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The search for new functional materials is inextricably linked with modification of the properties of already known
materials with optimal parameters. Thus, sodium niobate is used as a basis for complex lead-free ferroelectric oxides.
This work is devoted to the study of the structure and dielectric properties of sodium niobate ceramics doped with
Bi and Fe in concentrations of 10, 20 and 30 mol.%, in a wide range of frequencies (1—10°Hz) and temperatures
(30—650°C). It was found that with an increase in the impurity concentration, the average grain size decreases
from 5—10 um to 0.5—2 um, the heterogeneity of the microstructure increases, and the grain shape becomes closer
to cubic. At the same time, the volume of the unit cell increases with an unchanged symmetry of the crystal lattice
(Pmc2;). The method of dielectric spectroscopy revealed the presence of two relaxation processes corresponding to
ionic thermal polarization and conductivity relaxation, which affects the temperature dependence of the permittivity.
The doping leads to an increase in the temperature region of phase transitions and a shift of Ty by approximately

150 °C to lower temperatures.
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1. Introduction

Sodium niobate NaNbO; (NN) has been of undying
interest to researchers around the world for decades.
It is a convenient material for creating solid solutions
based on it, possessing ferroelectric properties, which
are considered as possible substitutes for lead-containing
lead zirconate-titanate (PZT) ceramics. Despite the large
number of experimental data, there is no consensus in
the scientific literature on the pattern of phase transitions
in sodium niobate, its ferroelectric properties, electrical
conductivity, etc. Initially, sodium niobate at room
temperature was considered as an antiferroelectric
(P phase). A total of 6 phase transitions were
found in it U (paraelectricc, Pm3m) — 913K — T,
(paraelectric, ~ P4/mbm) — 848K — T;  (paraelectric,
Cmcm) — 793K — S (paraelectric, Pmmn) — 753K — R
(antiferroelectric, Pmmn) — 633K — P (antiferroelectric,
Pbcm) — 173K — N (ferroelectric, R3c) [1]. But
on closer study, it was found that it can also exhibit
ferroelectric properties at room temperature (Q phase,
Pmc2;) when an external electric field, pressure is applied
or when doped [2-5]. There is also evidence for the
existence of three other phases within the P phase:
monoclinic (250—410K), incommensurate (410—460K),
and orthorhombic (460—633K) [6]. In some papers it
is noted that when the grain size of ceramics decreases
below 0.27 um, Q phase [7,8] stabilizes, but the presence of
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defects such as oxygen vacancies leads to the stabilization
of phase P [9].

In order to obtain NN-based materials with application-
specific properties, various kinds of compositional modifica-
tions are carried out, for example, by introducing impurities.
The substitution of metal ions both at A-site and at B-site is
possible during synthesis according to the general formula
of the class of perovskite-type compounds (ABO3) to which
sodium niobate belongs. The valences of the main and
impurity ions must be taken into account. Thus in alkali
metal niobates, particularly and NN, the valence of the ion A
is +1, and that of the ion B is +5. A substitutional impurity
can be either isovalent (with the same valence values) or
heterovalent, with the most common case being donor-type
at the A-site and acceptor-type at the B-site. In this case,
various kinds of defects are formed in the NN crystal lattice
according to the condition of electroneutrality of materials.
The type of defect is determined by the type of impurity.
For example, acceptor doping at B-site results in a decrease
in the total positive charge. Therefore, vacancies in the
anionic sublattice, 1. e., oxygen vacancies, are simultaneously
formed in the material to maintain the electroneutrality of
the material. The deficiency of cations, which is formed
during the synthesis of ceramics due to the high volatility of
alkali metal compounds, also leads to similar defects. The
presence of vacancies in the crystal lattice is an important
condition for the existence of ionic conduction in solids.
Therefore, a number of studies consider sodium niobate
with various kinds of point defects and dopants as a
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promising solid-state electrolyte [10]. Other authors note its
semiconductor properties [11] or consider it as a material
for energy storage devices [12,13]. In connection with all
of the above, it is relevant to continue studies of changes in
the physical properties of sodium niobate depending on the
type and concentration of the dopants.

Sodium niobate ceramics doped with iron and bismuth
are considered in the proposed study. Substitution of Nb3*
occurs at B-site by Bi’* and Fe*' in equal concentra-
tions according to the formula Na(Feg sBig s)xNb;_xO3_s,
at x=0.1 (NNgoFB), x=0.2 (NNgsFB), x=0.3
(NNp7FB), where § is some concentration of oxygen
vacancies. The effect of impurity concentration on the
structure and dielectric properties of the material is studied.

2. Methodology

The samples were fabricated according to conventional
ceramic technology by a two-step method. The following
chemical reagents were used as the initial components
according to the above chemical formulas: sodium car-
bonate (NayCOs), niobium (V) oxide (NbyOs), iron (III)
oxide (Fe,03), and bismuth (IIT) oxide (Bi;O3). The raw
materials were thoroughly mixed using mortar and pestle in
ethyl alcohol medium. The pre-compressed mixtures were
synthesized at 700 °C for 4hours in corundum crucibles
in an air atmosphere. After regrinding, the powders were
pressed at 650 MPa into pellets with a diameter of 10 mm
by cold one-sided pressing in a metal mold. The samples
were then sintered at 1100 °C (NNy.oFB and NNy gFB) and
1000 °C (NNg 7FB) for 4 hours. Silver-containing paste was
applied to opposite surfaces of the samples and annealed
at 450 °C to create electrodes.

The dielectric properties were studied by dielectric spec-
troscopy. For this purpose, capacitance and dielectric loss
angle tangent were measured using a Frequency Response
Analyzers PSM1735 with Impedance Analysis Interface
(Newtons4th Ltd) in the frequency range 1—10° Hz and in
the temperature range from room temperature to 650 °C in
steps of 10 °C. The heating rate did not exceed 1.5 °C/min.

Electron microscopic studies of the microstructure were
performed using JEOL JSM-6610LV scanning -electron
microscope. Sample preparation consisted of sputtering
a conductive layer of Pt. The secondary electron ima-
ging (SEI) was used to determine the sample topography.

The phase composition of the ceramic samples was
determined using X-ray diffractometer ,DRON-7“. An
X-ray tube with CuKa-radiation (1 = 0.1540598 nm) was
used as the x-ray source. The unit cell parameters were
determined from the reflexes corresponding to reflections
from a series of planes (hkl) in the region of angles
20 = 15—105°. The ceramic sample was ground in an
agate mortar to a grain size smaller than 10 um, sieved
through sieves with a given grain size, mixed with a diluent
(petroleum jelly), and placed in a well (1 mm deep) of a
quartz cuvette. The excess sample was cut off in one touch

with the edge of the glass plate. This technique avoided the
appearance of undesirable texture along the cleavage planes
or crystallite facet, which is a nuisance when measuring the
position of the peaks in the diffraction pattern.

3. Reslults

Untreated samples without electrodes were chosen to
study the surface morphology. As can be seen in Figure 1,
the NNy oFB sample has grains shaped like polyhedrons.
Their average size is 5—10um. A high packing density
of grains is observed and pores are almost absent. The
grain growth steps are clearly visible. This structure is
characteristic of industrially important PZT ceramics and
barium titanate [14]. It is characterized by the presence of
triple junction points (neighboring grain boundaries join at
an angle of 120°) and hexagonal grains (in plane), which is
characteristic of a thermodynamically equilibrium structure.

The grains are also polyhedrons in the NNy sFB sample,
but with more right angles, which increases the porosity of
the sample. The grain size distribution is inhomogeneous,
but it can be noted that small grains prevail, with an average
size of 2—7um. NNp;FB sample has a finely dispersed
structure with an average grain size of 0.5—2um, the
growth steps are indistinguishable, and the grain shape is
close to cubic. Thus, a decrease in niobium concentration
leads to a decrease in grain size, a change in grain shape and
an increase in porosity (Figure 1). The result is consistent
with literature data, since the decrease in ceramic grain
size with increasing acceptor dopant concentration has been
reported by a number of researchers [10,15].

X-ray diffraction analysis was performed to determine
the crystal structure of the ceramics. According to the
obtained data, the unit cell of NNFB ceramics for all
three compositions corresponds to the distorted perovskite
cell — orthorhombic modification of perovskite structure
with space group Pmc2; (Figure 1, b, d, f). This is consistent
with the literature data for sodium niobate [16]. As the
results show, as the niobium concentration decreases, the
unit cell shrinks along the ¢ axis (by 0.42%) and expands
along the axes a and b (by 0.43 and 0.36 %, respectively).
Moreover, the decrease of the niobium concentration and
increase of the acceptor dopant concentration lead to an
increase in the number of defects in the ceramic structure, in
particular oxygen vacancies. Thus, it can be concluded that
as the number of oxygen vacancies increases, the volume
of the crystal cell increases without changing the lattice
symmetry. This agrees well with the literature data [11].

At the same time a minor presence of the second phase is
observed in the sample with 70 % niobium concentrations,
which could not be identified. That is, samples with niobium
concentrations above 80mol.% are single-phase solid solu-
tions, and samples with lower niobium concentrations are
composites. Thus, the impurity solubility limit for sodium
niobate doped simultaneously with iron and bismuth at
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Figure 1. NNFB ceramic structure. SEM images of microstructure (g, ¢, e) and X-ray diffraction analysis data (b, d,f) of NNFB ceramic

samples for X = 0.1 (4, b), x = 0.2 (¢, d), X = 0.3 (e f).

B-site lies in the niobium concentration range between 70
and 80 mol.%.

The frequency dependences of the complex dielectric
permittivity for all samples are monotonically decreasing
functions according to the results of dielectric spectroscopy.
The dispersion diagrams are straight lines, and they form
arcs of a semicircle in the high frequency region up to
temperatures of 200—300°C (depending on the compo-
sition) (Figure 2). The increase of both components
of the complex permittivity with decreasing frequency is
usually attributed to the influence of conductivity, which
leads to charge separation and accumulation on structural
inhomogeneities or in the near-electrode region [17]. Thus,
the value of ¢’ increases at low frequencies and a linear
dispersion due to Maxwell-Wagner polarization or electrode
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polarization is observed. For this reason the electrical
modulus M is often used to determine the parameters of
polarization mechanisms and analyze their behavior with
temperature [18,19]. It is the inverse of the complex
dielectric permittivity and is calculated by the formula [20]

(1)

where ¢’ and ¢” are the real and imaginary parts of the
complex dielectric permittivity, M’ and M”" are the real and
imaginary parts of the complex electric modulus. According
to this definition, the values of the electric modulus at low
frequencies (Mg = 1/¢(g)), where the dielectric permittivity
€(0) reaches very large values, are much less than 1, which
allows the analysis of dielectric spectra.
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Figure 2. Diagrams of dispersion of complex dielectric permittivity (a, ¢, ¢) and electrical modulus (b, d, f) for ceramics NNooFB (q, b),
NNo.gFB (C, d) and NNO.7FB (e,j).

Electrical modulus diagrams were constructed from the
data obtained. As can be seen in Figure 2, the diagrams
form two arcs of a semicircle at room temperature,
indicating that two relaxation processes are taking place.
When the temperature rises above 300°C, the diagrams

are transformed into one arc of a semicircle, the radius
of which increases with increasing temperature, i.e., only
one relaxation process is observed in the frequency range
available for measurements. Due to the fact that the arcs of
a semicircle are asymmetric and their centers are located
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The most probable relaxation times for relaxation processes in NNFB ceramics

T, °C NNo.oFB NN sFB NNo.7FB
71, S 72, S 71, S T2, § 71, S T2, 8
30 0.016 23-107° 0.055 23-107° 0.0045 2.9-1077
100 0.016 23-10°° 0.032 8.7-107° 0.0034 3.4.10°°
200 0014 2-107° 7.3-107° 45-107° 2-107* 1.9-107°
300 3.9-107° 42-107° 1.6-107° 35-107° 2-107° 46-107°
400 3.6-107* 3.4.107° 1.2-107* 3.107° 9.8-107° 2.5-107°
500 4.6-107° - 1.1-107° - - -
600 7.8-107° - 2.1-107° - - -
650 23-107° - 1.5-107° - - -
below the abscissa axis, the empirical Havriliak-Negami 2+
formula was used to analyze the M”(M’) diagrams [21]. -
The most probable relaxation time 7 was determined from —4r °
the frequency dependence of the imaginary part of the I [ u u
electric modulus, taking into account the offset of the —6r °
relaxation frequency (w; = 1/7) relative to the frequency g |
of the maximum M”(w) — wy due to the asymmetry of |
the relaxation time distribution function for this empirical = 10+
formula [20]. The parameters were analyzed and selected L
using Mathcad software according to the Havriliak-Negami 12 + = NN, FB
formula for two relaxation processes: 3 '
14} ® NN sFB
Mo.1 — M Mo2 — M L NN, ,FB
M — Moo 5 + ().-1 oo, 1 0.-2 0,2 ) 0.7
T A+ (lem)A)n T (14 (lom)=h)r -16 |
1 L 1 L 1 L 1 L 1 L 1

(2)
where the parameters 4 and yp characterize the diffusion and
asymmetry of the relaxation time spectrum, respectively;
My and M, are values of the real part of the electric mod-
ulus below (w < wny) and above (w > wp) the dispersion
region for each relaxation process, respectively.

The calculated values of the relaxation times for all three
samples support the assumption that the low-frequency
relaxation process is most likely related to Maxwell-Wagner
polarization (Table). This is characteristic of ceramic
materials in which grain boundaries are the structural in-
homogeneities that accumulate electric charge. In addition,
for all samples, the relaxation time at low frequencies
decreases both with increasing temperature and with in-
creasing impurity concentration (in the temperature region
above 200 °C). According to the formula of the compound
Na(Feo sBip 5)xNb;_xO3_s, due to the difference in valence
of the main ion (Nb3*) in B-site and impurity ions (Fe’*,
Bi**), defects in the form of oxygen vacancies must be
present in the ceramic structure. In such disordered materi-
als, the existence of a hopping mechanism of conductivity,
for example ionic or polaronic, is possible. In this case,
the low-frequency maximum on the M”(w) dependence
observed in the region of linear dispersion of permittivity
is called the ,conductivity peak® [18]. An increase in
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Figure 3. Temperature dependence of relaxation time for a low-
frequency relaxation process in Arrhenius coordinates Inz (1/T).

impurity concentration also, like an increase in temperature,
leads to an increase in the number of defects and free
charge carriers and hence an increase in conductivity. Thus,
it can be concluded that the low-frequency dispersion
of dielectric permittivity is attributable to ion or polaron
hopping conductivity, which, due to the inhomogeneity of
the structure of ceramic materials, leads to the accumulation
of charge carriers on these inhomogeneities, which gives an
additional contribution to the polarization of the sample.
As can be seen from Figure 2 and the table, the dielectric
spectrum parameters of samples NNooFB and NN sFB
have many similarities. In particular, the temperature
dependence of the relaxation time has several regions close
to each other in the characteristics of both compositions
(Figure 3). For the exponential section in the temperature
region above 300°C, the activation energy E, was deter-
mined from the Arrhenius equation for the relaxation time
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Figure 4. Temperature dependence of the real part of the dielectric permittivity for samples NN oFB (a), NNosFB (), NNo7FB (c).

T = 19 exp(—Ea/KT), which was approximately 0.95 ¢V for
both compositions. This value is smaller than the band gap
in sodium niobate of 3.4—3.75eV [11,22], but this energy
may be sufficient for hopping conductivity.

A different picture is observed for the composition
NNy 7FB: the relaxation time of the low-frequency relaxation
process is 1—2 order less than that of NNjoFB and
NNy sFB, and its rate of decrease with increasing tempe-
rature — is larger. Thus, this process is not observed at
temperatures above 400°C. Its activation energy is 0.43 eV
(Figure 3). The decrease in the value E; can be explained
by the fact that the increase in the concentration of point
defects in the structure of this sample, compared to the
other two, leads to a weakening of the bonding of ions in
the crystal lattice, and thus a lowering of the potential barrier
between the nodes of the lattice. Thus it can be said that the
relaxation time of the low-frequency relaxation process as if
,catches up* with the relaxation time of the high-frequency
process when the temperature changes. Which emphasizes
the different nature of the charge carriers involved in these
processes.

According to the relaxation time calculations 7,, the high-
frequency relaxation process in all the studied samples
is due to thermal ionic polarization (Table), which is
characteristic of ionic crystals.

From the results of measurements, the dependence of the
real part of the complex dielectric permittivity on tempera-
ture was plotted. As can be seen in Figure 4, a, for the sam-
ple NNy oFB, a maximum of dielectric permittivity at fre-
quency 1 kHz at 200 °C is observed in the plot &'(T), which
shifts toward high temperatures (up to 300 °C) with increas-
ing frequency of the measuring field at frequencies above
200kHz (Figure 5,a). In this case, the phase transition
region is a temperature range in which the maximum &'(T)
is observed at different frequency of the measuring field
increases and is approximately 300 °C at 1 MHz, i.e., phase
transition is diffused. A second diffused maximum &'(T) is
observed at 560 °C. It is worth noting that at frequencies
below 150 Hz both maxima disappear and the dielectric
permittivity increases monotonically with temperature. This
is most likely due, as noted earlier, to the effect of conduc-
tivity on the complex dielectric permittivity, which leads to
a distortion of the true dielectric response of the sample.

Physics of the Solid State, 2025, Vol. 67, No. 4
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Phase transitions of pure sodium niobate, according to
the literature [1,23,24], are observed at temperatures of
360, 430, 470, 520, 580, and 640 °C. It is interesting to
note that sodium niobate ceramic samples doped separately
with 10 mol.% of bismuth or iron, which we studied earlier,
have maxima on the dependence &'(T) at temperatures
260 and 620 °C, respectively [25]. The Curie-Weiss law is
satisfied above these temperatures, which is characteristic of
ferroelectric phase transitions. Then it can be assumed that
the doping of NN leads to a decrease in the temperature
of phase transitions compared to un-doped ceramics (from
360°C to 260°C for systems with Bi, from 640°C to
620°C for systems with Fe), and depending on the type
of impurity, the temperature of the main maximum changes
(360 °C or 640 °C). In this case, both maxima are observed
simultaneously when both impurities are doped, with the
phase transition temperatures shifting to lower temperatures
compared to separately doped compositions [25] (the low-
temperature maximum shifts from 260 °C to 200 °C, and
the high-temperature maximum shifts from 620°C to
560°C), and the low-temperature and high-temperature
phase transition regions increase by a factor of 6 and 3,
respectively.

These maxima are diffused in the sample NNjgFB
to such an extent that they become indistinguishable.
The phase transition shifts to temperatures below room
temperature at frequencies below 100kHz. There are no
maxima at low frequencies like in the case with the previous
composition.

Ferroelectric with a diffused phase transition are char-
acterized by the deviation of the relative permittivity in
a sufficiently wide temperature range above Ty from the
Curie-Weiss law and the fulfillment of the relation [26,27]:

1 1 (T —=Tw)"

¢ m € ®

where &, is the maximum value of the dielectric permitti-
vity, T is the temperature of the maximum of the dielectric
permittivity, C is the constant, and n represents the degree
of phase transition diffused. An non-diffuse phase transition
is observed at n=1 and the Curie-Weiss law is fulfilled
immediately after passing the temperature of the dielectric
permittivity maximum on the dependence £(T), and n= 2
corresponds to the relaxor state. In the presence of relaxor
properties, the maximum of the dielectric permittivity shifts
to higher temperatures with increasing field frequency
according to the Vogel-Fulcher law [28]:

=0 W

Vm = Vo exp(

where Ty, is the temperature of the dielectric permittivity
maximum at frequency vy, Ea is the activation energy,
Tr is the Vogel-Fulcher-Tamman temperature (temperature
of ,freezing” of dipoles). The analysis of the main low-
temperature phase transition has shown that the studied
compositions NNooFB and NNy sFB have values of the
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Figure 5. (a) The dependence of the frequency of the dielectric
permittivity maximum on temperature in Arrhenius coordinates
Invm(1/T); (b) charts of the dependence of In(1/e — 1/em)
as a function of In(T — Tm) at 200kHz for samples NNy sFB
and NN()_()FB.

index n, characterizing the degree of phase transition
diffusion, lying in the range from 1 to 2 (Figure 5,b).
In addition, the relationship between frequency and tem-
perature of the maximum of the dielectric permittivity is
described by Arrhenius’s law (5), not by the expression (4).
Consequently, these compositions are materials with a dif-
fused phase transition but do not exhibit relaxor properties.
According to the formula

Vm = Vo exp(kE—_En) (5)
the energy E; of the processes leading to a shift with
frequency of the position ey, on the temperature dependence
¢’(T) was determined. As follows from Figure 5,a, the
activation energy of this process decreases with increasing
impurity concentration. This explains the increase in the
phase transition region: it is 100 °C (from 200 to 300 °C)
for the sample NNy 9FB, and more than 160 °C (from 30 or
less to 190 °C) for sample NN, sFB.
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When the impurity concentration is increased up to
30 mol.%, the temperature dependence of the dielectric per-
mittivity changes. Specifically, the maxima observed in other
compositions are absent, the dielectric permittivity increases
with increasing temperature, and a maximum &’(T) appears
at 625°C. This maximum shifts to the high temperature
region with increasing frequency, but the broadening of the
peak is very small. It is noteworthy that the value of &
for the sample NNy 7FB in the low temperature and high
frequency region is two orders of magnitude smaller than
for the other compositions. The comparison of the values
of relaxation times for the high-frequency process (table) of
samples NNy 7FB and NNy gFB, NNy oFB shows that the
thermal ion polarization in this composition begins to lag
behind the field in the indicated frequency and temperature
ranges at lower frequencies than in the other compositions.
When the polarization mechanism is ,,0ff* (at frequencies
above the relaxation maximum), it makes no contribution to
the polarization of the sample, leading to a decrease in the
dielectric permittivity.

4. Conclusion

The conducted studies of the structure and dielectric
properties of sodium niobate ceramics doped with Fe and Bi
at B-site allow making a conclusion that the concentration
of impurities changes the shape and grain size of NN
ceramics without changing the crystallographic symmetry
of the lattice. Minor amounts of unidentified second phase
appear in the samples with impurity concentrations greater
than 20mol.%. Two relaxation processes are observed in
all compositions: a low-frequency one due to electrical
conductivity and a high-frequency one related to thermal
ion polarization. The relaxation times of these processes
decrease as the temperature increases. The pattern of phase
transitions determined from the maxima of the temperature
dependence of the dielectric permittivity depends on the
impurity concentration. Two diffused phase transitions
(n=1.3 and 1.5, respectively) are observed at frequen-
cies above 150Hz in samples NNpoFB and NN sFB,
the temperature of these phase transitions decreases with
increasing impurity concentration. There is an additional
contribution to the dielectric permittivity below 150 Hz due
to the accumulation of charges involved in conductivity on
the structure heterogeneities that masks all extrema on the
dependence ¢'(T).
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