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rmal dielectric relaxation behavior
in KTaO3 ceramics
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KTaO3 ceramic samples were prepared via a conventional solid state reaction route. The dielectric

properties of KTaO3 were investigated in temperatures from room temperature to 1000 K and the

frequency range of 102–106 Hz. The sample exhibits an abnormal dielectric behavior contrary to the

traditional thermally activated behavior in the temperature range below 450 K. Our results revealed that

the sample was very sensitive to humidity, leading to a metal-insulator transition (MIT) at 473 K. It is the

positive temperature coefficient of resistance of the MIT that results in the abnormal dielectric behavior.

When the temperature is higher than 500 K, the sample shows two normal dielectric relaxations

following thermally activated behavior. The low- and high-temperature relaxations were argued,

respectively, to be related to dipolar relaxation and Maxwell–Wagner relaxations due to oxygen

vacancies hopping inside grains and then being blocked by grain boundaries.
1. Introduction

KTaO3 (KT for short) has been well-known as one of prototype
incipient ferroelectric material, whose dielectric constant
continuously increases with decreasing temperature and nally
saturates to a plateau of�4000 at low enough temperatures (<10
K). This feature makes KT suitable for low-temperature appli-
cations. Due to this, a plethora of experimental and theoretical
investigations have been performed on the low-temperature
dielectric properties of KT.1–10 Among perovskite materials, the
appealing dielectric properties of low dielectric loss and rela-
tively high dielectric permittivity for KT make it attractive for
study as a promising microwave material.11–14 On the other
hand, KT crystal has highly polarizable lattice, which allows
strong interaction of impurity-induced dipoles leading to dipole
glass state15 and even to ferroelectric phase transition.16,17

Therefore, much attention has been paid to investigate the
dielectric properties of KT induced by alien impurities.18–24

However, compared with alien defects, the ubiquitous native
point defects—oxygen vacancies (VOs) are widely known to be
the “culprit” for various properties of perovskite oxides.25 In
particular, VOs are capable to induce a polarized state in KT due
to lattice distortion, as reported in other perovskites.26,27 Addi-
tionally, the migration and redistribution of VOs have been re-
ported to play an important role in the degradation of
ferroelectric devices.7,28 Therefore, fundamental knowledge of
this kind of point defects in KT is of paramount importance.
There are a number of theoretical reports concerning the VOs in
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ail: ccwang@ahu.edu.cn

87
KT.29–31 In contrast to the theoretical work, only a few experi-
mental studies on this respect were performed in thin lm
system.32,33 To date, however, there is a notable lack of experi-
mental work on VOs in ceramic KT.

Since VOs are active at high enough temperatures, we herein
performed detailed investigations on high-temperature (300 to
1080 K) dielectric properties of KT ceramics aiming at under-
standing the dynamic features of VOs in this material. We
observed abnormal dielectric behavior around room tempera-
ture and two oxygen-vacancy-related dielectric relaxations at
high temperatures. The mechanisms of these dielectric
phenomena were discussed.
2. Experimental details

KT ceramic samples were prepared by the conventional solid-
state reaction method as reported in ref. 34. The raw mate-
rials used in this work are K2CO3 (99.99%), Ta2O5 (99.99%),
which were stored at 473 K for 10 h to completely remove any
absorbed water. Stoichiometric powders were thoroughly mixed
for 2 hours using a mortar and then calcined at 1100 K for 8 h.
The resultant mixture was reground, pressed into pellets with
a size of 14 mm in diameter and 1–2 mm in thickness and
nally sintered at 1523 K for 2 h. Phase purity of the sintered
pellets was characterized by X-ray powder diffraction (XRD)
performed on a Rigaku SmartLab diffractometer (Rigaku Bei-
jing Co., Beijing, China) with Cu Ka radiation. Dielectric prop-
erties in both temperature and frequency domains were
measured using a Wayne Kerr 6500B precise impedance
analyzer (Wayne Kerr Electronic Instrument Co., Shenzhen,
China) with the sample mounted in a holder placed inside
This journal is © The Royal Society of Chemistry 2017
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a PST-2000HL dielectric measuring system (Partulab Co.,
Wuhan, China). The temperature domain dielectric properties
were measured at xed frequencies by varying temperature with
a heating ramp of 2 K min�1. The frequency domain dielectric
properties were measured at xed temperatures by scanning
frequency from 102 to 106 Hz. The ac measuring signal was
100 mV. Electrodes were made by printing silver paste on both
sides of the disk-type samples. Annealing treatments were per-
formed at 1073 K for 2 h in high purity (>99.99%) O2 or N2 with
a owing rate of 200 mL min�1.
3. Results and discussions
3.1 Structure and microstructure characterization

Fig. 1 shows the typical room-temperature XRD pattern of KT
ceramic sample in the 2q range of 20 to 80�. The pattern can be
indexed based on a cubic structure with Pm�3m space group
Fig. 1 The XRD pattern of the KT sample recorded at room temper-
ature. The insert shows SEM surface morphology.

Fig. 2 The dielectric properties of KT measured in the cases of as-prepa

This journal is © The Royal Society of Chemistry 2017
(JCPDS le no. 77-0918). No impurity phases were observed
indicating the sample was identied to be single phase within
the resolution of the equipment. The SEM image of the surface
morphology of KT was shown in the insert of Fig. 1. It can be
seen that the sample presents relatively uniform surface struc-
ture composed of particle with an average size about 0.5–1 mm
together with small pores (with the size less than 0.5 mm).
3.2 Normal dielectric behavior of ceramic KT

Fig. 2 summarizes the dielectric properties of a same KT pellet
measured in the cases of as-prepared (a–c), aer being annealed
in O2 (d–f), and N2 (g–i) atmospheres. In the as-prepared case,
the temperature (T) dependence of the dielectric constant, 30(T),
exhibits two weak step-wise increases as indicated by the arrows
[Fig. 2(a)]. Since the step-wise increase in 30(T) is always asso-
ciated with dielectric relaxation, the nding implies that there
might be two relaxations in the sample. However, the dielectric
loss tangent, tan d(T), shows a broad shoulder without no clear
signals of relaxation [Fig. 2(b)]. This result indicates that the
relaxations might be shadowed by background. In order to
eliminate the background, the dielectric function of electric
modulus, dened as M* ¼ M0 + jM00 ¼ 1/3* is applied. It was
reported that the electric modulus could effectively disclose the
relaxation obscured by the background.35 Fig. 2(c) shows the
temperature dependence of the electric modulus. From which
two dielectric regions (I and II) can be classied. In region I,
owing to the absence of background, the modulus spectra,
M00(T), reveal a set of pronounced relaxation peaks. The peak
position shis to higher temperature as the measured
frequency increases indicating that the relaxation follows
a thermally activated behavior. In region II, M00(T) also shows
a set of relaxation peaks. However, contrary to the thermally
activated behavior, the peak position moves to lower
red (a–c), after being annealing in O2 (d–f), and N2 (g–i) atmospheres.

RSC Adv., 2017, 7, 50680–50687 | 50681

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09866a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
7:

46
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
temperature as the measuring frequency increases. To clearly
discuss the different dielectric behaviors, the relaxation in
region I is named as normal dielectric relaxation (NDR),
whereas the relaxation in region II is named as abnormal
dielectric relaxation (ADR). In this section, we focus on the
mechanism of the NDR. The physics of the ADR will be dis-
cussed in next section.

The NDR appears in the temperature range of T > 420 K. It
has been reported that relaxations in perovskites in this high
temperature range are exclusively related to VOs.36 To clarify this
point, the same pellet used in Fig. 2 was subjected to two
consecutive post-annealing treatments: rst in O2 and then in
N2 atmospheres. Aer each treatment, dielectric properties
were measured as a function of temperature and the results
were displayed in Fig. 2(d–f) and (g–i), respectively. Although,
the O2- and N2-treatments lead to no remarkable changes in
30(T) and tan d(T), the modulus spectra, especially for the N2-
annealed case, revel two NDRs in region I. For brevity, the two
relaxations are referred to as R1 and R2 in the order of ascending
temperature. The two NDRs can be identied in the curves
measured with lower frequencies, e.g., 102 and 103 Hz, but can
not be distinguished in the curves measured with frequency
higher than 10 kHz. This indicates that the two relaxations have
closed relaxation parameters. To calculate these parameters, we
resort to the frequency domain.

Fig. 3(a) presents the spectroscopic plots of M00(f) measured
at the temperatures ranging from 473 to 773 K with an interval
of 20 K. Though the modulus spectra show a set of pronounced
relaxation peaks, a careful examination reveals that the M00(f)
curves are asymmetric. This is conrmed by the normalized plot
as shown in Fig. 3(b), therein, the normalized electric modulus
peak (M00/M00

max) recorded at 573 K was plotted as a function of
Fig. 3 (a) Frequency dependence of the imaginary part of the electric
modulus for the KT from 493 to 773 K with an interval of 20 K. (b) The
normalized modulus vs. the reduced frequency (in log scale) at 573 K.
(c) A representative example showing the comparison between the
experimental data (open circles) measured at 513 K and fitting result
(solid curve) as well as the resulting peaks (dashed curves). (d) The
Arrhenius plots of R1 and R2 with the solid lines being the fitting results.

50682 | RSC Adv., 2017, 7, 50680–50687
the reduced temperature (T/TP) with M00
max and TP being the

peak intensity and position, respectively. It is found that the
half value of full width at half maximum (FWHM) in the nega-
tive part of the peak is 0.82, which is lower than 0.93 of the
positive part. This fact indicates that there still exists another
weak peak in the high-frequency range, which is shadowed by
the pronounced M00(f) peak. To obtain the accurate peak posi-
tion, the curve of M00(f) was tted using two Gaussian peaks. As
an illustration, Fig. 3(c) shows the tting result to the experi-
mental data of M00(f) measured at 513 K. The measuring
temperature and the peak position (fP) for both relaxations
deduced from the ttings were was plotted according to the
Arrhenius law:

fP ¼ f0 exp(�Ea/kBT) (1)

where f0 is eigen frequency, Ea is activation energy for relaxa-
tion, and kB is Boltzmann constant. Arrhenius plots for R1 and
R2 (closed points) along with the linear ts (straight lines
through the data points) were shown in Fig. 3(d). The relaxation
parameters Ea and f0 were calculated, respectively, to be 0.83 eV
and 1.51� 1012 Hz for R1, and 0.76 eV and 6.32� 1010 Hz for R2.
The activation energy values for both relaxations are in the
range 0.6–1.2 eV for oxygen-vacancy-related relaxations,37 indi-
cating that the two sets of NDRs in KTaO3 ceramics might be
associated with the migration of VOs.

It was reported that the activation energy of VO-related
relaxation increases (decreases) with the decreasing
(increasing) concentration of VOs38 which can be decreased
(increased) by annealing in oxygen (nitrogen). To identify this
point, the relaxation parameters (Ea and f0) were calculated in
the O2-and then in N2-annealed cases. Table 1 summaries the
values of the relaxation parameter of R1 and R2 in different
measuring cases. From which, the values of activation energy
for both relaxations are found to be increased by the O2-
annealing treatment and then decreased by the N2-annealing
treatment. This result rmly conrms that the two relaxations
are associated with oxygen vacancies. The origin of VOs in KT
can be reasonable ascribed to be the oxygen loss during the high
temperature sintering process. Because oxygen is unavoidable
in perovskite oxides, especially under a high ring tempera-
ture.39 Our recent results revealed that the hoping motion of VOs
rst created a dipolar relaxation and then a Maxwell–Wagner
relaxation when the vacancies were blocked by interfaces such
as grain boundaries.37 The observed relaxations, R1 and R2, can
be ascribed to be the dipolar relaxation inside grains and
Table 1 Relaxation parameters for R1 and R2 of KT measured in
different annealing cases

Annealing case

R1 R2

Ea (eV) f0 (Hz) Ea (eV) f0 (Hz)

As-prepared 0.76 6.32 � 1010 0.83 1.51 � 1010

O2-annealed 0.81 5.11 � 1010 0.89 1.31 � 1010

N2-annealed 0.74 6.47 � 1010 0.81 1.08 � 1010

This journal is © The Royal Society of Chemistry 2017
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Maxwell–Wagner relaxation due to grain boundaries, respec-
tively. In order to evidence this point, we conduct impedance
analysis.

Fig. 4(a) displays the Nyquist plot (Z00 vs. Z0, where Z0 and Z00

are the real and imaginary parts of the complex impedance Z*)
of KT recorded at the temperatures ranging from 573 to 693 K.
The complex impedance spectra were analyzed using an
equivalent circuit model. Empirically, the phenomenological
constant phase element (CPE), which is a capacitive element
with non-Debye behavior, is used to replace the ideal capacitor
with Debye behavior due to the imperfect blocking character-
istics of grain boundary and/or sample–electrode interface.40,41

Considering the impedance data, it can be best modeled by
invoking an equivalent circuit consisting of two serially con-
nected R-CPE units (R¼ resistor) shown in the inset of Fig. 4(a).
The resistances of the grain and grain boundary of KT at
different temperatures are obtained from the above analyses,
and the results are shown in Fig. 4(b). The resistance is plotted
as a function of the reciprocal temperature, and it well obeys the
Arrhenius relaxation:

R ¼ R0 exp(�Econd/kBT) (2)

where R0 is pre-exponential term, Econd is activation energy of
conductivity. The liner ts based on eqn (2), shown as straight
lines in Fig. 4(b), yield the activation energy 0.73 and 0.78 eV for
the grain and grain boundary, respectively. These values are
close but somewhat lower than those of the corresponding
dielectric activation energy for R1 and R2. This is because the
fact that both relaxation and conductivity result from the same
hopping process of VOs, therefore both aspects have close values
of activation energy. This result further demonstrates that R1

and R2 are bulk and interfacial responses, respectively.
3.3 Abnormal dielectric behavior of ceramic KT

To clearly evidence the abnormal dielectric behavior, detailed
modulus spectra of KT in the as-prepared, O2-, and N2-annealed
cases were measured in the temperature range from RT to 773 K.
The results were shown, respectively, in Fig. 5(a)–(c). The
modulus peak in all cases was found to rst shi towards low
Fig. 4 (a) Complex impedance plots and corresponding fitting results
(solid curves) of KT at sever temperatures. The insert shows the
equivalent circuits used for the fittings. (b) The Arrhenius plots for grain
and grain boundary resistances deduced from the fittings. The straight
lines are the linear-fitting results.

This journal is © The Royal Society of Chemistry 2017
frequency and then towards high frequency with increasing
measuring temperature. Fig. 5(d) displays the Arrhenius curves
for the three cases by plotting the peak position (fP) against the
reciprocal of the measuring temperature. For the as-prepared
case, a V-shaped Arrhenius curve is obtained. The data of
both high- and low-temperature wings can be perfectly
described by the Arrhenius law with positive and negative
activation energy values indicative of NDR and ADR, respec-
tively. In the O2-annealed case, only one data point for ADR was
seen indicating that the ADR shis towards lower temperature
range by the treatment. In the N2-annealed case, more data
point for ADR can be seen indicating that the ADR moves back
to higher temperature range aer N2-annealing treatment.
These results imply that the ADR is closely related to VOs.

There are literally few reports on ADR behavior. To the best
of our knowledge, it was rst found in ferroelectric ceramic
BaTiO3 (ref. 42) and addressed to be related to VOs in BaTi0.85-
Zr0.15O3 by a Japanese group.39 Our group reported the ADR in
laser crystals Gd2SiO5 and Yb-doped Gd2SiO5 and found that it
was associated with a metal-insulator transition (MIT).43 We
pointed out that the ADR was a corollary of the positive
temperature coefficient of resistance (PTCR) of the MIT. Ferro-
electric ceramics exhibit PTCR effect near the ferroelectric
phase transition. The PTCR effect in non-ferroelectric Gd2SiO5

and Yb-doped Gd2SiO5 was caused by oxygen vacancy
ordering.43

To nd out whether or not the ADR in KT is associated with
a MIT, we performed detailed impedance analysis on KT in the
as-prepared, O2-, and N2-annealed cases and the corresponding
results are illustrated in Fig. 6(a)–(c). At the lowest measuring
temperatures, one notes that the impedance spectra in the
frequency range f > 103 Hz for all cases behave as linear lines in
the log–log representation. The data in the range of f < 103 Hz
depart from the linear lines indicating that leaky current
resulting from relaxation occurs. This departure leads to an
impedance peak which can be modeled by an equivalent circuit
composed of parallelly connected R–C (C ¼ capacitor) elements
as illustrated by the set of Fig. 6(d). Based on the circuit, the
imaginary part of the impedance is given by

Z00 ¼ R
us

1þ ðusÞ2 (3)

where s ¼ RC is relaxation time and u ¼ 2pf is angular
frequency. Obviously, the impedance shows a peak with the
intensity of R/2 at us ¼ 1. Therefore, the resistance values at
different temperatures can be deduced from the impedance
spectra. Fig. 6(d) shows the temperature dependent resistance
for the as-prepared, O2-, and N2-annealed cases. Truly, a broad
peak around 473 K was observed for the as-prepared case. The
resistance in the low-temperature side of the peak increases
with increasing temperature indicative of the PTCR effect,
which is the typical metallic behavior. Whereas in the high-
temperature side of the peak, the resistance decreases with
increasing temperature indicative of the negative temperature
coefficient of resistance characterizing an insulating or semi-
conducting behavior. Thus, the peak virtually presents an MIT
process. The temperature region of MIT matches well with that
RSC Adv., 2017, 7, 50680–50687 | 50683
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Fig. 5 The dielectric modulus spectra of KT obtained in the (a) as-prepared, (b) O2-, and (c) N2-annealed cases. (d) The Arrhenius curves for the
three cases by plotting the peak position (fP) against the reciprocal of the measuring temperature.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
7:

46
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of the ADR conrming that the present ADR is truly associated
with the MIT. Although the MIT peak in the O2-annealed case is
not fully observed due to the impedance peakmoving out off the
lowest frequency tested [see Fig. 6(b)], it is clearly seen that the
peak becomes weaker as compared to the as-prepared case. The
following N2-annealing treatment further weakens the peak.
These results indicate that thermal treatments in both reducing
and oxidizing atmospheres have negative inuence on the MIT
peak. This is contrary to the ADR caused by oxygen-vacancy-
ordering as reported in ref. 43. Therein, the annealing treat-
ment in reducing (oxidizing) atmosphere enhances (weakens)
Fig. 6 The impedance spectra of KT measured at different tempera
Temperature dependence of the resistance of KT for the as-prepared, O2

50684 | RSC Adv., 2017, 7, 50680–50687
the ADR behavior in Yb-doped Gd2SiO5 crystal. Whereas oppo-
site annealing inuence on the ADR was found in Gd2SiO5

crystal. Therefore, a mechanism other than oxygen-vacancy
ordering is responsible for the present ADR.

It is well-known that potassium (K) is a very lively and volatile
metal element. The volatilisation of K during high-temperature
thermal process makes K-containing oxides very sensitive to
humidity.44 Besides, the addition of alkali ion (K+) has been
reported to be benecial for improving the sensitivity of
humidity.45 Zhen et al.46 pointed out that the humidity sensi-
tivity was related to high mole content of hydrophilic group K–O
tures in the (a) as-prepared, (b) O2, and (c) N2-annealed cases. (d)
-, and N2-annealed cases. The insert shows an equivalent circuits in (d).

This journal is © The Royal Society of Chemistry 2017
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bonds. The addition of alkali ions could create more surface
defects and oxygen vacancies, resulting in an increase of the
number of adsorption sites for water molecules. This back-
ground provides a heuristic hint that water vapor might be the
principal cause of the ADR in KT.

To elucidate this point, in Fig. 7 we recorded the change of
electric modulus spectra at room temperature during the
following consecutive processes: (1) we moved a KT pellet into
the vacuum chamber of Janis SHI-4ST-1 closed cycle cryostat
and started pumping, aer 5 and 120 min, we recorded the
frequency dependence of the modulus; (2) we opened the
vacuum valve letting ambient air entering into the chamber and
recorded the frequency dependence of the modulus at a series
of time intervals. As seen from Fig. 7, when the sample was
moved into vacuum chamber, the curve modulus almost dose
not change with frequency and time. However, aer exposing to
ambient air, the modulus immediately shows a pronounced
peak. The peak position was found to shi to high frequency
with increasing exposing time. Aer exposing a short time of
5 min, the peak moves to low frequency with time increasing.
This nding indicates that KT is very sensitive to humidity,
which makes it suitable for humidity-sensitive material. Aer
30 min, only the high-frequency wing of the peak can be seen
indicating that the peak moves out off the measuring frequency
window. Aer 120 min, modulus spectra are independent of
both time and frequency. These results rmly demonstrate that
the appearance and disappearance of the electric modulus peak
are related to the water adsorption and desorption in the
sample, i.e., the variation of surrounding humidity. It, there-
fore, follows that the ADR in KT is induced by water vapor.

It is noteworthy that an non-Debye dielectric relaxation
caused by water vapor in porous silica glasses has been exten-
sively investigated by the group of Feldman.47–50 The non-Debye
dielectric relaxation they called is actually the ADR termed
herein. To describe this unusually relaxation they suggested
a complicated relaxation time given by

s ¼ s0 exp

�
Ha

kBT
þ C exp

�
� Hd

kBT

��
(4)
Fig. 7 The dielectric modulus spectra measured in closed vacuum
chamber at room temperature during pumping and exposing
processes.

This journal is © The Royal Society of Chemistry 2017
where s0 is pre-exponential fact, C is a constant, Ha and Hd are
related to activation energy and defect formation energy,
respectively. The rst term of eqn (4) actually presents the NDR,
while the second term reects the ADR.

To check whether or not eqn (4) works in the present case,
the relaxation time was deduced from the modulus spectra in
the as-prepared case as shown in Fig. 5(a). Based on the R–C
circuit, the modulus is given by

M 00 ¼ C0

C

us

1þ ðusÞ2 (5)

where (C0) C is the (vacuum) capacitance of the measuring cell.
Similar to that of the impedance, the modulus registers a peak
when us ¼ 1 is fulll. Thus, the relaxation times at different
temperatures can be deduced from the modulus peaks. Fig. 8
shows the Arrhenius plot of the deduced relaxation time. The
plot can be claried into two regions as separated by a vertical
line with a boundary temperature of 473 K. In the temperature
region of T < 473 K, the Arrhenius plot of s shows positive slope
indicative of ADR. Whereas in the region of T > 473 K, the plot
shows negative slope indicative of NDR. The tting result based
on eqn (4) was shown as solid line in Fig. 8. The tting is not
satisfactory, indicating that eqn (4) is not suitable for the
present case.

As aforementioned that the ADR in non-ferroelectric mate-
rials is a corollary of PTCR effect. To decipher the relationship
between the PTCR effect and ADR, the resistance data for the as-
prepared KT pellet as shown in Fig. 5(a) were replotted in Fig. 8
for comparison. It is clearly seen that the temperature region of
PTCR effect coincides with the ADR region. Therefore, the ADR
results from the PTCR effect. This conclusion can be well
understood based on the two facts: (1) since s ¼ RC, the
capacitance as indicated by the modulus peak [see eqn (5)]
slightly increases with increasing temperature as shown in
Fig. 5(a). Thus, C can be treated as temperature-independent.
The relaxation time is therefore determined by R. In the PTCR
region, the relaxation time increases with increasing tempera-
ture giving rise to the ADR.

Let us focus on the origin of the PTCT effect. As aforemen-
tioned that the K-containing oxides is very sensitive to humidity.
Fig. 8 Comparison between the deduced relaxation time (black
circles) and the fitting result based on eqn (4) (red line) as well as the
resistance for KT recorded in the as-prepared case (blue square).
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Fig. 9 Ichnography illustration of the surface-layer structure of the
tested cell.
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When water molecules are adsorbed by K+ ions, they subse-
quently transfer to OH� groups.46 The tested sample then is
composed of relatively conductive surface layer and more
insulating inner (bulk) part as illustrated in Fig. 9. The
measured resistance can be modeled by two parallelly con-
nected resistors: Rb for the bulk part and Rs for the surface layer.
Therefore, the resistance is given by:

1/R ¼ 1/Rs + 1/Rb (6)

Since Rs < Rb, the resistance is dominated by the surface
layer. Based on this fact, the observed ADR can be well
explained: for the results obtained by varying temperature,
more and more water molecules emit out off the sample as the
measuring temperature increases. Thus, Rs increases with
increasing temperature leading to PTCT effect, which, in turn,
creates the ADR. For the results obtained varying time as shown
in Fig. 7, when the sample is exposed to air, water absorption
takes place immediately resulting in the surface layer. This
leads to the rapid decrease of the resistance and moves the
modulus peak into the frequency window. Elongating the
exposing time means enlarging the surface layer volume and
area (A), due to the adsorbed water penetrating into the inner
part viameandering micropores. The capacitance of the surface
layer given by

Cs ¼ 303rA

d
(7)

where 30 and 3r are dielectric constants of vacuum and surface
layer, respectively. d is sample thickness, which is a constant.
Obviously, Cs increases with increasing exposing time. As the
surface layer is formed, the sample resistance is determined by
this layer and becomes temperature-dependent but time-
independent. Therefore, the relaxation, s ¼ RC, is mainly
controlled by the capacitance and increases with increasing
exposing time. This is the reason why the modulus peak moves
towards lower frequency when the exposing time is longer than
5 min.
4. Conclusions

In summary, we reported an anomalous dielectric behavior
contrary to the traditional thermally activated behavior in
KTaO3 ceramics in the temperature range below 450 K. Our
results indicated that the abnormal dielectric behavior was
associated with a metal-insulator transition induced by
humidity. In the temperature range higher than 500 K, two sets
of oxygen-vacancy-related relaxations (R1 and R2) were observed.
50686 | RSC Adv., 2017, 7, 50680–50687
The low-temperature relaxation was argued to be a dipolar
relaxation caused by oxygen vacancies hopping inside grains
and the high-temperature one was ascribed to be a Maxwell–
Wagner relaxation due to the vacancies being blocked by grain
boundaries.
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