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This paper studies the dielectric spectra of solid solutions (SS) of the system (1 − x − y)NaNbO3–xKNbO3–yCdNb2O6 y = 0.075, 
x = 0.05 ÷ 0.30 in the temperature range (10 ÷ 900) K. The formation of a local maximum was established in the interval (260 ÷ 
300) K at small x values, which, as KNbO3 increases, is gradually blurred and becomes an inflection point. Detected in SS with 
x = 0.05 ÷ 0.10, the shift of the maxima of dependences ε′/ε0(T) and ε″/ε0(T), depending on the frequency of the electric field at the 
temperature ranges (300 ÷ 304) K and (258 ÷ 271) K, is not related to relaxation. This anomaly may indicate a crystallographic 
disorder to A and B positions. The conclusion is made about the expediency of using the obtained results for the development of 
functional ferroactive materials.
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1.  Introduction

Ferroceramic materials are of great technical importance due 
to their ability to convert mechanical energy into electrical 
energy and vice versa. This determines their use as primary 
information converters of measuring and control systems. In 
the last decade, these objects have been widely used in new 
fields, such as high-power transformers, micromotors, and 
energy collection devices.1–3 Solid solutions (SS) based on 
zirconate–titanate–lead (PZT) were used as the basis of ferro-
active materials, due to their excellent piezoelectric and ferro-
electric properties.4–6 In connection with the directives adopted 
by the European Parliament,7,8 the researchers are seeking to 
replace lead-containing compositions with environmentally 
friendly ones. The most promising are the SS of the binary sys-
tem (1 − x) NaNbO3–xKNbO3 (KNN) due to the high values of 
the piezoelectric constants.9,10 Since the above have exhausted 
almost all their possibilities, the researchers are making the 
transition to multicomponent compositions based on them.

Considering that the molecular design of SS based on 
components from various structural families can lead to a 
fundamental change in the physical properties of the mate-
rial, we decided to construct a three-component system  
(1 − x − y)NaNbO3–xKNbO3–yCdNb2O6, which was the 
object of research in several of our works.13–15 In this paper, 
we have studied the dielectric spectra of these SS in the range 
(10 ÷ 900) K. This topic is of particular interest for prac-
tical applications, and in particular, polar dielectrics used 

in electronic products when exposed to alternating electric 
fields of various frequencies at temperatures close to helium 
(active exploration of outer space) and extremely high.

2.  Objects and Methods of Research

2.1.  Objects of research

The objects of the study were SS systems (1 − x − y)NaNbO3–
xKNbO3–yCdNb2O6 y = 0.075, x = 0.05 ÷ 0.30, Δx = 0.05.13 
Reagent-grade sodium hydrocarbonate (NaHCO3, 99%), potas-
sium hydrocarbonate (KHCO3, 99%), niobium (Nb2O5, 99%) 
and cadmium (CdO, 99%) oxides were used as raw materials 
(LLC “Rostechnohim”, Rostov-on-Don, Russia). The samples 
were obtained by solid-phase synthesis in two stages and sin-
tered using conventional ceramic technology with elements of 
grain landscape texturing (Tsynth.1 = 1220 K, τ = 5 h, Tsynth.2 = 
1240 K, τ = 10 h; Tsint = 1145 ÷ 1200 K, τsint = 2 h).

Sintered ceramic blanks were subjected to mechanical 
processing (cutting along the plane, grinding along flat sur-
faces and ends) in order to obtain measuring samples of Ø10 
mm × 1 mm. Before metallization, the samples were calcined 
at a temperature Tcalc. = 770 K for 0.5 h to remove organic 
matter residues and degrease surfaces in order to increase 
the adhesion of the metal coating to ceramics. The electrodes 
were applied by double firing a silver-containing paste at a 
temperature of 1070 K for 0.5 h.
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2.2.  Research methods

The temperature dependences of the real and imaginary parts 
of the relative complex permittivity ε*/ε0 = ε′/ε0 − iε″/ε0 (ε0 = 
8.75⋅10−12 F/m is the dielectric constant) at T = (300–900) K 
and the frequency range f = 25 ÷ 106 Hz were carried out on 
unpolarized samples using a measuring stand based on the 
Agilent 4980A LCR meter.

In the temperature range (10 ÷ 330) K, the latter were 
measured using a precision impedance analyzer (model 6500 
B, Wayne Kerr Electronics, Great Britain). The samples were 
cooled using a closed-type helium refrigerated cryostat CCS-
150 (model 22, manufactured by Janis Research Company, 
USA). Temperature control was carried out by means of the 
LakeShore 331 temperature controller, which allows keeping 
the set temperature with an accuracy of ± 0.01 K. During the 
measurement, the samples were in the vacuum chamber of 
the cryostat, and the vacuum was created by the turbomolec-
ular pump Boc Edwards.

3.  Experimental Results and Discussion

Figure 1 shows the dependencies ε′/ε0(f, T) for T = (10 ÷ 
900) K, built on the basis of this work and combined with 
the results.13

All the studied SS at the Curie temperature (TC) are char-
acterized by the formation of a maximum of ε′/ε0, which has 

Fig. 1. Dependencies ε′/ε0(T) SS of the system (1 – x − y)NaNbO3–
xKNbO3–yCdNb2O6 with y = 0.075, x = 0.05 ÷ 0.30 T = (10 ÷ 900) 
K and f = (1000 ÷ 500000) Hz.

Fig. 2. Dependencies ε′/ε0 (T), ε″/ε0 (T) SS of the system (1 − x − y)NaNbO3–xKNbO3–yCdNb2O6 with y = 0.075, x = 0.05 ÷ 0.30 T = (10 ÷ 
330) K and f = (1000 ÷ 1213000) Hz.
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a relaxation character, characterized by a shift of ε′/ε0 towards 
higher temperatures with an increase in f.

At the same time, the weak dispersion ε′/ε0 is noticeable 
to the left of TC, increases in TC and disappears to the right 
of it up to T~550 K. It should be noted that an increase in 
the content of KNbO3 (x > 0.15) leads to a gradual blur in 
a wide temperature range of maximum ε′/ε0 at TC, with a 
noticeable dispersion before TC, at the time of TC and after 
TC and an increase in ε′/ε0. Attention is drawn to the fact of 
the occurrence of the anomaly ε′/ε0 in the temperature range 
(~630 ÷ 900) K: A rapid increase of ε′/ε0 at f = 1000 Hz. The 
observation is associated with a change in the valence state of 
niobium ions (Nb4+ → Nb5+). In addition to the main extre-
mum ε′/ε0 at TC, at T ~ 270 K, a small local maximum ε′/ε0 
is formed (Figs. 1(a) and 1(b)), which gradually erodes as x 
increases and forms an inflection point (Figs. 1(c) and 1(d)). 
The low-temperature range is discussed in more detail below.

Figure 2 shows the dependences of ε′/ε0(f, T) and ε″/ε0(f, 
T) of the studied SS in the cooling mode at T = (10 ÷ 330) 
K. Inserts (Figs. 2(a) and 2(c)) show the forward and reverse 
course of the dependence ε′/ε0(f, T).

It is established that the change of ε′/ε0(T) and ε″/ε0(T) 
occurs according to the exponential law. However, it is nec-
essary to highlight the following features. In SS with x = 0.05 
(T ~ (275 ÷ 300) K) and x = 0.10 (T ~ (260 ÷ 270) K), the 
formation of dependence maxima ε′/ε0(T), ε″/ε0(T), which are 
characterized by a shift to the region of higher temperatures 
with an increase in f, respectively, was revealed.

In SS with x = 0.20, the formation of three regions char-
acterized by different rates of change of the dependences ε′/
ε0 and ε″/ε0 was revealed (Fig. 2(c)). Thus, in the interval 
T ~ (270 ÷ 330) K, a decrease in ε′/ε0 occurs, while a plat-
form section is characteristic for ε″/ε0; at T ~ (175 ÷ 270) 
K, an increase in the rate of change of both dependencies 
is observed; in the range T ~ (10 ÷ 175) K, the angles of 
inclination ε′/ε0 and ε″/ε0 are significantly reduced. In SS with 
0.25 ≤ x ≤ 0.30 (Figs. 2(d) and 2(e)), there is no formation of 
anomalies in the entire temperature range studied.

It is found that for SS with x < 0.25, a weak dispersion of 
ε′/ε0 and ε″/ε0 is present up to T ~ 200 K. In the temperature 
range T ~ (150 ÷ 200) K, its gradual decrease occurs, after 
which the dispersion of these dependencies is practically not 
observed. In SS with 0.25 ≤ x ≤ 0.30, this anomaly is absent 
in the entire temperature range of the research.

The revealed characteristics in SS with x = 0.05 ÷ 0.10 
at ~275 K were checked for the presence of relaxation pro-
cesses. Figure 3 shows that in SS with x = 0.05 ÷ 0.10, the 
dependence ε′/ε0(ω) decreases monotonically up to ω ~ 106 as 
the frequency increases. In SS with x = 0.05, a similar behav-
ior is characteristic of ε″/ε0(ω). At x = 0.10, ε″/ε0(ω) increases, 
reaching a maximum value at ω ~ 106.

The dependences ε″/ε0(ε′/ε0) have a power-law character of 
behavior at x = 0.05 and exponential at x = 0.10, which does 
not correspond to any of the distributions of the relaxation 
process theory. All of the above indicates that ferroelectrics 

x = 0.05 ÷ 0.10 in the temperature ranges (258 ÷ 271) K and 
(300 ÷ 304) K are not relaxors. The fact that the maxima of 
the values ε′ and ε″ shift in temperature depending on fre-
quency may indicate a crystallographic disorder at the A and 
B positions of the SS.

The observed formation of a maximum on the depen-
dences ε′/ε0(T) and ε″/ε0(T) with a low content of KNbO3 
and its gradual disappearance with an increase in the con-
tent of this component is probably due to the suppression 
of R→O.11,12 However, this assumption requires additional 
radiographic studies.

4.  Conclusions

(1) The dielectric spectra SS of the system (1 − x − y)- 
NaNbO3–xKNbO3–yCdNb2O6 with y = 0.075, x = 0.05 ÷ 
0.30 have been investigated in the low-temperature range 
(10 ÷ 900) K.

(2) It is established that in the range (260–300) K, at 
first, at small values of x, a small local maximum is 
formed, which gradually (as the system is enriched with 

Fig. 3. The dependences ε′/ε0(ω), ε″/ε0(ω) and ε″/ε0(ε′/ε0) of the SS 
system (1 − x − y)NaNbO3–xKNbO3–yCdNb2O6 with y = 0.075, 
(a) x = 0.05 in the temperature range (258 ÷ 271) K (b) x = 0.10 in 
the range (300 ÷ 304) K.
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potassium niobate) erodes and turns into an inflection 
point at significant concentrations of KNbO3.

(3) In SS with x = 0.05 ÷ 0.10, a shift of the maxima of the 
dependences ε′/ε0(T) and ε″/ε0(T) depending on the fre-
quency of the electric field in the temperature ranges  
(300 ÷ 304) K and (258 ÷ 271) K, respectively, was revealed, 
which are not associated with relaxation. Presumably, this 
is due to crystallographic disorder at the A and B positions.

(4) In the SS with x = 0.20, the formation of three regions 
characterized by different rates of dependence changes 
at temperatures of 270 K and 175 K. These anomalies 
are probably caused by structural instabilities present in 
this object.

The obtained results should be taken into account when 
developing piezotechnical devices for various fields of their 
application, including in the range of extremely low and high 
temperatures.
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