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A cubic perovskite of complex composition Pb  Na K  Ta, Fe O, ;(sp.gr. Pm-3m,a=3.9767(3) A) was synthesized for the
first time by the solid-phase reaction method. The samples are characterized by an almost pore-free microstructure formed
by slightly melted randomly oriented cubic crystallites. The band gap (=2.05 eV) of a complex perovskite for a direct allowed
electronic transition was calculated from the data of the diffuse reflection spectrum. According to impedance spectroscopy
data, three polarization processes are observed in the sample at room temperature: low-frequency (at a frequency less than
300 Hz), medium-frequency (from 300 Hz to 10 kHz), and high-frequency (from 100 kHz to 10 MHz) ones. The permittivity
of the sample at room temperature and a frequency of 10’ Hz reaches high values of about 147, and the dielectric loss tangent

does not exceed 0.12.
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1. Introduction

Materials with low dielectric loss, high dielectric constant
and low temperature coefficient of resonant frequency are
increasingly required for the use as dielectric resonators.
Using a compact and highly efficient resonator composed
of these materials, reliable microwave devices can be
easily fabricated [1-4]. These requirements are best met
by compounds with the perovskite structure [1-3,5,6].
For example, the Ba(Zn,Ta, )O, ceramic has excellent
microwave dielectric properties for microwave applications
exhibiting a dielectric constant of 30, a temperature
coefficient of resonant frequency of 0-0.5 ppm/°C, and
a quality factor of Q=6500 [1]. The perovskite structure
is suitable for the formation of ferroelectric properties.
In lead-containing perovskites, such as PbTiO,, PbZrO,,
BaNbO, and a number of isomorphic solid solutions such
as (Ba,Pb)TiO, or Ba(Ti,Zn)O,, the maximum values of
practically useful pyroelectric, piezoelectric, and dielectric
parameters are achieved. A significant disadvantage of such
ceramics is the lead content [4].

Traditionally, perovskites are described by the general
formula ABO, (sp.gr. Pm-3m), in which A is a large
electropositivecation (A —Pb, Ba, Sr)and Bisasmall transition
metal ion (B — Nb, Ta, Zr) [7-14]. In the crystal structure of
perovskite, there is a framework of BO, octahedra connected
by axial vertices, in the cuboctahedral voids of which large
A cations are located. The tolerance of the perovskite crystal

structure to various kinds of isomorphic substitutions both in
A and B cationic sublattices, high tolerance to defects, makes
it possible to form many combinations of compositions with
various physicochemical properties, opening up prospects
and possibilities for the chemical design of materials based
on perovskites. In this regard, mixed perovskites AB', B", O,

and AB'MB"MO3 are known, in which 1/2 or 1/3 of the
octahedral positions B are occupied by cations with similar
polarization properties (B' — Mg, Ln, 3d ions) [15-20]. In
particular, perovskites of the composition A(Fe ,Ta ,)O,
(A — Ba, Sr, and Ca) are known, which exhibit microwave
dielectric properties [21-25]. This article shows for the first
time the possibility of synthesizing the complex perovskite
Pb Na K Ta, Fe O, by the ceramic method, in which
positions B are occupied by Ta (V) and Fe (III) ions in a ratio
of 2:1, and in ions Pb (II), Na (I) and K (I) are distributed in
positions A in equal proportions, and the results of a study

of its optical and dielectric properties at room temperature.
2. Materials and methods

The complex oxide Pb  Na K Ta, Fe O, with the

perovskite structure was synthesized by the standard solid-

state reaction or route, from oxides of iron (III), tantalum

(V), and lead (II) nitrate, potassium and sodium carbonate

and bicarbonate. Precursors were thoroughly homogenized

in a jasper mortar for one hour. The mixture obtained was
pressed into disks and calcined in air in crucibles. The
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heat treatment of the samples was carried out in several
stages at 650, 950, and 1050°C, respectively. At each stage
of calcination, the samples were again finely ground and
compacted. X-ray phase analysis was carried out using
a Shimadzu 6000 X-ray diffractometer (Cu K radiation;
20=10-70°% scanning speed 2.0°/min). The unit cell
parameters of perovskite were calculated using the CSD
software package [26]. XPS analysis was performed using
a Thermo Scientific ESCALAB 250Xi X-ray spectrometer
(Escalab 250Xi, Thermo Fisher Scientific, United Kingdom,
Avantage v5.9925) (Al K radiation, 1486.6 eV). An ion-
electronic charge compensation system was used to neutralize
the charge of the sample. All peaks in the spectrum are
calibrated relative to the C 1s peak at 284.6 eV. The ESCALAB
250 Xi software was used to process the experimental
data. Surface morphology studies of preparations and
local quantitative elemental analysis were carried out by
scanning electron microscopy and energy dispersive X-ray
spectroscopy (scanning electron microscope Tescan VEGA
3LMN, energy dispersive spectrometer INCA Energy 450).
To study the electrical properties, a conductive silver layer is
deposited on both sides of the ceramic disk by firing silver
paste at 600°C for an hour. The measurements were carried
out using an E7-28 impedance meter (frequency range
25-10" Hz) at a temperature of 25°C. Diffuse reflectance
spectra were recorded in the range of 200-900 nm using a
Shimadzu UV-2550 spectrophotometer with a spectral step
of 1 nm. Halogen and deuterium lamps were used as the
radiation source. The spectra were obtained for substances
in a barium sulfate matrix. The scattering spectrum from
the pure barium sulfate matrix was subtracted from the
resulting spectrum. For a quantitative description of the
diffuse scattering spectra, the basis of the Kubelka-Munk
theory was applied. The value of E, was determined by the
position of the fundamental absorption edge according to
the Tauc equation (hvF(r))1/ n=A(hv—Eg), where Eg is the
band gap, /i is PlancK’s constant, v is the oscillation frequency
of electromagnetic waves, F(r)=(1-r)?/2r is the Kubelka-
Munk function, A is a constant. The exponent value for
direct allowed transitions is n=1/2. The diffuse scattering
spectra were rearranged in Tauc coordinates: (hvF(r))?

110

Int, a.u.

versus E (eV). The E_value was determined by extrapolating
the linear section of the Tauc curve to the energy axis.
3. Results and discussion

As X-ray phase analysis showed, the Pb  Na K Ta, Fe O,
sample was crystallized in the structural type of cubic
perovskite (sp. gr. Pm-3m), no reflections of impurity phases
were found. The X-ray pattern of the sample is shown in
Fig. 1.

The unit cell parameter of the synthesized perovskite was
3.9767+0.0003 A, which is close to the unit cell parameters
of known perovskites KTaO, (a=3.989 A), SrFe Ta O,
(a=3.9730 A) [2]. Apparently, large Na (I), K (I), Pb (II)
ions occupy cuboctahedral A positions in the perovskite
structure (R(K(I)_ ,=0.164 nm, Na(I)_ .,=0.139 nm,
Pb(I)_ ,,=0.149 nm) while Fe (III) Ta (V) ions
occupy octahedral B positions in the perovskite block
(R(Ta(V)_, ,=0.064 nm, R(Fe(IlI). ,=0.0645 nm) [27].
The preferential placement of iron (III) ions in octahedral
sites was previously confirmed by the example of complex
oxides of various crystal structures [28-31]. The charge
state of Fe (III) ions in perovskite was confirmed by the XPS
method (Fig. 2). An analysis of the spectra of the complex
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Fig. 2. (Color online) Fe2p spectra of Pb  Na
sample.
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Fig. 1. X-ray diffraction pattern for the Pb , Na

sample.

368



Zhuk et al. / Letters on Materials 12 (4), 2022 pp. 367-372

oxide with the spectra of oxides Fe,O, and FeO [32] showed
that the spectrum of perovskite is in good agreement both
in the number and energy position of the main features with
the spectrum of iron (III) oxide Fe ,O,, which suggests that
the iron atoms are in the same charge state with an effective
charge of +3. In particular, the Fe O, oxide and perovskite
have the same absorption lines at 711 and 725 eV. Perovskite
does not exhibit satellite lines at 716 and 730 eV, which are
characteristic of divalent Fe?* ions [33].

As studies by scanning electron microscopy showed, the
microstructure of the sample was practically non-porous
and was formed by slightly melted cubic crystallites (Fig. 3).
Despite this grain shape, due to heterogeneity in size, they are
quite densely packed. The size of individual grains reaches
from 1 to 5 pm. Mapping over the surface of the sample
showed a uniform distribution of the elements that make up
the ceramics (Fig. 4).
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Fig. 4. (Color online) Sample elemental mapping results of Pb, . Na
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The sample was practically pore-free, the porosity of
Pb Na K Ta Fe O, . according to SEM, was equal to
~7 percent (Fig. 5).

The diffuse reflectance spectra of the Pb, \Na
sample are shown in Fig. 6.

The band gap (=2.05 V) of iron-containing perovskite for
a direct allowed electronic transition was estimated from the
data of the diffuse reflection spectrum (Fig. 6). As the figure
shows, the sample is characterized by significant reflection
in the areas of yellow (565-590 nm) and red (635-770 nm)
colors. Apparently, the reflection in the yellow and long-
wavelength visible range is associated with the yellow-brown
color of the sample. The sample has a complex absorption
peak with a barely distinguishable shoulder at 650 nm and a
maximum at 450 nm, related to the d-d transition °A, T, ,
which indicates the presence of iron ions in the trivalent state
(Fe’*) with octahedral symmetry [34]. The underestimated
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Fig. 5. (Color online) Porosity of the Pb Na K
sample according to SEM data (gray areas).
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values of the band gap in the investigated perovskites can be a
consequence of the Stark effect, as well as the small grain sizes
of ceramics. The band gap of the studied ceramics correlates
with the energy of solar radiation, which has a maximum
intensity (2.1-2.5 eV) and reaches our planet. In this regard,
the studied ceramics can be promising as photocatalysts or
light-absorbing elements of solar cells.

The results of studies of the electrical properties of the
sample at room temperature are shown in Fig. 7. As can be
seen from Fig. 6a—c, three processes were observed in this
sample. The low-frequency (LF) process manifested itself at
frequencies below 300 Hz and was only partially present in
the observation area. This is probably an ionic process. The
mid-frequency (MF) process was observed in the frequency
range from 300 Hz to 10 kHz. A high frequency (HF) process
was observed from 100 kHz to 10 MHz. At low frequencies
(<10 kHz), a significant increase in the permittivity ¢ and a
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Fig. 6. (Color online) Diffuse reflection spectrum (a) and Tauc curve (b) for the Pb, ;Na K

maximum dielectric loss (tan§) were observed, which can
be explained by the participation of adsorbed water in the
polarization process, ionic polarization. The permittivity of
the sample at room temperature and a frequency of 10’ Hz
reached high values of <147, while the dielectric loss tangent
did not exceed 0.12. High dielectric losses may be due to
the small grain size of ceramics, as well as the presence of
adsorbed water, which can affect polarization processes at
low temperatures (<400°C). However, water can be present
in various forms. In mesoporous samples, some of the water
may be in a “liquid-like” state. At its core, this liquid is an
electrolyte, which leads, firstly, to a giant dielectric constant,
and secondly, to a rapid decrease in the dielectric constant
with increasing frequency. The SP process is probably also
associated with molecular water present in micropores. The
RF process has a significant dielectric constant (about 150).
Possibly, this process can also involve water, which is in the
form of OH-groups on the surface of micropores or in the
volume. In view of the foregoing, in order to understand the
reasons for the giant values of the permittivity of ceramics, it
is necessary to study the impedance during heating.

The modeling of the impedance hodograph has been
carried out. Investigated serial and parallel equivalent
circuits. As the assessment of modeling accuracy by the
Pearson criterion showed, the serial ES showed low accuracy
(x*=0.016) compared to the parallel one. The parallel circuit
for the frequency range 600-10" Hz turned out to be 7 times
more accurate (x*=0.0022). The high-precision sample
equivalent circuit at 25°C includes the following parameters:
R=5636 Om, T, =3x10"% P_ =0.920; R,=3838 Om;
T, =7-9%107% P, =0.560; W is the Warburg impedance,
which manifests itself in the frequency range less than 300 Hz.
Linear approximation by 4 points showed that the tangent of
the slope angle is 0.48, which corresponds to the parameter
P=0.5. The second parameter of the Warburg impedance
could not be determined due to the small number of points.
Based on the simulation, we came to the conclusion that two
fairly fast processes are observed. The second is probably due
to ionics. The third, slowest process is probably due to water
adsorbed in the pores.
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Fig. 7. (Color online) Hodograph of impedance; frequency
dependences of the impedance modulus and phase angle, real (.
part of the complex permittivity and dielectric loss tangent of the
Pb, Na K Ta Fe O,  sampleat25°C. 21
22.
4. Conclusions
For the first time, a phase-clean lead-containing complex 23.
oxide Pb Na K Ta Fe O,  with a cubic perovskite
structure (sp.gr. Pm-3m, a=3.9767(3) A) was synthesized. 24.
The microstructure of the sample was formed by randomly
oriented cubic crystallites. The band gap (=2.05 eV) of the
composite oxide was calculated. The permittivity of the 25.
sample at room temperature and a frequency of 10’ Hz
reached high values of =147, while the dielectric loss tangent
did not exceed 0.12. The sample at room temperature 26.

exhibited three polarization processes in different frequency
ranges: at a frequency of less than 300 Hz, in the frequency
range from 300 Hz to 10 kHz, and from 100 kHz to 10 MHz.
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