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Broadband dielectric spectroscopy was used to study potassium niobate (KN) and barium titanate (BT) core–
shell-like composites. KN shell was obtained using a solvothermal reaction method. High frequency results show 
a huge anomaly that is associated with electro-mechanical coupling. We tried to extract spontaneous polarization 
values using a theoretical model. We also observed little or no evidence of KN-related phase transitions in the dielec-
tric spectra, although infrared measurements showed typical KN spectral features. Furthermore, we show that a small 
change in the sintering process allows tuning of dielectric permittivity by an order of magnitude.
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1. Introduction

Piezoelectric materials play an important role in 
our everyday electronic devices. Pb(ZrxTi1–x)O3 
(PZT) is one of the most widely used piezoelectric 
materials due to its high dielectric and piezoelec-
tric constant and ability to operate in a wide tem-
perature range [1]. In last few decades, numerous 
studies showed a high toxicity of lead to the en-
vironment and health [2–4]. New restrictions are 
formed on the  national level all over the  world, 
limiting the use of lead in certain fields [5, 6]. As 
a result, a lot of research on lead free piezoelectric 
solid solutions such as NaxBi1–xTiO3, KxNax–1NbO3, 
BixNa1–xTiO3, yBixNa1–xTiO3–(1–y)BaTiO3 and 
(1–x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 [7–11] has 

been done. Yet, compared to PZT solid solutions, 
their dielectric and piezoelectric properties are 
still poor. As reported by others [12, 13], the na-
ture of PZT exceptional properties is related to 
the  morphotropic phase boundary (MPB). MPB 
is a structural phase transition due to the change 
of composition. In this region, an increase in 
piezoelectric properties is often observed. Cur-
rent research on lead free piezoelectric materi-
als is focused on preparing systems with MPB. 
In this case, both compositions must dissolve in 
each other to create a  solid solution, and not all 
MPBs exhibit superior piezoelectric properties. 
However, a  different approach can be used, that 
allows a much broader selection in compositions, 
where it is not required that compounds dissolve 
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in each other. It is possible to create similar condi-
tions as in MPB by forming a bulk hetero-epitaxial 
interphase [14, 15]. In such system, a thin layer of 
a shell compound surrounds and stresses the lattice 
of a  core compound that may result in improved 
overall properties. In this paper, we show a  com-
posite structure, where the core phase is stressed by 
the shell phase (a layer, deposited onto the structure 
formed by core material). Our study is focused on 
improving the ferroelectrical properties of barium 
titanate BaTiO3 (BT) by creating stress with the po-
tassium niobate KNbO3 (KN) shell. 

2. Materials and methods

In this study, BT, 0.22KNBT and 0.25KNBT sam-
ples (the number refers to KN/BT molar ratio) were 
prepared in the following steps. The tetragonal BT 
powders (BaTiO3, particle size of approximate-
ly 300  nm, Sakai Chemical Industry) were used. 
The BaTiO3 powders were mixed with ethanol and 
an organic binder, poly(vinyl butyral) (the average 
polymerization degree of 1000, Wako Pure Chemi-
cal Industries), making 2 wt% of BaTiO3 powders, 
and dried at room temperature. The resultant pow-
ders were sieved and pressed into a green compact 
using a uniaxial press at 250 MPa. The binder was 
burned out at 600°C for 10  h. To promote neck-
ing of BaTiO3 particles, these compacts were sin-
tered at 1000°C for 2 h in air. The BaTiO3 compacts 
with a necking structure were immersed in 5.2 M 
niobium pentaethoxide (Nb(OC2H5)5, 99.99%, 
Kojundo Chemical Laboratory) ethanol (EL grade, 
Kanto Chemical) solution in N2 atmosphere. These 
compacts were then immersed in water at 20°C 
for 6  h to facilitate hydrolysis and condensation 
of Nb(OC2H5)5, and niobium hydroxide gels were 
formed inside the BaTiO3 compacts. After drying 
at room temperature, the BaTiO3 compacts with ni-
obium hydroxide gels were heated at 600°C for 5 h. 
The amount of the Nb source added to the BaTiO3 
compacts was controlled by the number of cycles 
of the immersion and the subsequent heating pro-
cedures. The resultant niobium oxide/BT compact 
was placed in a Teflon container filled with KOH 
(UGR grade, Kanoto Chemical) and K2CO3 (UGR 
grade, Rare Metallic) ethanolic solution (KOH/
K2CO3 = 0.22, [K+] = 1.0 M). The K/Nb atomic ratio 
was fixed to 10. Then, the solvothermal treatment 
was carried out at 230°C for 20 h in an autoclave. 

After the  solvothermal treatment, the  compacts 
were washed with ethanol and dried at 200°C for 
5 h. The composition ratio of the obtained KN/BT 
complex ceramics was calculated based on mass 
changes due to the complete conversion reaction of 
Nb2O5 into KN. In this study, we prepared the KN/
BT complex ceramics with the composition ratio of 
KN/BT = 0.22 and KN/BT = 0.25, which were ob-
tained by repeating for 3 and 5 cycles of the immer-
sion and the  subsequent heating procedures, and 
subsequently these samples were named through 
this manuscript as 0.22KNBT and 0.25KNBT, re-
spectively. We also investigated the sintered BaTiO3 
(BT) compact with a necking structure as a refer-
ence sample. Additional information can be found 
elsewhere [14, 15].

Dielectric measurements were performed at 
100–500  K temperature and in the  102–1011  Hz 
frequency range. The  samples were polished and 
washed in acetone using an ultrasonic bath, and 
then parallel electrodes were made using silver 
paste. At the lowest frequencies (20–106 Hz), a flat 
capacitor method and a  precision LCR meter 
HP4284A were employed. For higher frequency 
data (106–109 Hz), a coaxial line was terminated by 
a flat capacitor – the complex reflection coefficient 
was measured using an Agilent 8714ET vector net-
work analyzer. And for highest frequencies, dielec-
tric rods were made. The  samples were placed in 
a waveguide system, and then reflection and trans-
mission were measured using an Elmika scalar net-
work analyzer R2400. Dielectric permittivity was 
obtained by solving the optimization problem. Di-
electric hysteresis was obtained using an aixACCT 
TF Analyzer 2000E system. All measurements were 
performed during the cooling cycle at 1 K/min rate, 
with a T type thermocouple or a PT100 tempera-
ture sensor.

3. Dielectric spectra

Dielectric measurements of BT, 0.22KNBT and 
0.25KNBT systems were performed. Temperature 
dependences of 0.25KNBT at different frequencies 
are shown in Fig. 1. Here, three anomalies are ob-
served and these anomalies coincide with the phase 
transitions in barium titanate at temperatures of 
203, 278 and 393 K [17]. However, the same results 
show no sign of potassium niobate phase transi-
tions at temperatures of 263 and 481 K, although 
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infrared measurements showed the evidence of KN 
phase (see Fig. A1 in the Appendix).

There could be several reasons why we have 
a  low contribution to dielectric permittivity from 
the  KN phase. First of all, KN could have a  high 
concentration of defects as it was obtained during 
the solvothermal reaction [18]. Moreover, the crys-
tallite sizes of KN are around 50 nm and, consider-
ing the size effect, the dielectric permittivity should 
be low [19]. Thus, the phase transitions might be 
screened by extrinsic effects. 

Furthermore, frequency dependences of com-
plex dielectric permittivity (Fig.  2) were approxi-
mated using the  superposition of several Cole–
Cole functions [20]:
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Here, ε∞ is high frequency dielectric permittivity, 
τ is mean relaxation time, ω is frequency, Δε is con-
tribution to dielectric permittivity, and α is param-
eter determining the  breadth of the  distribution 
of relaxation times (α  =  1 means δ-function type 
distribution, α = 0 means infinitely broad distribu-
tion). 

The  results show one clear relaxation with re-
laxation time of 60±12  ps. This relaxation gives 
the  main contribution to dielectric permittivity. 

The  fact that this relaxation time hardly depends 
on temperature strongly suggests that the nature is 
related to acoustic resonance. In short, as the  fer-
roelectric domain wall moves, it emits Barkhausen 
acoustic noise [21], which can resonate in the grain 
or in a grain cluster; as BT is piezoelectric, the re-
sponse can be seen in dielectric spectra. Alterna-
tively, a  uniformly polarized grain can contribute 
to the dielectric permittivity via electromechanical 
coupling, with contribution determined by charac-
teristics of the acoustic resonance of the whole grain. 
Assuming the electromechanical mechanism, it is 
possible to calculate the acoustic wavelength from 
the experimental data. It is reported that the veloc-
ity of acoustic waves in BT is around 5.5 km/s [22, 
23]. The calculated half wavelength is 1030±200 nm 
that is in a good agreement with the BT cluster size 
in the 0.25KNBT system (see Fig. A2 in the Appen-
dix). Interestingly, this contribution disappears at 
temperatures above the Curie point, as can be seen 
from Fig. 1 (only relaxation due to Maxwell–Wag-
ner polarisation remains above 400  K). The  same 
happens with the  broad relaxation in frequencies 
of 103–106 Hz. This could indicate that the source 
of the  latter relaxation is domain wall motion in 
BT grains. Similar measurements were done with 
the core–shell samples where BT was replaced with 
strontium titanate (ST). In this case, the dielectric 
data showed no dispersions up to 30  GHz (see 

Fig. 1. Temperature dependence of the  real (a) and 
imaginary (b) parts of dielectric permittivity for com-
posite 0.25KNBT.

Fig. 2. Frequency dependence of the  real (a) and 
imaginary (b) parts of dielectric permittivity for 
0.25KNBT.
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Fig. A3 in the Appendix). This further supports our 
idea of an electromechanical origin of this micro-
wave process observed in KNBT composites.

Moreover, the  BT and 0.25KNBT composites 
have a  similar dielectric permittivity, although 
the  densities are quite different (BT 59.53% and 
0.25KNBT 78.67%). This fact further supports our 
assumption that KN gives almost no contribu-
tion to dielectric permittivity, as the core structure 
of 0.25KNBT was similar to the  pure BT pellet. 
The main difference between the experimental data 
is a higher conductivity for the 0.25KNBT system 
at high (above 450 K) temperatures that could be 
due to defects in the KN structure. Also, a signifi-
cantly lower dielectric permittivity was observed in 
the 0.22KNBT system, that cannot be explained by 
a lower density or low KN contribution (Fig. 3).

The 0.22KNBT and 0.25KNBT have differ-
ent BT structures (see Fig.  A4 in the  Appendix). 
The  0.22KNBT composite has a  necking connec-
tion between grains, and the grains of 0.25KNBT 
composite are merged into bigger clusters. Lower 
dielectric permittivity can be explained using an 
effective medium approach, i.e. the  Lichtenecker 
model [24, 25]:

ε*β = Xε1
β + (1–X)ε2

β, –1 ≤ β ≤ 1. (2)

Here, ε* is effective complex dielectric permittivity, 
X is volume fraction of the first medium, ε1, ε2 are 
dielectric permittivity of media one and two, re-
spectively, and β is parameter describing the struc-

ture of the system: if β = –1, the system is made of 
plates connected in series, and if β = 1, it is made 
of parallel pillars (see Fig.  A5 in the  Appendix). 
In the  0.22KNBT and 0.25KNBT systems, both 
phases percolate, meaning β > 0 [25]. Also, longer 
calcination time results in systems with larger in-
terconnections between grains and a  more pillar-
like structure than a  necking system, this means 
that parameter β is higher for 0.25KNBT than for 
0.22KNBT. It can be mathematically shown that 
for smaller β values the phase with lower dielectric 
permittivity becomes dominant [25].

4. Polarization

The acoustic resonance causes a change in polari-
zation, which gives a rise in dielectric permittivity. 
Arlt et al. have calculated the relationship between 
spontaneous polarization and contribution to di-
electric permittivity in the presence of ferro-elastic 
domains [26]:
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Here, P0 is spontaneous polarization, C55 is (shear) 
elastic constant, ε0 is vacuum dielectric constant, S0 
is spontaneous deformation, ρ is density, and fc is 
mean relaxation frequency. An effective contribu-
tion to dielectric permittivity Δε was obtained from 
Cole–Cole approximations (Fig. 2). To obtain real 
dielectric permittivity Δεr values from the experi-
mental effective ones, we applied the Lichtenecker 
model, with β  =  0.4 [27]. It is worth noting that 
the permittivity ε1 (Δεr = ε1) of the first phase (BT) 
is a  lot higher than that of the second one (air or 
composite of air and KN). In this case, we can as-
sume that the dielectric permittivity of the second 
phase is infinitesimal and can be neglected:
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The obtained evaluation of the real permittivity 
of core material allows us to apply Eq. (3). In our 
work, we replace elastic constant C55 with more gen-
eral Young modulus as in our case we have homo-
geneous ceramic and resonance occurring in grain 
clusters which are randomly orientated. Tempera-
ture dependence of Young modules was taken from 
[28], electrostriction coefficient Q from [29, 30]. 

Fig. 3. Temperature dependence of the real part of di-
electric permittivity for BT, 0.22KNBT and 0.25KNBT 
at 1 MHz frequency.
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Spontaneous deformation can be written as S0 = P0
2Q 

[26]. Using Arlt’s model we have managed to obtain 
the  spontaneous polarization temperature depend-
ence curve that is similar to the experimental curve 
found in literature [31] (Fig. 4).

However, in our case calculations were based on 
ceramic measurements and due to the random rota-
tion orientation of grains, the calculated polarization 
should be around two times lower than in crystals. 
It is reported that at room temperature pure, high 
quality BT crystals have polarization values up to 
26–27 µC/cm2 [26, 32, 33], that is still higher than 
those obtained here by around 15–30% (the double 
value of the obtained polarization at room tempera-
ture is 19–23 µC/cm2).

In order to verify our calculations, hysteresis loops 
measurements were performed in vacuum (pressure 
<10–4 hPa) with 100 kV/cm field for the 0.25KNBT 
and BT systems (see Fig.  A6 in the  Appendix), 
which possess the same structure of the core mate-
rial. The  results showed slim hysteresis loops with 
high back switching and low remnant polarization 
values (4  µC/cm) (Fig.  4), typical of fine grain ce-
ramics [34, 35]. Furthermore, the  P(E) measure-
ments showed high coercive field up to 10 kV/cm, 
that suggests about a high number of deep defects in 

the BT structure, which may pin the domain walls. 
This could explain different results obtained from 
the  calculation and P(E) measurements. Dielectric 
measurements are done with small amplitude sig-
nals, this means that the  domain wall moves just 
slightly, and if the  domain wall is pinned at some 
point, other points of the wall can still move. We can 
imagine the domain wall as a membrane. The mo-
bile sections of domain walls have a small chance to 
move far enough to encounter a new pinning defect. 
On the  other hand, for P(E) measurements high 
fields are applied, in this case domain walls have to 
move huge distances; and if a domain wall is pinned, 
deep defects force the domain wall to move back af-
ter the removal of electrical field, resulting in a low 
apparent remnant polarization [35]. In such case, 
very large fields, which are enough to unpin domain 
walls, are needed to estimate the  true spontaneous 
polarization. Thus, the indirect method to estimate 
the switchable polarization based on dielectric spec-
troscopy has an advantage of being less sensitive to 
pinning defects.

In addition, we observe higher spontaneous po-
larization values for the 0.25KNBT system in both 
cases. There could be several explanations. First of 
all, our calculation shows a lower polarization value 

Fig. 4. Calculated and measured spontaneous polarization values for BT and KNBT sys-
tems. The error bars for measured systems are smaller than experimental points.
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than that found in literature; this could mean that 
there are some domain walls that cannot move at all, 
for instance, the domain wall can be fixed to the BT 
grain boundary surface. If we deposit a film of KN 
on the BT grain, we decrease surface tension on BT 
grains; also, KN could remove the  absorbed mat-
ter on BT. All in all, we change the grain boundary 
condition on the BT surface and some domain walls 
could be unpinned. This theory works for the  re-
sults obtained from P(E) measurements as remnant 
polarization is increased by a  fixed amount in all 
temperature range. For the  calculated polarization 
results, however, it is observed that the  spontane-
ous polarization of 0.25KNBT at temperatures up to 
278 K is equal to that of BT in the margin of error, 
but above that temperature the spontaneous polari-
zation of 0.25KNBT is higher. At 278  K tempera-
ture a  phase transition, from orthorhombic (lower 
temperature phase) to tetragonal, occurs in pure BT. 
Thus, the second explanation could follow: the epi-
taxial KN on the BT surface stresses the BT micro-
scopic structure (especially in the tetragonal phase), 
leading to an increase in the domain wall count and 
spontaneous polarization, similarly as in the systems 
with a morphotropic phase boundary [14]. Possibly, 
the third explanation should be considered: accord-
ing to Ref. [36], enhanced non-180° switching was 
observed in the KN-BT composites, which could be 
the reason of an easy movement of the domain walls 
in a low signal regime. Thus, we obtain a higher con-
tribution to dielectric permittivity, and from Eq. (3) 
a higher switchable spontaneous polarization. This 
explanation seems favourable also due to the  fact 
that at high fields polarization is the  same in both 
0.25KNBT and pure BT, meaning that the value of 
spontaneous polarization has not changed. Interest-
ingly, the high-field value is very similar to that ob-
tained from dielectric data, so the estimate is correct. 
However, the KN shell improves the mobility of do-
main walls, leading to an enhanced electromechani-
cal response. This, in a sense, is the artificial MPB.

5. Conclusions

Based on the  dielectric spectroscopy results, it 
can be concluded that the  main contribution to 
dielectric permittivity in the  microwave region 
comes from the  electro-mechanical resonance in 
BT grains. Lower dielectric permittivity values in 
the  0.22KNBT system were observed due to dif-

ferent BT structure topology. Thus, controlling BT 
structure sizes and topology in the sample during 
the preparation stage allows us to tune the dielec-
tric response of our system. Also, the same results 
show almost no contribution to dielectric permit-
tivity from KN in the 0.25KNBT system.

And lastly, remnant polarization values for 
the composite 0.25KNBT are higher than for the pure 
BT. Several reasons could follow. Firstly, KN on BT 
grains reduces the surface tension or absorbed mat-
ter and reduces the deep defect count which allows 
an easier domain wall movement. Secondly, KN 
stresses the BT microscopic structure, thus increas-
ing the domain wall count similarly as at the mor-
photropic phase boundary. Even though the  first 
explanation cannot be excluded, it is not sufficient. 
Thus, the  second mechanism is needed to explain 
some of the observed experimental results. This can 
be considered an indication of an artificial MPB.
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Appendix

Fig. A1. Infrared spectra show the evidence of potas-
sium niobate (KN) phase in the  0.25KNBT system. 
The  dot-dashed (red online) curve represents pure 
barium titanate (BT) samples. The  frequencies of all 
phonon modes coincide well with works published 
earlier [37]. The black curve shows one additional pho-
non mode which represents the KN phonon mode at 
430 cm–1 [38]. A small gradual reflection intensity de-
crease at higher frequencies is due to porous samples.
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Fig. A2. SEM image of the pure BT structure shows 
closely packed clusters of BT particles. The  sizes of 
clusters are around 1 micron in diameter. In this work 
there were 2 samples with this structure: pure BT and 
KNBT0.25. To obtain KNBT0.25 we submerged pure 
BT pellets into ethanol, KOH, K2CO3 and Nb2O5 solu-
tion for solvothermal solidification reactions.

Fig. A4. SEM image of the pure BT shows a necking 
BT structure. Cluster sizes are around 500–600 nm. 
In this work one sample with this structure is pre-
sented: KNBT0.22. This sample is prepared similarly 
as KNBT0.25 shown earlier.

Fig. A3. Temperature dependences of ε′ of 0.25KNST 
system at different frequencies are on the same curve. 
This means that we have no dispersion in all mea-
sured temperature range. These results supplement 
our earlier statement that there must be piezoelectric 
grains for electrometrical resonance to occur.

Fig. A5. Coarse approximation of the  Lichtenecker 
model. β is a  parameter describing the  structure of 
the system: if β = –1, the system is made of plates con-
nected in series, and if β = 1, it is made of parallel pil-
lars (a). In our case we have a complex intermediate 
structure. In (b) we have compared two systems with 
unbaked (left) and baked (right) grains. We observe 
that the baked system resembles a connected pillar-
like structure.
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Santrauka
Naudojant plačiajuostės dielektrinės spektrosko-

pijos metodikas buvo ištirti kalio niobato (KN), ba-
rio titanato (BT) kevalo ir branduolio kompozitai. Šie 
kompozitai buvo susintetinti solvoterminės reakcijos 
metodu. Dielektriniame spektre, esant aukštiems daž-
niams (108–1011 Hz), stebima didžiulė anomalija, kuri 
siejama su elektromechaniniu rezonansu. Nedidelis 

sintezės proceso pokytis gali daryti įtaką dielektriniams 
spektrams, jis leidžia derinti dielektrinės skvarbos ver-
tes. Taip pat buvo tyrinėjamos spontaninės poliariza-
cijos vertės naudojant teorinius modelius. Galiausiai 
parodoma, kad kevalo ir branduolio kompozitai turi 
aukštesnes spontaninės poliarizacijos vertes.
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