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Abstract Sodium potassium niobate K0.5Na0.5NbO3(KNN)
ceramic was synthesized by a solid-state technique. The X-
ray diffraction of the sample at room temperature showed a
monoclinic phase. The real part (ε′) and imaginary part (ε′′)
of dielectric permittivity of the sample were measured in a
frequency range from 40 Hz to 1 MHz and in a temperature
range from 350 to 850 K. The ε′ deviated from Curie–Weiss
law above 702 K, due to additional dielectric contributions
resulting from universal dielectric response and thermally
activated space charges at high temperatures. This anomaly
arose from a Debye dielectric dispersion that slowed down
following an Arrhenius law. We have established a link be-
tween the dielectric relaxation and the conductivity.

1 Introduction

High permittivity perovskite materials have numerous tech-
nological applications, such as capacitors and memory de-
vices. The permittivity of these materials generally varies
hugely with temperature, a property which is unfavor-
able for many applications due to bad temperature sta-
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bility. Recently, lead-free piezoelectric ceramics have re-
ceived increasing attention from the viewpoint of envi-
ronmental protection on the earth. Sodium potassium nio-
bate, K1 − xNaxNbO3-based ceramics are one of the most
promising alternative systems to lead-based ceramics [1, 2].
Compounds in K1−xNaxNbO3 system are isostructural with
KNbO3 and NaNbO3 [3]. The compound K0.5Na0.5NbO3

(KNN) lies near a morphotropic phase boundary between
two orthorhombic phases in the KNbO3–NaNbO3 pseudobi-
nary system [4, 5]. KNN has an orthorhombic–tetragonal
transition at ∼200°C and a tetragonal–cubic transition at
∼400°C [6].

The dielectric properties of KNN-based ceramics at
high temperatures are rarely studied due to the large di-
electric loss, and few high temperature applications. How-
ever, the benefit of high temperature dielectric investiga-
tion is the ability to distinguish a material’s space charge
and defects/carriers contributions which are resolved in
impedance measurements [7–9]. Furthermore, these con-
tributions can vary significantly with preparation condi-
tions, chemical modifications as well as the measurement
of temperature range [10–15]. An ideal ferroelectric, such
as Na0.5K0.5NbO3 (KNN) should be a good electrical in-
sulator, and its dielectric permittivity follows Curie–Weiss
law above Curie temperature. However, there is a more com-
plex reason for the decrease in insulating properties. Various
relaxation processes seem to coexist in real KNN ceram-
ics, which contain number of different energy barriers due
to point defects (cation and oxygen vacancies) appearing
during technological process. The value of relaxation fre-
quency may range from low to high frequencies depending
on the type of chemical or physical defects related to the
dipoles considered. As a result, defects may cause modifi-
cations of the short and/or long-range interactions in inor-
ganic ferroelectrics [16]. An analysis of these contributions
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provides valuable information that allows effects to be sep-
arated [17, 18].

In the present work, we have carried out extensive and
systematic studies on dielectric properties of KNN syn-
thesized by a solid-state technique. An analysis of the di-
electric and conductivity both as a function of temperature
and frequency were carried out on KNN ceramics using an
impedance analyzer. The respective data were analyzed by
the augmented Jonscher relation and the Arrhenius law. The
results are discussed in light of inadvertent contributions of
universal dielectric response and thermally activated space
charges to high temperature dielectric response in KNN ce-
ramics.

2 Materials and methods

Carbonates and oxides Na2CO3, K2CO3·1.5H2O and
Nb2O5 were used as starting materials. Perovskite NKN
powder was obtained by milling 450 rpm for 2 h and then
calcined at 850°C for 2.5 h. The calcined powder was
pressed into discs uniaxially of 10 mm in diameter and 2 mm
in thickness under 300 MPa and then pressed under 650 MPa
with a cool isostatic pressing method. The discs were sin-
tered at 1090°C for 4 h in an alumina crucible.

X-ray diffraction patterns were obtained using an au-
tomated diffractometer (XRD; SIEMENS D5000) with
Cu Kα1 radiation. Both sides of the samples were sput-
tered gold electrodes. Electrical properties measurement
was taken with an applied voltage of 500 mV over the fre-
quency range 40 Hz to 5 MHz from 350 K to 850 K with an
impedance analyzer (Agilent 4294A).

3 Results and discussion

Figure 1 shows the x-ray-diffraction pattern of the sample
taken at room temperature. All the reflection peaks of the x-
ray profiles were indexed, and lattice parameters were deter-
mined using the least-squares method with the help of Full-
Prof software. A good agreement between the observed and
calculated interplaner spacings (d values) suggests that the
compound is having a monoclinic structure and Pm space
group (SG no 6) at room temperature with β = 90.3302,
a = 4.0032 Å, b = 3.9452 Å, and c = 4.0032 Å.

For a normal ferroelectric, such as pure BaTiO3, the
Curie–Weiss law is satisfied above the Curie tempera-
ture, TC:

1

ε′ = (T − TCW)

C
(1)

where TCW is the Curie–Weiss temperature, and C is the
Curie constant. The reciprocal of dielectric permittivity at

Fig. 1 X-ray powder diffraction pattern obtained at room temperature
for KNN and indexed with monoclinic indices

Fig. 2 Temperature dependence of 1000/ε′ of KNN ceramics at
1 kHz. The solid straight line is the best fit according to (1); Tem-
perature dependence of the dielectric permittivity of KNN at 1 kHz
(inset)

1 kHz as a function of temperature for the KNN ceramics
is shown in Fig. 2. Inset shows the temperature dependence
of the dielectric permittivity of KNN at 1 kHz. Here, the
TC of KNN is observed to be 660 K. It can be seen that
the dielectric permittivity follows the Curie–Weiss law well
at temperatures near TC. A deviation occurs at higher tem-
peratures (T > 702 K), due to additional dielectric contri-
bution resulting possibly from universal dielectric response
and thermally activated space charges at high temperatures.

In many relaxor ferroelectrics [19], such as BaZr1 − x

TixO3 [20, 21], BaSn1 − xTixO3 [22, 23] and PbMg1/3

Nb2/3O3 [24, 25], the dielectric dispersion slope of per-
mittivity maximum at the high temperatures (T > Tm) is
very weak in comparison with the relaxation at T < Tm.
Bokov and Ye [26–29] first found that the dielectric dis-
persion in PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT) exactly fol-
lows the universal dielectric response law at the tempera-
tures above Tm. Figure 3 shows the frequency dependence
of the real and imaginary part of the dielectric permittivity
of KNN above TC(Tm = TC for normal ferroelectric KNN).
The ε′(f ) significantly decreases with increasing frequency
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Fig. 3 Frequency dependences of the real part ε′ (a) and imaginary
part ε′′ (b) of dielectric permittivity of KNN at various temperatures

Fig. 4 Frequency dependence of the real part of ac conductivity of
KNN. The solid lines are the fit according to (3). The inset shows the
evolution of the exponent s

while it increases apparently with the increase in tempera-
ture below ∼10 kHz. In contrast, the dielectric permittivity
of KNN weakens with the increase in temperature at high
frequency. It can be considered that dielectric diffuses at low
frequency and high frequency arise from thermally activated
space charges and thermally assisted tunneling process, re-
spectively. As can be seen in Fig. 3b, the ε′′(f ) related to
the relaxation process also decreases monotonically with
increasing frequency at low frequencies (guided by solid
lines), which is more clearly shown in the ac conductivity
plots.

The frequency-dependent conductivity is given by

σ ′ = ε0ε
′ω tan δ (2)

Here, σ ′ is the real part of ac conductivity. Figure 4 displays
the frequency dependence of the real part of ac conductiv-
ity of KNN at various temperatures. The conductivity shows
a dispersion which shifts to the higher-frequency side with
the increase of temperature. It is seen from Fig. 4 that σ ′ de-
creases with decreasing frequency and becomes independent

Fig. 5 Arrhenius plot of the dc conductivity of KNN. The squares are
the experimental points and the solid line is the least-squares straight–
line fit

of frequency after a certain value. Extrapolation of this part
toward lower frequency will obtain direct current conductiv-
ity (σdc). Obviously, it could be described by the so-called
“universal dielectric response” law

σ ′(f ) = σdc + σ0f
s (3)

where σdc is the dc bulk conductivity and f is the fre-
quency. Equation (3) is typical of thermally assisted tunnel-
ing between localized states. This law describes one phe-
nomenon that is associated with many-body interactions be-
tween charges and dipoles. By using (3), we get the expo-
nent s as shown in the inset of Fig. 4. It can be found that s

decreases rapidly with increasing temperature below 822 K,
above which it gets to a plateau value. This result agrees
well with Fig. 3a, i.e., the thermally assisted tunneling will
weaken at high temperature. Moreover, it is suggested that
the value of dielectric permittivity contributed by the univer-
sal relaxation process is much less than the thermally acti-
vated space charges at high temperatures.

The temperature variation of σ dc thus obtained follows
the Arrhenius law given by

σdc = T −1σ0 exp

(
−Econ

kBT

)
(4)

with activation energy Econ = 1.11 eV, as shown in Fig. 5.
Figure 6 shows a complex-plane impedance plot, Z∗ plot

of KNN, plotting the imaginary part Z′′ against the real
part Z′. Only one arc for each temperature and a approach-
ing zero intercept in horizontal (inset) are presented. Stumpe
et al. [30] reported that dielectric relaxation occurred in
the temperature range 600–950 K for SrTiO3 and 700–
1100 K for BaTiO3. They considered these relaxations as
the combined effect of bulk and surface properties, namely,
Maxwell–Wagner polarization. The Maxwell–Wagner effect
or interfacial phenomena model [31] was usually adopted
to explain the dielectric relaxation with extremely high per-
mittivity. Such material consisted of grains separated by
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Fig. 6 Complex-plane impedance plots for KNN at different temper-
atures. The inset shows an expanded view of the high-frequency data
near the origin

Fig. 7 Normalized imaginary parts, Z′′/Z′′
max of impedance as a func-

tion of frequency

more insulating inter grain barriers. Therefore, for a bulk
crystal containing interfacial boundary layers, the equiva-
lent circuit may be considered as two parallel RC elements
connected in serial and giving rise to two arcs in complex
plane: one for the bulk crystal (grain) and the other for the
interfacial boundary (grain-boundary) response. However,
the electrically heterogeneous in KNN have not been found
since the impedance data show only a large arc with a ∼zero
high frequency intercept. It is suggested that the high tem-
perature dielectric relaxation does not arise from heteroge-
neous medium effect (described under the Maxwell–Wagner
model).

Maglione et al. [32] reported dielectric relaxation phe-
nomena in many perovskite materials, such as in CaTiO3-,
BaTiO3-, and PbTiO3-based systems. They found that the
dielectric relaxation was closely related to the oxygen va-
cancies in these samples. The activation energy for dielec-
tric relaxation is around 1.17–1.48 eV, and the activation
energy of conduction is in the range of 1.07–1.31 eV, for
PbTiO3 doped with La. The activation energy for conduc-
tion of KNN is consistent with this range.

Fig. 8 Temperature dependence of the most probable relaxation fre-
quency obtained from the normalized imaginary part of impedance
plots for KNN. The squares are the experimental points and the solid
line is the least-squares straight-line fit

The normalized imaginary parts Z′′/Z′′
max of impedance

as a function of frequency in KNN at several temperatures
was shown in Fig. 7. It seems from the figure that at high
temperature triggers a relaxation process. The Z′′/Z′′

max pa-
rameter exhibits a peak with a slightly asymmetric degree at
each temperature especially at higher temperatures. At the
peak, the relaxation is defined by the condition

ωmaxτmax = 1 (5)

where τmax is relaxation time. The relaxation frequency in
Fig. 8 obeys the Arrhenius relation given by

ωmax = ω0 exp

[
− Erel

kBT

]
(6)

where ω0 is preexponential factor. The activation energy
Erel calculated from the ln ωmax − 1000/T data. The cal-
culated activation energy and preexponential factor of KNN
are 1.49 eV and 4.29 × 1013 Hz, respectively.

It is observed that the activation energy for relaxation fre-
quency of charge carriers is more than that for the activa-
tion energy for conduction. It is known that the activation
energy for conduction (Econ) is the sum of both the cre-
ation of charge carriers and migration or hopping free en-
ergy of charge carriers over a long distance while the activa-
tion energy for relaxation frequency of charge carriers (Erel)

is equal to the migration free energy of charge carriers and
hopping of these charge carriers between the adjacent lattice
sites [33]. The activation energy for relaxation and the acti-
vation energy of conduction are consistent with those activa-
tion energies of oxygen vacancies in perovskite. Similarly to
modified lead zirconate titanate ceramics, the KNN ceram-
ics are considered as materials with p-type conductivity due
to the high volatility of the sodium/potassium oxide during
the applied heat treatments at high temperatures [34]. This
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phenomenon provides sodium/potassium and oxygen vacan-
cies. It is known that cation vacancies are quenched defects
at low temperatures and such vacancies could become mo-
bile at higher temperatures, with high activation energy val-
ues (>2 eV) [35]. Oxygen vacancies have reported activa-
tion energies in the range 0.3–0.5 eV for single-ionized oxy-
gen vacancies and 0.6–1.2 eV for doubly-ionized oxygen va-
cancies, respectively [36–41].

As a consequent, there is a probability of formations of
double ionized oxygen vacancy with the release single/two
electrons due to heating the samples at elevated tempera-
tures according to the Kroger–Vink notation as given be-
low [42].

V ′
O = V ′′

O + e′ or VO = V ′′
O + 2e′ (7)

where VO is the loss of lattice oxygen, V ′
O or V ′′

O is the pres-
ence of oxygen-ion vacancy and e′ is the electron released
or captured.

Oxygen vacancies facilitate the appearance of dipoles
formed with an adjacent host ion and enlarge the rattling
space available for dipole vibration, which as a consequence
leads to the short-range hopping of the ions and gives rise
to relaxation. Besides, the oxygen ion jumps, between the
vacancies, are considered to be responsible for the transition
from short-range to long-range hopping and may explain the
marked ionic conductivity.

4 Conclusions

We have evidenced a diffuse dielectric anomaly in KNN
above Curie temperature. The high-temperature dielectric
anomaly resulting from thermally activated space charges
and thermally assisted tunneling process was investigated.
This anomaly arose from a monodispersive Debye-type di-
electric relaxation. The value of dielectric permittivity con-
tributed by the universal relaxation process is much less
than the thermally activated space charges at high tempera-
tures. Increasing the temperature resulted in an acceleration
of the space-charge relaxation, which leaded to an increase
of both the conductivity and the dielectric relaxation ampli-
tude. Moreover, the relaxation rate followed the same ther-
mally activated law as the dc conductivity.
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