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Abstract. Tetragonal Tungsten Bronze structure TTB-type structure has attracted interest by the
high anisotropy of the crystal structure. The dielectric characterization of iron-doped niobate of
TTB-type structure, with stoichiometry KSry(Fep,sNbs75)O15.5, prepared by Modified Polyol
Method was investigated. Nanocrystalline single phase powders were obtained after calcination of
the precursor powder at 1150 °C for 10 hours in an oxygen atmosphere. The dielectric
characterization was performed by impedance spectroscopy, from room temperature to 600 °C, in
the frequency range of 5 Hz to 13 MHz. The permittivity values obtained for KSry(Fep25Nbs75)O15.5
showed superior to the permittivity values of the KSrNbsO;s host structure in all temperature
range investigated. At room temperature, the permittivity values (2100) of KSry(Fep25Nbs75)O15.5
is two times the permittivity values of KSr,NbsO;s. The substitution of niobium cation by iron
cation in the KSr,NbsO;s host structure showed a suppression of the ferroelectric (P4bm) —
paraelectric (P4/mbm) phase transition.

Introduction

Ferroelectric oxides based on lead have been used by the electronic industry as actuators,
transducers, piezoelectrics devices and other electromechanical components [1]. However, the
toxicity of lead has led an increasing of demand for more ecofriendly alternative compounds. In
this sense, the ferroelectric oxides lead-free with Tetragonal Tungsten Bronze (TTB)-type structure
have shown interesting properties. In some cases, compounds of TTB-type structure have the
potential to replace members of the classic set of ferroelectric ceramics, such as Pb(Zr,Ti)O; (PZT),
[(Pb(Mg;3Nb,3)O3] (PMN), and [(Pb,La)(Zr,Ti)Os] (PLZT) [2]. Thus, the TTB-type compounds
have spurred great technological interest in particular for microwave telecommunications involving
satellite broadcasting and related devices [3]. Niobate oxides lead-free, with TTB-type structure
such as KSI‘sz5015, NaSI'sz5015, KBasz5015, NaBasz5Ol5, and K}Lisz5015, have been
studied due to the high anisotropy of their crystalline structure [4]. The TTB structure is derived
from the classical perovskite structure. Chemical formula can be write as B;A4C4Nb;¢O39, where
B, A, and C denote different sites in the crystal structure. The B cavities have cuboctahedral
coordination, the A cavities have pentacapped pentagonal prismatic coordination, and the C cavities
have tricapped trigonal prismatic coordination. The cavity size decreases in the following order:
A >B>C. In TTB-type compounds, alkaline and/or alkaline-earth metals are located in the B and
A sites, while only small cations like Li are found in the C site [5]. Taking into account the TTB
structure, a wide variety of cation substitutions is possible. The cation size, its replacement fraction
at different sites of the TTB structure, and the degree of disorder have significant effects on the
physical properties, such as electro-optic, nonlinear, elasto-optic, pyroelectric and electrical
properties [6]. In this sense, to reach these properties, the route is the engineering of degree of non-
stoichiometry of compound by doping via a non-isovalent substitution cation. The cation
substitution on the Nb-site is an interesting tool to modify the electric properties of KSryNbsOs.
This substitution leads to distortions of [NbO6] polyhedra, which appear to be necessary for the
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structural accommodation of the metal transition cations in the KSr,NbsO;s host structure. The size
and type of replacement cations at different sites of the structure and the degree of disorder have
also a significant effect on the Curie temperature (T¢), which 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 this
work, we have studied the dielectric behavior of a newly synthesized Fe-doped KSr,NbsO;s non-
stoichiometry with formula close to KSry(Feg25Nbs75)O;5.5 prepared by Modified Polyol Method.
The analysis of dielectric properties was carried out by the impedance spectroscopy (IS) technique,
for the first time.

Materials and Methods

Synthesis: A nanostructured KSry(Fep2sNbs75)O15.5 single-phase powder was 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. Starting reagents for the powder synthesis via chemical route were nitric acid, HNO3 (99.5%
Reagen), strontioum carbonate, SrCOs; (99.0% Reagen), potassium carbonate, K,CO; (99.0%
Reagen), iron oxide, Fe,03 (99.0% Reagen), ethylene glycol, HOCH,CH,OH (98,0% Synth) and
niobium oxide, Nb,05.3.28 H,O (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 NO; group, similar to the process developed in the Pechini
method [9,10]. After the polyesterification reaction, a polymeric gel is obtained. The polymer
maintained in the beaker was 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 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) in an agate mortar and
then used as a precursor. The precursor was calcined in a tube furnace in oxygen atmosphere with a
flux rate of 300 ml/min. The time and temperature for the precursor powder treatment were
optimized to obtain KSr,NbsO;s single-phase powders (JCPDS card number 34-0108) with high
crystallinity. The calcination was carried out at 1150°C during 12h, with heating rate of 5°C/min.

Dielectrical Characterization

The powder were uniaxially pressed into pellet form of 8x2 mm dimension. The green
compacts were retreated at 1150 °C in air for 2 h at a heating rate of 2.0 °C/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. Thus, the additional contribution to the dielectrical properties stemming from the
cooperative phenomenon assigned to large domains is prevented. Therefore, the Curie temperature
of a nanostructured powder might be derived with a high level of confidence via 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 800 °C for
30 min.

The complex dielectric permittivity, £*(@), can be derived from impedance data, Z*(w),
Z¥w) =7 () +jZ”(w), using the following relations:

%(0) = (jo CoZ¥)" = &'(0) + je"(0) (1)
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where &'(w) and &”(w) represent the real and imaginary parts of the permittivity and C, is the
vacuum capacitance. Both parameters &'(w) and &£"(w) were extracted from the impedance in a
conventional way, according to the following equations [11]:

e(w) =2/ 2nfeod|Z|?) 2)
e"(0) =2’ | Qnfeod|Z[2) (3)

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

An alternative approach was used to calculate the permittivity from the specific capacitance,
C;. The Cg parameter is obtained through the opposite evolution of the imaginary part of impedance,
Im (Z), as a function of the inverse of the angular frequency, o, at high frequency range (10’ to 1.3
x10" Hz) [12]. From the Cj value is derived the relative permittivity by the follows equation:

eE=— X— 4
o *a @)

where g, is the vacuum permittivity (gp = 8.8542x10"? F/m), 1 the thickness of the sample and

A the electrode area.

Dielectric measurements were carried out by impedance spectroscopy. 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 sample was placed in a sample holder with a two-electrode
configuration. Measurements were taken from room temperature to 600 °C at a heating rate equal to
2 °C/min in air. A 30-min interval was used prior to thermal stabilization before each measurement.
The dielectric permittivity values of KSry(Fe25Nbs 75)O015.5 were determined from the equation (4).

Results and Discussions

Fig. 1 shows the dielectric permittivity curves of the KSry(Fep,sNbs 75)O15.5 solid solution
and of the KSr,NbsO;5 host structure, as a function of temperature. Permittivity values derived for
the KSry(Fep25sNbs75)O15.5 are higher than one of the KSr,NbsO,s ceramic at temperatures lower
than 110 °C. At room temperature, the permittivity value (2100) of KSry(Feg25Nbyg75)O1s.5 is twice
higher than the permittivity one of KSrNbsO;s. The permittivity curve of the KSr,NbsO;5 shows a
strong and broad polarization peak of high intensity at 140 °C, with permittivity value equal to
1800. This peak is absent at KSry(Fep,5Nbs75)O15.5 curve indicating that the development of the
solid solution inhibits some kind of polarization peak. Above 200 °C both curves show similar
permittivity values, as shown in inset of the Fig. 1. The maximum in the permittivity curve of the
KSr,NbsO,s has been assigned to the Curie Temperature (7¢c = 157 °C) [13], which is accomplished
of the ferroelectric (P4bm)-paraelectric (P4/mbm) phase transition. In niobates of perovskite type
structure, a defined or diffuse peak at permittivity curve as a function of temperature have been
assigned to the structural phase transition or to a set of first-order transitions. Here, the tetragonal
symmetry of KSr;NbsO,s seems be invariant in the temperature range investigated due to the high
structural anisotropy. In this sense, above of the Curie temperature, phase transitions can occur via
evolution of space group, from a centrosymmetric to another centrosymmetric group.

At temperatures higher than 140 °C, it is possible to hypothesize new phase transitions based
on the rotation and or tilting of niobium polyhedra. However, in the permittivity curve of
KSry(Fe2sNby 75)O15.5 is not observed a high polarization peak at around 140 °C.
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Fig. 1. Dielectric permittivity curves of KSry(Fep25Nbs75)O15.5 and KSr;NbsO;s, as a function of
temperature.

Fig. 2 shows the evolution of the &'(w) and €"(®) parameters obtained from equations (2) and
(3), respectively, as a function of temperature at several frequencies. A major dispersion in the real
permittivity curve €'(w) (Fig. 2a), at low frequency domain (f = 1 Khz), is observed with the
temperature increasing. In general, these dispersions, normally observed in linear dielectric, are
associated to a conduction mechanism [14]. At low temperature (< 400 °C) the permittivity curves
showed independent of the temperature in all frequencies investigated. None peak was observed in
the real permittivity curve €'(®), in all temperature range investigated, at several frequencies,
indicating absence of specific polarization phenomenon, as dipole polarization. The imaginary
permittivity curve €"(®) as a function of temperature (Fig. 2b) shows a decreasing of magnitude
with frequency increase. High £"(w) values are observed with the temperature increasing at low
frequencies.
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Fig. 2. Evolution of the: (a) €'(w) and (b) €"(®w) parameters as a function of temperature at
several frequencies of KSry(Fep25Nba75)O15.s.

The dispersion degree of the imaginary permittivity decreases to frequency higher than 10 khz. The
dispersions in the permittivity curve, at low frequencies, may be associated to the presence of
atomic defects in the structure [15]. The TTB-type structure exhibits a large number of atomic
vacant sites, providing a major structural mobility and the ability to form solid solutions [16, 17].
Fig. 3 shows the graphic representation of the unit cell obtained for the KSr,NbsO;s and
KSry(Fep25Nbg75)O15.5 powders. In KSr,NbsO;s (Fig. 3a) the pentagonal site is statistically
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occupied by equal quantities of K and Sr** ions and the tetragonal site is occupied by Sr** ion,
while in KSry(Fep25Nb4.75)O15.5 (Fig. 3b) both pentagonal and tetragonal sites are occupied by equal
quantities of K™ and Sr*" ions and octahedral site partially occupied by Fe* ions [18]. The trigonal
sites are vacants. Niobium and iron atoms are coordinated by oxygen atoms, 1:6, where four
oxygen atoms are placed, a priori, in the same plane of the niobium and iron atoms and another
two ones above and below of the plane, respectively. It is the favorable condition to the formation
of octahedron site in the structure [16, 18]. As a whole, polyhedra of the niobium undergoe rotation
and tilting. Specifically, iron cations (Fe’") occupy Nb(1) positions, which is due to the ionic radio
and octahedral occupation preferential [5, 10]. This occupation results in some distortion degree
of [NbOg] polyhedra, which appears to be necessary for the complete structural accommodation of
the iron, as shown in Fig. 3(b). In this sense, both rotation and small magnitude tilting phenomena
of the octahedra can be hypothesized for such an accommodation to occur. Here, it is important to
highlight the participation of oxygen vacancies in the rotation and tilting phenomena because it is
fundamental to the charge-compensation phenomenon required by the non-isovalent substitution of
niobium cations by iron cations [16, 18]. Furthermore, at high temperature, the creation of vacancy
oxygen should occur for that the electroneutrality be reached. In the high temperature domain, the
non-isovalent substitution of niobium cations of the KSr,NbsOs structure by Fe’* cations should be
accompanied by an alteration of the stoichiometry stemming from an apparent negative excess
charge that should be compensated. 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 [19].

(b)

Fig. 3. Graphic representation of the unit cell obtained for the: (a) KSr,NbsO;sand (b)
KSI‘Q(Feo,zsNb4.75)O15_3 pOWdCI‘S.

Conclusion

Modified Polyol method is suitable for the preparation of single phase Fe-doped
KSr;NbsO;s solid solution with TTB-type structure. The non-isovalent substitution of Nb by iron
cations in the KSr(Fe25Nbs75)O;5.5 promoted an increase of permittivity, which is two times
higher than the permittivity value of KSr;NbsO;s host structure at room temperature. Fe-doped
KSr;NbsO;s host structure leads to the suppression of the phase transition ferroelectric (P4bm) —
pseudo-paraelectric (P4/mbm).
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