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Dielectric spectra of two K0.5Na0.5NbO3 ceramics with different grain sizes �10 and 0.5 �m� were
measured from 102 to 1014 Hz in a broad temperature range. The sequence of first-order phase
transitions �cubic-tetragonal-orthorhombic-rhombohedral� was detected by differential scanning
calorimetry, dielectric spectroscopy, and time-domain terahertz spectroscopy. The grain size affects
all the phase transitions, which are more smeared in the small-grain sample. In the large-grain
ceramics, two well-separated near-Debye relaxations are seen in the tetragonal phase, which
suddenly merge on cooling across the tetragonal-orthorhombic transition, and on further cooling the
lower-frequency relaxation strongly broadens. On reducing the grain size, the higher-frequency
relaxation shifts from �1 to �20 GHz and the lower-frequency one strongly broadens. Without
quantitative understanding, these effects could be assigned to domain-wall dynamics and its
temperature and grain-size dependences. Similar to pure KNbO3, an overlapped central-mode–
soft-mode type excitation was detected in the terahertz range related to the effective hopping and
oscillations of the off-centered Nb ions in a multiwell potential. © 2010 American Institute of
Physics. �doi:10.1063/1.3273490�

I. INTRODUCTION

Sodium potassium niobate KxNa1−xNbO3 �KNN� is a
promising candidate for replacing Pb�ZrxTi1−x�O3 in piezo-
electric devices as a lead-free material. The addition of
KNbO3 to antiferroelectric NaNbO3 induces ferroelectricity
already in the high-temperature tetragonal phase and sup-
presses the appearance of the sequence of four orthorhombic
phases on lowering the temperature.1 Ceramics based on
NaNbO3 and KNbO3 exhibit very high piezoelectric coeffi-
cients due to the piezoelectric properties of both parent
materials.2,3 Moreover, enhanced piezoelectric and dielectric
properties are found in the morphotropic phase boundary
composition �K0.5Na0.5�NbO3 �KNN-50� due to coexistence
of orthorhombic and tetragonal domains.4 KNN-50 shows
the same behavior as KNbO3 or BaTiO3, but with all phase
transitions �PTs� shifted to lower temperatures.5 The se-
quence of PTs follows the pattern of BaTiO3: From the high-
temperature cubic phase, KNN-50 goes through tetragonal,
orthorhombic, and finally rhombohedral phases.6 These PTs
were studied in detail by dielectric and spectroscopic meth-
ods on KNbO3 single crystals,6–8 but much less work was
done on KNN ceramics9 or powders.10

The spectroscopic characterization of KNN-50 ceramics
was performed recently by some of us using Raman, infrared
�IR�, and time-domain terahertz �TDTHz� techniques.11,12 It
was found that the three PTs exhibit first-order character,
especially the lowest-temperature one near 90 K, below
which all the Raman modes under 100 cm−1 disappear. It

was shown that an overdamped soft mode �triply degenerate�
is present in the terahertz �THz� range at high temperatures.
On cooling, the soft THz mode reduces its dielectric strength
at each PT �when one component stiffens and shifts to higher
frequencies and the corresponding vector of the spontaneous
polarization appears� and finally disappears from the THz
range abruptly when entering the rhombohedral phase. Com-
parison of these results with the low-frequency dielectric
data �0.1–1000 kHz�1,13 indicates another dispersion below
the polar phonon frequencies �presumably in the microwave
range� which is needed to explain the static value of the
permittivity.

It is known that the grain size affects the dielectric be-
havior of the ferroelectric BaTiO3 in the microwave range,14

related to the presence of ferroelectric and ferroelastic do-
mains. A similar behavior is expected for KNbO3 and KNN
ceramics. In this paper, we report a detailed temperature de-
pendent dielectric study of KNN-50 ceramics with different
grain sizes in a very broad frequency range �102–1014 Hz�.
We also discuss the nature of the main dielectric contribu-
tions and the influence of the grain size on the dielectric
properties.

II. EXPERIMENTAL

KNN samples were prepared by spark plasma sintering
�SPS� in a furnace �Dr. Sinter 2050, SPS Syntex Inc., Japan�
using commercial Na0.5K0.5NbO3 powder �Ferroperm, Den-
mark, provided by St Jude Medical AB, Järfälla, Sweden�
with an initial particle size of �200 nm. The powder was
loaded into a graphite die with an inner diameter of 12 mm.a�Electronic mail: buixader@fzu.cz.

JOURNAL OF APPLIED PHYSICS 107, 014111 �2010�

0021-8979/2010/107�1�/014111/10/$30.00 © 2010 American Institute of Physics107, 014111-1

Downloaded 17 May 2010 to 147.231.127.232. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3273490
http://dx.doi.org/10.1063/1.3273490
http://dx.doi.org/10.1063/1.3273490


The sintering temperature was controlled by a pyrometer fo-
cused on the die surface. Resulting density was about 99% of
the theoretical value. More details are given elsewhere.15

Two kinds of ceramics with different grain sizes were pre-
pared: the large-grain �about 10 �m� ceramic was obtained
by sintering at 1000 °C for 3 min, and the small-grain �about
0.5 �m� ceramic obtained by sintering at 850 °C for 5 min.
Then both ceramics were annealed in air at 800 °C for 6 h,
and in addition the large-grain sample was also annealed at
900 °C for 8 h to reduce the defect level. The resulting mi-
crostructure of both ceramics was analyzed by scanning elec-
tron microscopy �SEM� and is shown in Fig. 1.

Differential scanning calorimetry �DSC� measurements
were performed with a Perkin-Elmer Pyris Diamond calo-
rimeter �temperature range of 298–723 K� and Perkin-Elmer
DSC7 calorimeter �temperature range of 93–323 K� on heat-
ing with a rate of 10 K/min. The temperature calibration for
high-temperature measurements was performed on heating

using extrapolated onsets of melting peaks of water, indium,
and zinc. The heat flow was calibrated using the melting
enthalpy of indium. Temperature calibration for the low-
temperature measurements was performed using extrapolated
onsets of melting peak of cyclohexane and PT of cyclohex-
ane. The heat flow was calibrated using the melting enthalpy
of cyclohexane. Samples of prismatic shape �masses of 81
and 87 g for large and small-grain ceramics, respectively�
were hermetically closed in aluminum pans. in the tempera-
ture range 298–723 K for high-temperature measurements
and without pans for low-temperature ones. Each sample was
measured at least twice. The measurements were controlled
and evaluated using the PYRIS 4.02 software.

For dielectric experiments in the high-frequency range
�106–109 Hz�, cylindrical rod shaped samples of diameter
d=0.95 mm and height h=6.0 mm were prepared. Com-
puter controlled high-frequency dielectric spectrometer
equipped with an Agilent 4291B impedance analyzer, a No-
vocontrol BDS 2100 coaxial sample cell, and a Sigma Sys-
tem M18 temperature chamber �operation range 100–570 K�
were used. Impedance spectra of the samples with Au elec-
trodes sputtered on the bases of the cylinders were recorded
on cooling with the rate of 2 K/min. Frequency dependences
of the dielectric permittivity ���� and loss ���� were calcu-
lated accounting for the electromagnetic field distribution in
the samples. Microwave measurements at 8.8 GHz were per-
formed using a TE0n1 composite dielectric resonator16 with
an Agilent 58364B vector network analyzer in the tempera-
ture range 100–380 K at the rate of 1 K/min. The same
samples used for high-frequency coaxial measurements were
inserted in a hole at the center of the dielectric resonator.
Dielectric parameters of the measured samples were ex-
tracted from analysis of the resonance curves measured with
and without the sample.

For low-frequency dielectric measurements
�102–106 Hz� with a Hewlett-Packard 4192A impedance
analyzer, gold electrodes were sputtered onto the faces of
200 �m thick plates. Samples were heated and cooled in the
temperature range 20–750 K with a rate of 2 K/min.

TDTHz transmission measurements were carried out on
thin polished plane-parallel samples ��98 �m thick� in the
temperature range 20–900 K. A custom-made TDTHz trans-
mission spectrometer was used to obtain the complex dielec-
tric response from 0.2 to 2 THz with a resolution of 0.05
THz. At higher frequencies, the samples were opaque. An
Optistat CF cryostat with Mylar windows was used for mea-
surements down to 20 K. Adapted commercial high-
temperature cell SPECAC P/N 5850 was used to heat the
samples up to 900 K.

IR reflectivity measurements at room temperature �RT�
were performed on polished ceramic disks �7 mm diameter
and 1 mm thick� using a Fourier transform IR spectrometer
Bruker IFS 113v. Spectra were taken in the 30–3000 cm−1

range with a resolution of 2 cm−1 and using a DTGS pyro-
electric detector.

FIG. 1. SEM pictures of the KNN-50 samples: �a� large grain and �b� small
grain. Note the different scales.
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III. EXPERIMENTAL RESULTS

A. DSC

Temperature dependences of the measured heat flows
normalized to the mass of each sample are shown in Fig. 2�a�
for both KNN-50 samples. Above RT two transitions were
detected: from cubic to tetragonal phase �at TC1=677 K and
673 K for the large and small-grain samples, respectively�,
and from tetragonal to orthorhombic phase �TC2=464 K and
466 K for the large and small grains, respectively�. Below
RT a third PT was detected for the large-grain sample, from
orthorhombic to rhombohedral phase �TC3=165 K�, but no
transition was detected in the small-grain sample, just a weak
change in slope near 180 K. Transitions are of the first order
as deduced from the presence of peaks in the heat flow
curves and follows from symmetry considerations for the
ferroelectric-ferroelectric PTs, which are of no group-
subgroup relation. The enthalpy change �H is almost twice
larger for the large-grain sample �see Table I�. Transition
temperatures calculated as the extrapolated onsets and the
calculated enthalpy changes are shown in Table I. Change in
the grain size affects all the PTs in KNN-50. Peaks in the
heat flow are smaller and broader for the small-grain ceram-

ics �see Fig. 2�a��. It is interesting to notice that the shifts of
TC1 and TC2 caused by reduction in grain size are in opposite
direction; therefore these transitions are closer to one another
for the small-grain ceramics.

B. Dielectric spectroscopy „102–1010 Hz…

Low frequency dielectric measurements �102–106 Hz�
were performed in a heating-cooling-heating cycle. Samples
with larger grains showed substantial thermal hysteresis.
Even after the annealing, the first heating showed strong
anomalies. The shifts of dielectric anomalies related to TC2

and TC3 between heating and cooling were several tens of
degrees for this sample. By contrast, in ceramics with
smaller grains the thermal hysteresis was not so pronounced:
permittivity values on cooling and heating were more alike
and shifts in TC were less than 10°. Anomalies of ���T� at
TC1 did not show important hysteresis.

The temperature dependences of the dielectric permittiv-
ity and loss at 100 kHz on cooling are depicted in Fig. 2�b�
for both samples. Dielectric data are in agreement with the
DSC measurements, except for a small shift in the transition
temperatures. Temperatures at which maxima of the permit-
tivity occur are shown in Table I. The cubic-tetragonal PT
occurs at higher temperature in the large-grain sample, but
TC2 and TC3 are lower. Their permittivity peaks are much
broader in the small-grain sample. The third PT from ortho-
rhombic to rhombohedral phase is almost not detected in the
small-grain sample. The large-grain ceramics has higher per-
mittivity and loss around TC1 but, otherwise, it shows lower
values. Permittivity at 300 GHz measured with the TDTHz
technique �see below� is also shown in Fig. 2 for compari-
son. The values of �� at 300 GHz are mainly defined by the
polar phonon dielectric contribution and are much smaller
than the low-frequency ��. It is clear that the main contribu-
tion to the permittivity �except for the lowest temperature� is
due to the relaxation dispersion at frequencies below 300
GHz.

The results of the dielectric measurements at high and
microwave frequencies �106–1010 Hz� are presented in Fig.
3, where the temperature dependences of the permittivity and
loss for both samples are shown together with dielectric data
at �1 kHz and 500 GHz, from 100 to 500 K. The tetragonal
to orthorhombic PT is clearly detected in both ceramics. In
the large-grain ceramics �Fig. 3�a��, the maximum of the per-
mittivity is much sharper than in the small-grain one, where
a broader maximum is seen also in the dielectric loss �Fig.
3�b��. Values of �� and �� maxima at TC2 are lower for this
sample. The PT to the rhombohedral phase was also detected

TABLE I. Summarizing results of the DSC experiment on KNN-50 ceramics with different grain sizes and
permittivity maxima found in the low-frequency dielectric experiment.

KNN-50 Large grain Small grain

TC �K� DSC 161.9 464.2 677 ¯ 465.7 672.7
�H �J g−1� 0.19 1.5 3.0 ¯ 0.67 2.0
TC �K� �max� at 100 kHz �117 452 667 �150 460 654

FIG. 2. �Color online� Characterization of the PTs in KNN-50 samples by
�a� DSC and �b� dielectric measurements on cooling �lines—dielectric per-
mittivity ���� and loss ���� at 100 kHz; points—permittivity at 300 GHz�.
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in both cases, but in the small-grain ceramics it occurs at
higher temperatures �by several tens of degrees�.

C. Terahertz and IR spectroscopies „1011–1014 Hz…

Dielectric spectra in the THz range are plotted in Fig. 4.
In the large-grain ceramics �Fig. 4�a��, both permittivity and
loss decrease on cooling from the cubic phase. The three PTs
are very well detected as jumps in the values of both �� and

�� �see Fig. 2�. On the contrary, the small-grain ceramics
�Fig. 4�b�� shows a more monotonic decrease in the �� and
�� values, and the PTs are smeared �Fig. 2�.

IR reflectivity spectra at RT together with calculated re-
flectivity from the TDTHz data are presented in Fig. 5�a�.
The lower-frequency range in the linear scale is shown in the
inset. The data above 50 cm−1 �1.67 THz� are from the IR
experiment, while the data below 50 cm−1 are from the
TDTHz experiment. It is clear that no significant differences

FIG. 3. �Color online� Temperature dependences of the dielectric permittivity ���� and loss ���� at several frequencies on cooling of KNN-50 ceramics with
large �a� and small �b� grains.

FIG. 4. �Color online� Frequency de-
pendences of the dielectric permittiv-
ity ���� and loss ���� in the THz range
of KNN-50 ceramics with large �a�
and small �b� grains at different tem-
peratures. The solid lines correspond
to the IR fit at 300 K using Eqs. �1�
and �2�.
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related to the grain size are seen in the IR range. Only below
100 cm−1, the reflectivity is slightly lower in the large-grain
ceramics, apparently due to the smaller influence of the re-
laxation excitations below phonon modes.

The IR reflectivity spectra were fitted together with the
complex THz dielectric spectra using the factorized oscilla-
tor model of the complex permittivity �dielectric function�
��:17

����� = ����� − i����� = ���
j=1

n
�LOj

2 − �2 + i��LOj

�TOj
2 − �2 + i��TOj

, �1a�

�� j =
��

�TOj
2

�
k

��LOk
2 − �TOj

2 �

�
k�j

��TOk
2 − �TOj

2 �
, �1b�

where �� is the permittivity at frequencies � much higher
than all polar phonon frequencies, �TOj and �LOj are the
transverse and longitudinal frequencies of the jth phonon
mode, and �TOj and �LOj are their respective damping con-
stants. �� j refers to its dielectric contribution. The complex
permittivity ����� is related to the reflectivity spectrum R���
by

R��� = ������� − 1
������ + 1

�2

. �2�

The permittivity and dielectric loss in the THz range together
with the calculated one from the far-IR fit are shown at RT in
Figs. 5�b� and 5�c� for both samples. The values of the THz
permittivity are similar in both samples; however, dielectric
losses of the small-grain ceramics show an increase below
10 cm−1, which is caused by excitations at lower frequencies
�see Fig. 2�b��. We can conclude that the phonon dielectric
contributions are similar in both KNN ceramics and the
grain-size reduction has no essential influence on the phonon
dynamics. Parameters of the fitted IR modes are shown in
Table II. A more detailed study of the phonons in KNN-50
ceramics can be found in Refs. 11 and 12.

IV. DISCUSSION

The mechanism of the PTs in KNbO3 is of mixed
displacive-order-disorder type as from the point of dynamics
analyzed by Fontana et al.18 based on the previous dielectric
spectroscopy and light scattering results. To explain the low-
frequency dielectric data, they assumed an additional Debye
relaxation in the cubic and tetragonal phases. The response in
the cubic phase was then theoretically discussed by Girsh-

TABLE II. Parameters of the IR phonons used to fit the IR and THz spectra in Fig. 5 for both KNN-50 samples
with Eqs. �1� and �2�. ��=4.8, �TO, and �TO are in cm−1.

KNN-50

Large grain Small grain

�TO �TO �LO �TO �� �TO �TO �LO �TO ��

0.4 26.8 0.8 39.8 339.8 4.3 26.4 9.8 41.7 300.2
41.2 33.8 44.7 33.8 12.9 59.6 28.4 66.2 33.1 18.4
76.3 33.7 82.2 34.1 12.9 86.1 27.1 91.7 28.6 10.6

104.4 40.4 139.9 100.3 21.8 106.0 36.4 139.9 100.1 16.9
175.2 22.0 176.8 23.1 0.5 175.2 30.2 176.8 33.3 0.5
226.6 33.8 233.5 35.0 5.0 226.1 31.7 233.5 33.1 4.9
252.4 42.8 331.9 98.7 11.5 254.1 44.3 331.9 98.7 11.4
334.0 96.1 411.7 8.9 0.2 334.0 96.1 411.7 8.9 0.2
415.2 14.4 419.4 16.0 0.0 415.2 11.5 419.4 16.0 0.0
540.9 41.2 575.6 107.4 1.8 540.9 42.8 575.6 105.8 1.8
602.4 53.8 711.2 162.6 1.2 602.4 57.0 711.2 162.6 1.2
715.9 164.1 857.8 31.7 0.1 715.9 164.1 857.8 31.7 0.1

FIG. 5. �Color online� Reflectivity �a�, dielectric permittivity �b�, and loss
�c� spectra of KNN-50 ceramics in the IR and THz ranges at RT �1 THz
�33 cm−1�. Symbols—experiment; lines—fits using Eqs. �1� and �2�. Inset:
Detail of the far-IR reflectivity region together with the calculated THz
reflectivity points.
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berg and Yacoby19 and explained by an overlapped central-
mode relaxation due to a fast hopping of the off-centered Nb
ions and soft-mode oscillator, both in the THz range. The
situation is very similar to that revealed recently in
BaTiO3.20 The presence of soft phonon modes speaks in fa-
vor of the displacive type,6,8 whereas the strong dynamic
disorder caused by Nb atoms follows the pattern of order-
disorder type PTs.21,22

Our previous investigations11,12 have shown that in
KNN, when entering into the orthorhombic phase, an excita-
tion below polar phonon region appears �probably in the mi-
crowave range�, which carries the most part of the dielectric
permittivity. In order to quantify this excitation, all dielectric
data were combined and fitted simultaneously. The complex
permittivity ����� in the megahertz �MHz� to THz range was
modeled by two Cole–Cole relaxations and one heavily
damped oscillator, representing in a simplified way the over-
lapped central+soft-mode response:

����� = ����� − i����� = 	
j=1

2
�� j

1 + �i�/� j�1−�j

+
��CM�CM

2

�CM
2 − �2 + i�CM�

+ �IR, �3�

where �� j are the dielectric strengths of the Cole–Cole re-
laxations, � j is their mean relaxation frequencies, and � j is a
real index between 0 and 1, which determines the deviation
from the pure Debye model and characterizes the width of
the distribution of the Debye relaxation frequencies. ��CM,
�CM, and �CM denote the dielectric strength, frequency, and
damping of the oscillator in the THz range, respectively. �IR

stands for the dielectric contributions of phonons with fre-
quencies higher than 2 THz.

Frequency dependences of the real and imaginary parts
of the complex dielectric permittivity at different tempera-
tures are presented in Fig. 6, for both large- and small-grain
ceramics. It is well seen that their dielectric behavior differs
strongly below 10 GHz. In the large-grain sample, the loss
spectra contain rather narrow maxima, whose frequencies
change with temperature �Fig. 6�a��. These features are ab-
sent in the small-grain sample loss spectra, where much
broader relaxations are observed �Fig. 6�b��.

In Fig. 7, the dielectric data in the high-frequency range
for the large-grain sample are presented in a Cole–Cole plot.
From this figure, it is clearly seen that two separate processes
are present in this frequency range above TC2. On cooling,
they merge and below TC2 only one asymmetric peak is seen.

The fits performed with Eq. �3� for the large-grain
sample are shown in Fig. 8 together with the experimental
results for the permittivity and losses around the tetragonal-
orthorhombic PT. The individual contributions of the two
Cole–Cole relaxations and the oscillator in the THz range are
also depicted. Similar fits were performed for the small-grain
sample �at RT, 400 K, and 470 K they are shown in Fig.
6�b��.

Temperature dependences of the fit parameters for both
samples are plotted in Fig. 9. The mean relaxation frequen-
cies �1 and �2 as well as the frequency of the oscillator in the
THz range �CM are depicted in the upper figures. Their con-
tributions to the permittivity ��1, ��2, and ��CM are shown
in the lower part together with the total contribution 	��
=��1+��2+��CM+�IR and the measured permittivity at 100

FIG. 6. �Color online� Frequency dependence of the dielectric permittivity ���� and loss ���� of KNN-50 with large �a� and small �b� grains. Symbols—
experiment; lines—fits with Eq. �3�.
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kHz. At high temperatures in the cubic paraelectric phase,
there is an overdamped THz mode which partially softens
and explains essentially the low-frequency permittivity, ex-
cept probably its strong peak near TC1. No microwave data
are unfortunately available in this temperature range. On
cooling, a relaxation of the mean frequency �1 in the 1–50
GHz range appears in the tetragonal ferroelectric phase, as is
common in other ferroelectric perovskites.23 However, unlike
most other ferroelectric ceramics, another relaxation with the
lower frequency �2 in the 10–100 MHz range is also present
in the whole temperature range. Due to our experimental
limitation, we could study both of them only below 500 K.

The mode in the THz range behaves like the central
mode seen in many ferroelectrics.23 Recently Hlinka et al.20

revealed an overdamped oscillator in the THz range �fitted
quite well to a Debye relaxation� distinctly below the polar
phonons in the tetragonal BaTiO3 in the response parallel to
Ps, which was assigned to hopping of the off-centered Ti ions
between the lower and higher-energy off-centered sites �its
reciprocal frequency corresponds to the short dwell time in
these higher-energy sites�. In the same frequency range also,
the hopping and vibrations of Ti ions perpendicular to Ps

�central+soft mode of E symmetry� appear. Similar model
could be applied to KNbO3, and in extension to KNN-50.
The hopping of the off-centered Nb ions then corresponds to
the overdamped THz excitation. The jumpwise increase of its
frequency in the rhombohedral phase and gradual vanishing
of its dielectric strength confirm its link to the dynamic dis-

FIG. 7. �Color online� Cole–Cole plot
of the dielectric spectra of large-grain
KNN-50 at different temperatures in
the frequency range 105–109 Hz.
Symbols—experiment; lines—fits
with Eq. �3�. The arrows denote the
cooling direction.

FIG. 8. �Color online� Dielectric permittivity ���� and loss ���� of the large-grain KNN-50 at selected temperatures around the tetragonal-orthorhombic PT.
Circles—experimental data; solid lines—fits with Eq. �3�; dashed lines—separated dielectric contributions.
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order of Nb ions, which should gradually disappear in the
rhombohedral phase according to the eight-site disorder
model.

The difficult question that remains is the origin of the
two relaxation regions at lower frequencies. It appears to be
a general feature in perovskite ceramics that they show a
relaxational dispersion below phonons in their ferroelectric
phases.24–27 Its origin is quantitatively not well understood
because at least two different mechanisms can be the cause:
piezoelectric resonances within the grains and oscillations of
ferroelectric domain walls. Moreover, since some of the
ferroelectric domains in perovskites are also ferroelastic,
their oscillation can emit acoustic waves which determine
the eigenfrequencies of these oscillations. Recently Po-
rokhonsky et al.28 revealed that in Pb�Zr,Ti�O3 �PZT� ce-
ramics the dispersion in the MHz to gigahertz �GHz� range
can be separated in two contributions. The lower-frequency
contribution in the 108 Hz range corresponds to piezoelec-
tric resonances within grains; therefore, its frequency in-
creases with decreasing grain size. The higher-frequency and
stronger relaxation in the 109 Hz range, which was sup-
pressed by poling the ceramics, should correspond to ferro-
electric �probably also ferroelastic� domain-wall oscillations.
In our case, smaller grains should display finer domain struc-
ture which results in their faster dynamics.

Let us compare the mean frequencies of the three disper-
sions, which contribute to the permittivity in our two

KNN-50 ceramics. The THz mode has slightly higher fre-
quency in the small-grain sample. This can be understood as
an effect of low-permittivity grain boundaries �dead layers�,
as observed in SrTiO3 �Refs. 29 and 30� and BaTiO3 �Ref.
31� ceramics. In this case the grain boundaries in the small-
grain sample enhance more the effective soft-mode–central-
mode frequency than in the large-grain sample due to stron-
ger depolarization field effects from the grain boundaries.
This also agrees with the smaller permittivity of the small-
grain ceramics in the cubic phase.

The �1 relaxation frequency below TC2 appears to be
about 20 times higher in the small-grain sample. This is just
the ratio of the grain sizes in both ceramics; therefore, it
could be appealing to relate it to piezoelectric resonances
within the grains. However, we should consider the existence
of ferroelastic domains, which produce stronger effects due
to oscillations of ferroelastic-ferroelectric domain walls. This
mechanism was analyzed by Arlt et al.,25 who suggested that
the GHz relaxation in BaTiO3 ceramics is due to the oscil-
lating sets of laminar ferroelastic domain walls, which emit
transverse acoustic waves. Its frequency �0=�c55

� /� /	d is
inversely proportional to the width of the domains d, where
c55 is the shear elastic constant and � is the sample density.
The domain width is usually related to the grain size g in the
way d
 �g�1/2 for the grain sizes at least between 1 and
10 �m.32 In analogy with BaTiO3 and PZT ceramics, we
may suppose that even in the small-grain sample still few

FIG. 9. �Color online� Temperature dependences of the frequencies and dielectric contributions of the soft mode and relaxations in KNN-50 ceramics with
large �a� and small �b� grains.
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domains remain in a single grain. Then the domain size ratio
between both samples dLG /dSG��gLG�1/2 /dSG—where LG
stands for large-grain and SG stands for small-grain samples,
respectively—would be 6.3 for the case of single domain
grains in the small grain-sample or higher, and the frequency
of domain-wall oscillations should be at least six times
higher in the small-grain sample in the tetragonal phase. It
appears that the size difference of ferroelastic domains be-
tween the two ceramics is much higher. For the particular
case of three domains in the small grains, dSG is 0.16 and the
domain size ratio becomes almost 19. From Fig. 9 we
see that the experimental ratio between the frequencies
below TC2 is �1SG /�1LG�19 ��1LG�300 K��1 GHz,
�1SG�300 K��19 GHz�. Unfortunately, we have no data
about the domain structure in our samples. Nevertheless, it is
at least clear that the domain structure in the tetragonal and
orthorhombic phases should differ appreciably, the domain
structure in the orthorhombic phase being much more com-
plicated. It is interesting to note that the dielectric contribu-
tion ��1 as well as the distribution of the relaxations fre-
quencies ��1�0.2� are nearly independent of the grain size
���1LG�300 K�=190, ��1SG�300 K�=200, see Fig. 9�, ex-
cept for temperatures closely around TC2.

The lower-frequency relaxation is affected by the grain
size in a different way. In the small-grain sample, the distri-
bution of the relaxation frequencies is quite broad �Cole–
Cole parameter �2�0.6�. The mean frequency lies in the
MHz range, but its estimation is difficult because another
broad dispersion at lower frequencies �below 100 Hz� affects
our data. We see a monotonous weak roughly logarithmic
increase in �� down to 100 Hz without any sign of saturation,
which is accompanied by a frequency independent loss spec-
tra �constant-loss spectrum or 1/f noise as in relaxor ferro-
electrics below the freezing temperature�.33 In the large-grain
sample above TC2, this relaxation is quite narrow ��2�0.2�,
but below TC2 it suddenly broadens �up to �2�0.7, see the
insets of Fig. 9�. In analogy to relaxors, we could relate this
dispersion to some domain breathing with a very broad dis-
tribution of activation energies for the domain-wall oscilla-
tions �displacements�. Let us note that there are more types
of ferroelectric domains in the orthorhombic ceramics and in
principle, all of them could contribute to the permittivity
dispersion. Particularly the nonferroelastic �180° ferroelec-
tric� domains can contribute and their characteristic frequen-
cies of breathing are determined by pinning of domain walls
on defects or grain boundaries, which can produce a very
broad distribution of characteristic frequencies. Therefore,
we could speculate that our broad lower-frequency relaxation
is due to nonferroelastic domain-wall oscillations. However,
an optional assignment of microwave dielectric dispersions
in disordered perovskite systems appeared quite recently.
Molecular dynamics simulation based on first-principles ato-
mistic approach in 0.75PMN-0.25PT by Grinberg et al.34

have shown that GHz relaxational dispersion below polar
phonon response may appear in the dielectric response of
such a system just due to random fields of locally spatially
fluctuating neighboring ions, without any need of mesos-
copic or macroscopic inhomogeneities �polar nanoregions
and domains� in the system. To check the validity of such

interpretation, it would be challenging to study the micro-
wave dielectric response in a single crystalline single domain
sample.

In summary, we have assigned the strong dielectric dis-
persion in the MHz to GHz range of our KNN-50 ceramics
and its pronounced temperature and grain-size dependence to
dynamics of ferroelastic and nonferroelastic but ferroelectric
domains. No quantitative understanding of the effects is pos-
sible without knowledge of the domain structure in the ce-
ramics. More information could be achieved by similar in-
vestigation on poled samples, which could eliminate or
reduce the effect of domains.

V. CONCLUSIONS

KNN-50 ceramics with two different grain sizes �10 and
0.5 �m� were studied by DSC and broad-band dielectric
spectroscopy. Three PTs from the paraelectric cubic phase to
the ferroelectric tetragonal, orthorhombic, and rhombohedral
phases were detected in both samples. The small-grain
sample shows smaller permittivity in the cubic phase and
more smeared PTs.

An overdamped mode was revealed in both samples in
the THz range, related to the hopping+oscillations of the
off-centered Nb ions in a multiwell potential. This mode
loses its strength at each PT and jumpwise increases its fre-
quency on cooling down to the rhombohedral phase where
the dynamic disorder �Nb-hopping� vanishes.

Two additional relaxation regions appear in the MHz to
GHz range in the ferroelectric phases. The higher one in the
GHz range is strongly dependent on the grain size, but we
assign it to laminar ferroelastic domain-wall dynamics,
which should contribute to the dielectric response more
strongly than the piezoelectric resonances on the grains. The
lower-frequency relaxation is broader and we assign it tenta-
tively to 180° ferroelectric domain-wall dynamics. However,
details of the strong and striking temperature dependence
particularly near the tetragonal-orthorhombic PT are not well
understood.
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