
Fig. 4 shows the Rietveld plot for NaSrNbsO;s with the c

observed and derived X-ray diffraction and their differences. The
lattice parameters derived for NaSr,NbsO;5 were a=b=
12.3495 (6) A, c=3.8911 (2) A and V=593.432 (5) A® in tetragonal
symmetry and space group P4bm (1 0 0). The tetragonal ratio c/a
was 0.315 with ,/10c/a=0.996. Therefore, in the ferroelectric
phase, the TTB cell was not ideal and compressed (i.e., 1> ,/10c/a).

Fig. 5 shows the graphic representation of the unit cell
obtained for NaSr,NbsO;5 powder from the data Ilisted
in Table 3. Niobium atoms are coordinated to six oxygen atoms,
four of which are located, a priori, on the same plane as the
niobium atoms. The other two are above and below the plane,
respectively. This condition is favorable for the formation of an M
site (octahedron) in the structure [23].

3.3. [NbOg] Polyhedral distortions analysis

One of the characteristics of TTB-type niobates is the intraoc-
tahedral distortion of the Nb>* cation. The off-center location of
the Nb>* cation and octahedral distortion have been attributed to
second-order Jahn-Teller (SOJT) effects [25-29] and can be
considered as a primary distortion for the cation. Secondary

Fig. 6. [Nb(I)Og] and [Nb(II)Og] octahedral sites.

distortions can be further considered and have been attributed
to factors as bond networks, lattice stresses in the solid-state
framework and punctual defects in the crystalline lattice.

From structural refinement, according to NaSr,NbsO;s for-
mula, Nb>* cations can be differentiated as Nb(I) and Nb(II)
because they occupy two non-equivalent octahedral sites called
B1 (2b sites) and B2 (8d sites), as shown in Table 3.

Both [Nb(I)Og] and [Nb(II)Og] octahedra are represented in
Fig. 6. [NbOg] octahedra form a three-dimensional rigid frame-
work in the crystal structure. However, the niobium atoms of
both types form their own chains based on vertex-shared octahe-
dra [NbOg]. Chains are linked into the three-dimensional
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Table 4

Interatomic distances of Nb-O bonds on the octahedral sites of NaSr,NbsOq5 powder.

Bonds Nb-0(1) Nb5-0(2)

Nb&-0(3) Nb&-0(4) Nb&-0(5) Nb-0(6)

[Nb(I)Og] Octahedra
Interatomic distances (;\)

[Nb(II)Og] Octahedra
Interatomic distances (A)

2.0506 (2) 2.0006 (9)

1.9441 (1) 1.9522 (7)

2.0006 (9) 2.0006 (9) 2.0006 (9) 1.8405 (1)

1.9534 (8) 2.0608 (9) 1.9404 (7) 2.1541 (1)

& atoms of the central planes of octahedra.

framework through the oxygen, with Nb atoms located at the off-
center positions of octahedra.

Table 4 shows the interatomic distances of the Nb-O bonds in
both [Nb(I)Og] and [Nb(II)Og] octahedral sites of NaSr;NbsO;s
nanostructured powder. For the [Nb(I)Og] octahedron, the four
bond lengths of the central plane are equal, while four distinct
bond lengths indicates some degree of rotation and tilting in the
[Nb(II)Og] octahedron. Both kinds of octahedra exhibit a cationic
displacement from the center of octahedron in the local C4
direction. This property leads to a short bond-length and a long
one for Nb®* cations bonded to apical oxygen. Both [Nb(I)Og] and
[Nb(II)Og] octahedra showed an increase in the Nb-O (6) bond
length related to the oxygen (6) of the apical niobium, as shown
in Fig. 6. The Nb-O distance ranged from 1.8405 to 2.0506 A for
Nb(I) and from 1.9441 to 2.1541 A for Nb(Il). The mean Nb-O
distances were 1.9822 and 2.0008 A, respectively.

These values indicate that the Nb-O distances are close to
those reported for other TTB-type niobates [30].

The octahedral distortions identified lead to an eventual change
in the point group. The ideal point group of the [NbOg] octahedral is
Op. As pointed out in previous analysis, the [Nb(I)Og] octahedron
shows some degree of distortion, which is based on the apical vertex
elongation that leads to a distortion type tetragonal disorder with
decreasing octahedron symmetry from the Oy, point group to Dgp.
[Nb(II)Og] octahedra are more distorted. The Nb-O bond lengths of
the Nb(II) constitutes the central plane of the octahedron, termed
Nb-0(2), Nb-0O(3), Nb-O(4), and Nb-0O(5) are different, and such
distortion seems to be compatible with some rotation degree along
of the c-axis. Furthermore, the set of four distinct bond lengths
indicates a slight degree of tilting of the octahedron. Therefore,
distortions of the [Nb(II)Og] octahedron involve six vertices. This
distortion set can be further characterized as being of type trigonal
disorder, which leads to a decrease of the octahedron symmetry
from the ideal O, point group to a new point group, Dsgq.

Except for some compounds containing La/Ba and K/Sr, the
mean distances in the [Nb(I[)Og] octahedra are longer than the
mean distances in the [Nb(I)Og] octahedra, regardless of the
valence of the niobium atoms and their partial replacement with
transition metal atoms because [Nb(I)Og] > [Nb(II)Og] for La/Ba
and K/Sr, while [Nb(I)Og] < [Nb(II)Og] for the others. In this work,
[Nb(I)Og] < [Nb(II)Og]. The mean Nb-O length decreases with
increasing stretching force constant. Thus, it is possible that the
set of normal modes of vibration is distinct for each type of
octahedron, as described in Sections 3.2 and 3.4.

3.4. Chemical bond analysis

The number of theoretical reflection bands observed in the TTB
structure is very great [31,32].

Because there are few infrared active modes of the internal
vibration and due to their partial degeneration, the measured
reflection bands of the NaSr,Nbs0;5 are much fewer than those
calculated by group theory. In an ideal octahedral anion NbOg’
with O symmetry, there are 15 internal vibrational modes

r NaSer bSO = i

NaSr,Nb O

Transmittance (%)

Transmittance (%)

/f ‘ -
540 240
= 740 424 Al
1000 900 800 700 600 500 400

Wavenumber (cm”)
1 1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig. 7. FT-IR transmittance spectrum of the NaSr,NbsO;5 powder.

Table 5
Assignment of the FT-IR absorption bands.

Assigments Wavenumber Intensity Ref.
(em™1)

Stretching of the Nb-O bonds*® 475-424 Low [34,35]

Stretching of the Nb-O bonds?® 740, 540 Medium [34,35]

Stretching of the Nb-O bonds" 898 Low [35]

@ Slightly distorted NbOg octahedra.
b Distorted NbOg octahedra.

(3n—6, where n is the number of atoms) as follows: I'yij,=A;g
(R)+Eg(R)+2T1(IR)+ Tg(R) + Tyy(inactive) [33], where the sub-
scripts g and u represent symmetric and antisymmetric vibra-
tions, respectively. Thus, there might be three strong
characteristic vibration bands (infrared) T;, 6(0O-Nb-0), Tiy Vas
(Nb-0) and T,, 6(O-Nb-0), which belong to the internal vibra-
tional modes of the octahedral ions. The Oy, symmetry is an over
simplification of the infrared vibrational analysis of the octahe-
dral anion NbOg 7 because the Nb>* cation occupies the geo-
metric center of the octahedron counterclockwise, as discussed
in Section 3.3. It is important to keep in mind that an octahedron
distortion leads to a deviation from Oy, symmetry that will result
in line broadening and even band splitting as well as change of
the number of optically active modes. Because [NbOg] octahedral
are distorted to a different degree, an intensive overlap of peaks is
expected, leading to a multi-peak envelop with an irregular
shape. A characteristic spectrum of a niobate shows a systematic
absence of peaks assigned to particular vibrations.

Fig. 7 shows the FT-IR transmittance spectrum of the
NaSr,NbsO;5 nanostructured powder. It is impossible to obtain
further information about the band numbers in the infrared
spectrum of the NaSr,NbsO;s powder in the region between
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400 and 1000 cm~'; see inset. In this region, six bands were
typically picked up by the spectrometer software. Bands were
positioned between 400 and 900 cm ! as follows: 424, 440, 475,
540, 740, and 898 cm~ . Three of them are centered at 540, 740
and 898 cm~!. Another three bands are sharp and centered at
475, 440 and 424cm~'. All bands were assigned to Nb-O
bonds [34,35]. As a whole, the vibration involving Nb and apical
O bonds should give an absorption band at a higher frequency
(small wavenumber, 1/A, or less energetic side of the spectrum)
than the Nb-O-Nb bonds of central plane and vice versa.

The sharp absorption positioned around 540-424 cm~! and the
band centered at 740 cm~ ! were assigned to Nb-O stretching [34,35].
The band centered at 898 cm~! was assigned to Nb-O stretching of
the niobium bond with apical oxygen in the [NbOg] octahedron [35].
Table 5 lists both the band positions and band characteristics.

The deconvolution of the broad envelop of infrared vibrations
should allow further identification of each component. A quanti-
tative analysis of the infrared spectrum was carried out using a
curve-fitting technique that separated unresolved IR stretching
and bending vibrations based on the Gaussian functions [36-39].

Fig. 8 shows the FT-IR absorption spectrum and theoretical
adjustment curve of the NaSr,NbsO;5 nanostructured powder. As
pointed out previously (Section 3.3), both [Nb(I)Og] and [Nb(II)Og]
octahedra exhibit tetragonal and trigonal disorder, respectively.
The point group Dsq4 predicts the appearance of 16 infrared active
modes with 7 of Ay, and 9 of E, symmetry [40]. There are eight
bands positioned below of 1010 cm~!. All bands exhibit same

Absorbance

1435.8

300 540 780 1020 1260 1500
Wavenumber (cm™)

Fig. 8. FT-IR absorbance spectrum and theoretical adjustment from the deconvo-
lution of the spectrum from the set of a Gaussian lineshapes of the NaSr,NbsO5

Table 6
Band center, full width at half maximum (FWHM) and area attained from the
deconvoluted peaks of the spectrum of the NaSr,NbsO;5 powder.

Wavenumber (cm~1) Area FWHM
414 14 78
473 12 77
538 13 77
604 12 77
668 13 80
733 14 87
795 12 99
884 16 122

1010 10 145

1120 4 101

1186 2 79

1236 2 69

1291 2 72

1354 2 87

1435 2 103

1531 2 112

Correlation factor—(r?=0.999517).

powder.

overlapping degree with their first and second neighboring bands.
The band positioned at 440 cm~! was not confirmed by theore-
tical adjustments; see Fig. 7. All other bands mentioned in the
discussion of Fig. 7 have slightly different wavenumbers. Three
new bands were derived, in addition to the five mentioned in the
discussion of Fig. 7, which are positioned at 604, 668 and
795 cm~ L.

Table 6 lists the band centers, full width at half maximum
(FWHM) and area attained from the deconvolution of the peaks of
the NaSr,NbsOq5 nanostructured powder spectrum. In the wave-
number range from 300 to 1500 cm~!, eight vibrational bands
and eight low intensity bands were identified. The first set of
eight vibrations is positioned at a wavenumber lower than
1010cm~! and contributed 87.9% of the spectrum (envelop
observed). One of the bands at 884 cm~! seems to be a linear
combination of another two bands: (414+473). The second set of
seven small magnitude vibrations with wavenumbers higher than
1010 cm~ ! contributes only 12.1% of the spectrum.

Except for the vibrations centered at 1120 and 1186 cm ™!, all
other vibrations seem be a linear combination of other bands. As
an example, the vibrations positioned at 1236, 1291, 1354 and
1435cm~! seem to be the following sums: (414+473+538),
(884+414), (884+473) and (414+473+538), respectively. The
number of bands derived in the wavenumber range from 400 to
900 cm ! suggests that the vibrations are due to the Nb-O bonds
of niobium atoms positioned in non-equivalent crystallographic
positions; see the discussion in Section 3.3 and Table 3. According
to Fig. 8 and Table 6, the band of highest intensity is centered at
414 cm~!, which exhibits a significant contribution to the
envelop spectrum; see the area contribution of this band
in Table 6. Based on this double feature and given that [NbOg]
units compose the structural backbone of the NaSr,NbsO;s
niobate, the characteristics of the band are compatible with a
normal mode of vibration of the niobium bond with apical oxygen
in the [NbOg] octahedron. In this sense, the band at 414 cm~! can
be assigned to the Nb-O stretching of the niobium bond with
apical oxygen in the [NbOg] octahedron of NaSr,NbsO;5 nanos-
tructured powder, which represents, a priori, the bond correlated
to spontaneous polarization, Ps. Here, it should be stressed that, in
the tetragonal P4Abm phases, the polar-axis is along the c-axis. In
this sense, there is a direct correlation of the magnitude of this
vibration with the magnitude of displacement of the Nb location
off-center because the force constant of the vibration is directly
affected. NaSr,NbsO;s with TTB-type structure belongs to the
class of ferroelectric niobates has been classified as a displacive
ferroelectrics. Here, NaSrNbsO;5 with TTB-type structure is
considered as a displacive ferroelectric since it involves an
orientational order-disorder transition of the Nb>* ion displace-
ments. Thus, the band position corresponding to an internal
normal mode of vibration, the stretching of the Nb®>* 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 V''®, corresponding to the stretching of the
Nb>* bond with apical oxygen in the [NbOg] octahedra of the
NaSr,Nbs045 structure.

Considering this standard structure, it is a si ne qua non
condition that the z-axis of the [NbOg] octahedron should be
parallel to the c-axis of the structure, there is multiplicity of
unitary cell Z that should be > 2 and that [NbOg] units form the
backbone of the structure. Furthermore, the central plane of the
[NbOg] octahedron is quasi-rigid due to bonding with other
[NbOg] octahedra. In addition, because it is a normal mode, the
vibration is not coupled or is weakly coupled to another vibra-
tional mode, which means that the vibration can be considered as
quasi-unidimensional. Because the value of vibration assigned to
the Nb-0 stretching (Nb®*+ bond with apical oxygen) v erovskite of
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NaNbOs (a classical disordered to orientationally ordered (Nb>*
ion displacements) antiferroelectric with [NbOg] the backbone of
structure) is known, it can be used as a standard. This value has
been reported as 690 cm ™! [34]. Thus, it is sufficient to derive a
proper relation between the V'K and v'™parameters. This
relation can be derived from the classical equation that deter-
mines the frequency of vibration of the M-0 covalent bond from
unidimensional harmonic oscillator theory.

The wavenumber v(nu bar) is defined as the reciprocal of the
wavelength:

v=1/4 (6

where ¥ is in units of cm~! because X is in units of cm.
The wavelength and frequency, f, are related by Eq. (7):

f=c/a @)
where the parameter c represents the speed of light, which is
about 3.00 x 10'° cm/s.

A new relation between parameters f and A is derived by the
substitution of Eq. (6) into (7), giving:

f=vc ®)

This equation shows a simple relation between the frequency and
other trivial parameters involved in the vibration.

The harmonic oscillator was used as a model for the absorp-
tion of infrared radiation by covalently ionically bonded solids
when the stretching vibration is one normal vibration mode
assigned to a specific metal-oxygen bond in an [MeOg] octahe-
dron. The frequency for a classical unidimensional harmonic
oscillator is:

1 K
f= Zn\/; 9

where K represents the force constant of the bond and u
represents the reduced mass. The reduced mass u is given by:

11,1 (10)

u myq my

where m; and m, represent the masses of the bonded atoms.
Combining Eqgs. (8) and (9), it is possible to rewrite the

wavenumber as a function of the force constant K and reduced

mass as:

_ 1 K

A simple relation between the wavenumber V'K of the
vibration of the niobium bond with apical oxygen in the [NbOg]
octahedron of NaNbO3 and the wavenumber V''® of the vibration
of the niobium bond with apical oxygen in NaSr,Nbs0;5 can be
derived as follows:

—Perovskite K

v _ perovskite (12)

B Krts

where Kperovskite and Krrg correspond to the force constant of Nb-
O stretching in the perovskite and TTB structures, respectively.
Force constants are explicitly derived by relation (11). The
parameter Kperovskite iS €qual to 3.85 x 10° dyn cm™'. This value
was derived from the wavenumber of Nb-O stretching in the
perovskite, the oxygen mass, and the niobium mass using
Eq. (11). Further insight on the force constant along the polar
direction can be acquired from infrared spectroscopy data analy-
sis. Classical harmonic oscillator theory should be sufficient. The
major focus is on the apical Nb-O bond of the [NbOg] octahedron.
Thus, it is important to derive both the average force constant at
the apical Nb-O bond and the reduced mass p. For atoms in the

Nb-0 bond, a second expression for u is obtained by manipulat-
ing the expression for u given by Eq. (10):

Mnp Mo

_ 13
Mmyp +Mo 13

where myp and mg correspond to the mass of the Nb and O atoms,
respectively.
Using Eqgs. (13) and (11) can be rewritten as:

1 (mnp +Mo)

V= -—
2mc (Myp x Mo)

(14)

Eq. (14) describes the physical parameters that influence the
stretching frequency of a covalent bond between niobium and
apical oxygen, with a reduced mass p equal to myp x Mo/
Mnb+Mo=2.27 x 10726 kg. Then parameters ¢, 7, u and v can
be substituted into Eq. (14) to derive the force constant K.
Therefore, the new parameter K correlated to the TTB structure
(Krrg) is equal to 1.38 x 10° dyn cm ™ 1.

Here, v"™Vski® — 690cm~1 and v''® represent the wavenumber
to be estimated for the niobium bond with apical oxygen in the
NaSr;NbsOqs TTB structure. At this point, Eq. (12) can be rewrit-
ten as:

_ 1 ) ;

piB_ - VPerovsklte’ (15)
3.85x10° dyncm-!
1.38x10° dyncm-!

7 —413cm™! (16)

According to Eq. (16), the wavenumber expected from the
vibration of the bond between niobium and apical oxygen in the
[NbOg] octahedron of the NaSr,Nbs0O;5 TTB structure is 413 cm ™.

In Eq. (16), the parameter v''© is in excellent accordance with
the experimental value of 414 cm~', as described in Section 3.4
and given in the list of values in Table 6. Furthermore, as
expected, this band exhibits the highest intensity, according
to Fig. 8 and Table 6.

3.5. Spontaneous polarization

NaSr,Nbs0¢5 has a P4bm space group according to Fig. 4. This
space group is noncentrosymmetric, which indicates the devel-
opment of intrinsic ferroelectricity. In this sense, the magnitude
of polarization, called the spontaneous polarization, can be
derived from structural parameters. The spontaneous polarization
is a function of the displacement of the Nb>* at the center of the
[NbOg] octahedron. The mechanism of development of the spon-
taneous polarization Ps in the NaSr,NbsO;5 TTB-type structure is
based on the displacement of the “homopolar” Nb metal atom
along the polar direction at temperatures lower than the Curie
temperature. Intrinsic ferroelectric polarization in niobate oxides
is ascribed to the parameter Az, which gives the magnitude of the
displacement of the Nb from the central position of the [NbOg]
octahedron. The value of z (coordinate of Nb (2) at the 8d site) is
different than z=1/2. Taking into account a niobium octahedron,
the difference between both niobium oxygen apical lengths
[Nb-0O(6)-Nb-0O(1)] is proportional to twice the niobium off-
center displacement Az along the polar direction at T < T¢ (Curie
temperature) (see Fig. 6). The magnitude of the spontaneous
polarization of NaSr,NbsO;5 Ps depends on the displacement Az
of Nb>* from the center of the [NbOg] octahedron. It is interesting
to note that, in both [Nb(I)Og] and [Nb(II)Og] octahedra, the same
Az value of 0.105 A was observed.
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The magnitude of the parameter Ps [41] can be roughly
estimated by the following empirical equation:

Ps = (258 + 9)Az 17

where Ps is given in uCcm~2,

The spontaneous polarization of the NaSr,NbsO;5 powder was
derived using Eq. (17), with the limit value equal to 27.1 +
0.945 pCcm ™2

This value is in excellent accordance with the one previously
reported for NaSr,NbsO;s, which was equal to 29 uC cm =2 [8]. It
is possible to hypothesize that the increase in the crystallite size
and the decrease in the degree of lattice strain should lead to a
great spontaneous polarization because ferroelectricity is a coop-
erative phenomenon. The value of the spontaneous polarization
derived here is one order of magnitude higher than the sponta-
neous polarization value reported for KSrNbsOs, which was
approximately 2.5 pC cm ™2 [42]. The value of the Ps parameter of
NaSr,NbsOq5 is compatible with those obtained for ferroelectric
compounds of the TTB-type structure with space group P4bm,
such as Bas;4Sr154Nb1g030 and BagTi,NbgO3, which present
spontaneous polarization values of approximately 25 puC cm 2 [41].
However, such a magnitude of values is expected for single crystals.
Recently, the local spontaneous polarization Ps, given in uCcm—2,
has been calculated based on the off-center displacement of atoms
in the coordination polyhedra by [43]:

Ps=(1/v)> Zi4; (18)

where v represents the volume of the unit cell (593.432 A3,
A; represents the off-center displacement of atoms i (0.105 A) and
Z; represents the effective charge of atom i, (1.6021 x 10~19Q),
respectively. The spontaneous polarization of the NaSroNbsO;s
powder was derived from Eq. (18) with a limit value equal to
283 uCcm~2

3.6. Curie temperature analysis

3.6.1. Analysis from dielectric properties
Fig. 9 shows the NaSr,NbsO;5 impedance diagram at 753 K.
The impedance diagram shows two response semicircles. The
semicircles are depressed instead of centered on the abscissa axis.
The most accepted approach to interpret semicircle depression
is to consider them to be due to a statistical distribution of
relaxation times [44]. In the opposite sense, according to Debye’s

4 T T o T T T T T T T
R= 452x10°¢ R o= 1.08x10°Q

o H

C=1.07x10"F C_=9.18x10°F
9 9b

® Experimental
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Re(Z)/10°(Q.cm)

Fig. 9. Experimental and theoretical curves for the NaSr,NbsO,5 powder with the
corresponding equivalent circuit obtained at 753 K. The numbers 1, 2, 3 and 4 give
the log;o (signal frequency) for each corresponding point.

model, a material with a single relaxation time gives an ideal
semicircle centered on the abscissa axis. The shape of the diagram
suggests that the electrical response is composed of at least two
relaxation phenomena with different relaxation frequencies. In
addition, both relaxation phenomena obey a non-Debye model,
which is further evidence that both of the contributions follow a
Cole-Cole type model [45]. Based on previous assumptions, the
response Z*(w) was assigned to grain and grain boundary
model [44]. These contributions can be simultaneously derived
from the theoretical adjustments of the experimental data. In fact,
the electric parameters of both the grain and grain boundary
interface regions are exact.

An equivalent electric circuit and its respective resistance and
capacitance components were derived for NaSr,NbsO;s ceramic,
as shown in the inset of Fig. 9. The points on the plot represent
the experimental data, while the continuous line represents the
theoretical adjustment. Excellent agreement between the experi-
mental points and the theoretical curve was obtained. The
electrical response is well represented by two equivalent parallel
RC circuits in series, where R represents the resistance and C
represents the capacitance.

The first contribution (low frequency < 10? Hz) represents the
grain boundary contribution to the electric response. The second
one (high frequency > 10% Hz) corresponds to a specific property
of the grain or bulk. The theoretical deconvolution of the electrical
response is an alternative approach to derive both contribu-
tions [46]. As a consequence, the bulk properties can be unequi-
vocally derived via Boukamp’s formalism. In this formalism, the
non-ideal character of the polarization phenomenon is repre-
sented by a Q parameter instead of a C parameter. Q can be
interpreted as a non-ideal capacitance that is physically deter-
mined by the parameter Y, and the exponent n with n<1.
Y, tends to approach an ideal capacitance (C) when the exponent
n tends toward a value of 1.

By hypothesis, the non-ideal character of Q is only assigned
to a distribution of the relaxation times, which is the origin
of the semicircle decentralization observed in Fig. 9. Thus, the
parameter Q(Y,,n) should have an equivalent parameter in the
form of an ideal capacitance C before it is an adequate interpreta-
tion of the electric properties. In Boukamp’s formalism, the
impedance of a circuit [RQ(Y,,n)] series is given by:

R
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Fig. 10. Relative permittivity, €, as a function of temperature of the NaSr,NbsOs
powder.
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The parameters R, Y, and n are extracted by theoretical fitting.
C is derived from:

C= R(l—n/n)y(()l/n) (20)

In this work, the exponent n is close to unity (quasi-Debye),
depending on the measurement temperature. The resistance
values derived from the grain and grain boundary of NaSr,NbsO;5
at 753 K are equal to 4.52 x 10% and 1.08 x 10° Q, respectively.

The capacitance values of the grain and grain boundary are
equal to 1.07 x 10719 and 9.18 x 108 F, respectively. Because the
C of the grain is determined, the permittivity ¢ can be derived
from Eq. (21):

al
&= 807 (21)
where &, is the vacuum permittivity, | is the thickness of the
sample and A is the electrode area.

Fig. 10 shows the curve of the dielectric permittivity (¢') of
NaSr,NbsO;5 as a function of temperature, measured at 10 kHz.
Each point of this curve was derived using Eq. (2), see Section 2.2.
The permittivity curve of NaSr,NbsO,5 shows a set of anomalies
of small intensity occurring in shoulder form at around
298-443 K and a strong and broad polarization peak of high
intensity at 515K, with a permittivity value equal to 1650.
Typically, these anomalies have been assigned to phase transi-
tions [9]. Strong anomalies have been assigned to phase transitions
involving symmetry changes, while anomalies of small magnitude
have been assumed to stem from transitions between space
groups [8]. The maximum permittivity was previously assigned
to the Curie temperature (Tc=518 K) of NaSr,NbsO;5 [10]. Thus,
the determination of Curie temperature by direct inspection of the
permittivity versus temperature curve is an imprecise procedure.
For the sake of completeness, some anomalies have been reported
at temperatures higher than 620K [10].

Fig. 11 shows the reciprocal permittivity 1/¢’ as a function of
temperature. Instead of a single experimental curve, the experi-
mental curve allows one to determine two non-parallel linear
regions. Each gives a particular Curie temperature value by
extrapolation (1/¢' —0). The first curve gives rise to a “Curie
temperature” equal to 548 K, which is a value very close to that
reported elsewhere [8]. However, the second curve plotted from
points above 650 K leads to a “Curie temperature” equal to 230 K.
As a matter of fact, one of the previously mentioned Curie
temperatures is an apparent value originating from a particular
structural evolution as a function of temperature. At tempera-
tures higher than the Curie temperature, the structure should
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Fig. 11. Reciprocal permittivity, 1/¢/, as a function of temperature.

assume a paraelectric state, exhibiting a characteristic centrosym-
metric space group corresponding to P4/mbm [23]. However, it
appears that Nb>* cations do not occupy the center of the
octahedron. The NaSr,NbsO;5 powder might exhibit a real para-
electric state only at temperatures higher than 651 K, which
means that NaSr,NbsO;s5 powder is a displacive ferroelectric
material.

As a matter of fact, the NaSr,Nbs0,5 powder undergoes a
phase transition from a disordered state to an orientationally
ordered material [47].

3.6.2. Analysis from structural properties

The true value of the Curie temperature of NaSr,NbsOqs
powder can be derived because the value of the displacement of
niobium from the center of the octahedron (Az) was determined
(see the discussion in Section 3.5). The temperature of measure-
ment of the Az parameter should be the same one used to collect
the infrared spectrum, as described in Section 3.4. Furthermore, it
is important to bear in mind that the polarization occurs parallel
to the c-axis (00 1) or polar-axis of the NaSr,NbsO5 structure.
Thus, the parameter Az should be taken parallel to the polar-axis.

Taking into account that NaSr,NbsO;s has ferroelectric beha-
vior due to the displacement of niobium from the octahedron
center Az, the Curie temperature in Kelvin can be derived from
the empirical Eq. (22):

Tc = (2.00 + 0.09) x 10%(Az)? (22)

where Tc is given in Kelvin and Az is given in A.

Eq. (22) has been used successfully to theoretically determine
the Curie temperature of a series of displacive ferroelectrics [48].
Here, Az is equal to 0.105 A (see the discussion in Section 3.5). The
Curie temperature of NaSr,Nbs0,5 powder derived from Eq. (22)
is 229 K. This value is in excellent agreement with one of the
values derived from the permittivity curve (Fig. 11), which is
230 K. Otherwise, this value seems physically meaningful
because, at room temperature (> Tc), the TTB NaSr,NbsO;s
structure should be paraelectric.

Based on the discussion above, the lowest Curie temperature
derived here, which is 230K, should only be an apparent value.
Thus, the result derived from the application of Eq. (22) might be
due to the use of an inadequate force constant with a value equal
to 2.00 +0.09 x 10%.

Therefore, it is necessary to derive a more realistic force
constant. The empirical relation in Eq. (22) may be expressed in
energy terms [41]:

kTc = %K(Az)z (23)

where k is the Boltzmann constant, which is 1.39x
10~ 8dynAK~! (1.39x 1022 NmK~"), and K has the dimen-
sions of a force constant. Further simultaneous analysis of
Eqgs. (22) and (23) shows that the magnitude of this force constant
is equal to 5.52+0.25x 10 3dynA~", which is close to an
atomic constant in a crystalline solid. The force constant K can
be interpreted as an “average force constant between the homo-
polar atom and the oxygen framework along the polar direction”,
as described elsewhere [48]. Thus, the covalent character of the
Nb-0 bond is relevant to frequency stretching analysis, which is a
function of the force constant. The Nb-O bond that exhibits
further vibration characteristics should be the bond of the
niobium with apical oxygen. Given the [NbOg] octahedral vibra-
tions, this vibration is expected to exhibit the highest amplitude
of vibration, as discussed in Section 3.4.

According to Section 3.4, the new value of the force constant K
to describe phenomena at TTB structures is 1.38 x 10~ dyn A~ !
(see derivation details in the discussion in Section 3.4).
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Thus, Eq. (22) can be rewritten as:
K 2
Tc = ﬁ(Az) (24)

where (Ktrg/2 k) represents a new constant called the modified
force constant, which is equal to 4.96 x 10* A2 K. This new value
of the modified force constant should substitute for the force
constant with a value equal to 2.00 + 0.09 x 10 in Eq. (22). Thus,
the newest equation to derive the Curie temperature of a TTB
structure can be written as:

Tc = (4.96 x 10%)(Az)? (25)

with Tc given in Kelvin and Az in A.

Using the equation above, T¢ is equal to 546 K, because the Az
derived for the NaSr,Nbs0,5 nanostructured powder, is 0.105 A
(see Section 3.5). Using Eq. (25) and the analysis of Fig. 11, the
Curie temperature of the NaSr,NbsO;s nanostructured powder
prepared was 546 +2 K. Eq. (25) is not universal because the
modified force constant 4.96 x 10*A~2K is not a universal
constant.

Therefore, the theoretical value of the Curie temperature
(546 K), as given by Eq. (25), is in excellent agreement with the
value derived experimentally, which is 548 K (see Section 3.6).
However, it seems that such a constant can be representative of a
group of materials that maintain a set of intrinsic properties and
structural features in common. In the NaNbOs single crystal, at
588 K, the Nb°* cation is off centered in the [NbOg] octahedron
by a displacement (Az) of 0.11 A [49]. This value can be sub-
stituted into Eq. (25) to derive the Curie temperature of NaNbOs,
which is equal to 600.2 K (327.2 °C). Unfortunately, further
analysis should be performed using the additional enhancement
of the precision in the determination of the Az parameter. By
hypothesis, at Az=0.113 A, the application of Eq. (25) gives a
value of the Curie temperature equal to 663 K (360 °C). This value
is very close to one reported for the Curie temperature of NaNbO3
ceramic, which is 361 °C [50].

4. Conclusion

High-energy ball milling is a suitable method for the prepara-
tion of single phase niobate powder with nanostructured features
and a NaSr,NbsO;5 TTB-type structure. The unitary cell showed
that each pentagonal site is statistically occupied by equal
quantities of Na™ and Sr?* ions and that each tetragonal site is
occupied by an Sr** ion. A high distortion of the [Nb(II)Og]
octahedra occurs due to contributions from both rotation and
tilting. The Curie temperature is a function of the magnitude of
the parameter displacement of the homopolar atom from the
octahedron center and of the average force constant ascribed to
the vibration of the homopolar cation in the direction parallel to
the polar-axis. The ferroelectric transition in the NaSr,NbsO;s
powder is of displacive type and involves an orientational order—
disorder transition of the Nb®>* ion displacements.
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