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The effect of high doping levels of manganese (Mn) on the

structure and electrical properties of (KxNa1−x)NbO3 (KNN)

ceramics containing Li, Ta, and Sb has been investigated. The

samples were measured using synchrotron X-ray diffraction
whereas Rietveld refinement with Fullprof was used to deter-

mine the structural information as a function of temperature.

Temperature-dependent dielectric measurement was used to
compare the phase transition temperatures. The results show

that Mn decreases the temperature range of phase coexistence

between the orthorhombic and tetragonal phase from ~180°C
to ~120°C. The Curie temperature remained unchanged with
Mn addition while the dielectric constant and dielectric loss

increased with Mn addition. High amounts of Mn led to a

reduction in both piezoelectric and ferroelectric properties.

The remnant polarization, remnant strain, and piezoelectric
coefficient values decreased from 24 lC/cm2, 0.000824,

338 ± 37 pm/V to 13 lC/cm2, 0,00014 and 208 ± 27 pm/V,

respectively for the undoped and 5 mol% Mn-doped sample.

I. Introduction

SUBSTITUTION of KNN ceramics with both aliovalent and
isovalent elements has been reported to increase its pie-

zoelectric coefficients (d33) while also making the sintering
process easier.1–4 An orthorhombic-tetragonal phase coexis-
tence has been reported when 5–7 mol% of Li is used to
dope KNN ceramics. A second phase related to K3Li2N-
bO5O15 is observed with more than 7 mol%.2 A series of
phase changes has been observed for Li-doped KNN ceram-
ics (0–10 mol%) from low temperatures to temperatures
above their Tc using a combination of Raman spectroscopy,
X-ray diffraction, and dielectric constant studies.5 A piezo-
electric coefficient (d33) value of 405 pC/N has been reported
for (001) oriented single crystal of KNN ceramics doped with
Li using the Bridgman method.6 The reported dielectric con-
stant value was, however, very low. Addition of Ta to KNN
ceramics has been reported to result in the softening of the
sample leading to improvements in the d33, coupling factors,
dielectrics properties while decreasing the coercive field (Ec),
and quality mechanical factors.7 It has been used to produce
an electro-holographic crystal for optical application.8 A
comprehensive study of KNN ceramics doped with Li and
Ta has been reported by Saito and Takao.9 Phase boundaries
between orthorhombic and tetragonal phases were observed
with changing amounts of Li and Ta and the reported high-
est piezoelectric coefficient value (d33 ~ 230 pm/V) was
obtained with ((K0.5Na0.5)0.97Li0.03)(Nb0.8Ta0.2)O3 composi-

tion. Abnormal core-shell structure which has been inter-
preted using the classical grain growth theory just like in
BaTiO3 has been reported both for Li- and Ta-doped KNN
10 and for KNN with a combination of 7 mol% LiTaO3 and
5 mol% BiScO3.

11 KNN ceramics doped with Li and Sb has
been studied and a phase boundary between an orthorhom-
bic and a tetragonal phase was observed between 4 and
6 mol%.12 KNN ceramics modified with a combination of
Li, Ta, and Sb abbreviated here as KNNLST was reported
by Saito et al.13 to have high piezoelectric coefficients, which
are comparable to values from lead-containing ceramics.
Consequently, the research interest in KNN ceramics con-
taining these substituents has been high.

Manganese (Mn) is an interesting element with multivalent
ions and has been used to dope piezoelectric ceramics to
improve their piezoelectric properties, to reduce the conduc-
tivity, and to improve the sinterability. It has been reported
to cause “hard” effects in Pb(ZrxTi1�x)O3 and BaTiO3-based
ceramics mainly due to the size of the ionic radius which
favors its incorporation into the B-site of the perovksite
lattice.14,15 It also acts as a domain pinning element and
causes strong aging in Pb(Mg0.33Nb0.66)O3 ceramics.16 Mn
has also been used to dope (Bi0.5Na0.5)TiO3 (BNT)-based
ceramics and the results vary depending on the authors. Li
et al.17 reported that the electrical properties deteriorated
whereas Fan et al.18 reported that both hard and soft ferro-
electric effects were obtained. Aksel et al.19 using electron
paramagnetic resonance (EPR), reported that the valence
state of Mn in BNT ceramics depends strongly on the ther-
mal treatment stating that it is oxidized and reduced after
calcination and sintering processes, respectively.

Manganese has been used to modify KNN-based ceramics and
it is believed to enter both the A and B-sites of the lattice.20–22

Improved dielectric constant, decreased peak intensity ratio
(I220/I002), and a mixture of orthorhombic and tetragonal
phases have been reported for 0.95Na0.5K0.5NbO3–0.05LiTaO3

ceramics doped with � 1 mol% MnO.23 KNN single crystals
doped with Mn showed that the leakage current was sup-
pressed and EPR measurements indicate that this is due to oxi-
dation of Mn.24,25 When added in very small amounts to
KNN ceramics, the resistivity and electromechanical quality
factor are improved while the dielectric loss values are reduced.
Higher piezoelectric coefficient and dielectric permittivity val-
ues have been reported.26 The objective of this research was to
investigate both the structure and electrical properties of
KNNLST ceramics doped with relatively high amounts of Mn
to determine its solubility limit and effect on the ceramics.

II. Experimental Procedure

(1) Sample Preparation
The compositions which were intended to be produced using the
mixed-oxide synthesis method are (K0.48Na0.48Li0.04)
(Nb0.86Ta0.1Sb0.04)O3, (K0.47Na0.47Li0.04)(Nb0.85Ta0.1Sb0.04)O3–
Mn0.015, (K0.47Na0.47Li0.04)(Nb0.84Ta0.1Sb0.04)O3–Mn0.02,(K0.46
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Na0.46Li0.04)(Nb0.82Ta0.1Sb0.04)O3–Mn0.05, (K0.43Na0.43Li0.04)(Nb0.77
Ta0.09Sb0.036)O3–Mn0.1. K2CO3, Na2CO3, Li2CO3 (99%),
Sb2O3, Nb2O5, Ta2O5 (99.9%) (Chempur Feinchemikalien
und Forschungs GmbH, Karlsruhe, Germany), and MnO2

(Merck Chemicals, Darmstadt, Germany) are the raw powders
used. The powders were milled for 2 h and calcined for 4 h at
850°C. The milling and calcination process were repeated to
ensure a homogeneous powder mixture and to reduce the par-
ticle size. After cold isostatic pressing at 300 MPa for 2 min,
the pelletized samples were sintered at temperatures between
1050°C and 1090°C for 1 h. Samples for synchrotron X-ray
were ground and annealed at 900°C for 4 h. Polarization hys-
teresis measurements were carried out at room temperature
using the standard Sawyer-Tower circuit while both unipolar
and bipolar strain hysteresis measurements were made using
an inductive transducer device. A complete dipolar hysteresis
measurement was performed in 200 sec.

The amounts of each element present in the samples were
analyzed after sintering with Optical emission spectroscopy-
Inductive coupled plasma (OES-ICP; PE-Optima 7000 DV,
Perkin Elmer, Waltham, MA). A mean value was obtained
from four separate measurements and the OES-ICP values as
well as the element amount in moles are presented in
Table I.

The amounts of Na, Ta, and O in most cases either
remained unchanged or slightly higher than the calculated
amounts before the synthesis whereas Li and K had lower
amounts. The actual compositions were adjusted to reflect
the changes in the amounts of elements present after the
chemical analysis. ZrO2 balls were used during the milling
process and the chemical analysis showed that small amounts
of ZrO2 were present. The actual compositions are: (K0.47

Na0.51Li0.03)(Nb0.85Ta0.1Sb0.04)O3 abbreviated as KNNLST-
0 mol% Mn, (K0.444Na0.505Li0.034)(Nb0.822Ta0.11Sb0.04)O3.028–
Mn0.014 as KNNLST-1.5 mol% Mn, (K0.453Na0.498Li0.034)
(Nb0.823Ta0.11Sb0.04)O3.02–Mn0.024 as KNNLST-2 mol% Mn,
(K0.448Na0.536Li0.035)(Nb0.762Ta0.107Sb0.041)O3.021–Mn0.048 as
KNNLST-5 mol% Mn, and (K0.417Na0.501Li0.034)(Nb0.719
Ta0.101Sb0.039)O3.079–Mn0.107 as KNNLST-10 mol% Mn.

(2) Synchrotron X-Ray Data Collection and Refinement
The synchrotron X-ray diffraction data were collected at the
synchrotron facility (beamline B2, HASYLAB/DESY) in
Hamburg from 27°C to 400°C in steps of 20°C. High temper-
ature measurements were performed using a capillary furnace
from Stoe & Cie type 0.65.3. The data were recorded using a
position sensitive image plate detector (OBI, ortsfest aus-
lesbarer Bildplattendetektor)27 at a wavelength of 0.6881 Å.
More details about the experimental setup at the beamline
can be found in the literature.27,28 All the collected data were
refined by the Rietveld method using the software package
FULLPROF.29

The background under the peaks was refined using a lin-
ear interpolation between points from the regions in which
no reflections contributed to the intensity. The model used
was based on a T–C–H pseudo-Voigt profile function,
which is convoluted with asymmetry due to axial divergence
as formulated by Laar and Yelon30 and using the method
of Finger et al.31,32 The atomic positions and the isotropic
atomic displacement parameters Biso were refined. The
anisotropic peak broadening model in the general strain
formulation from Stephens was used to refine the strain in
the sample.33

All the patterns were refined using a two-phase model con-
taining an orthorhombic (Amm2) and a tetragonal (P4mm)
phase. Two of the fundamental translation vectors in Amm2
are along the cubic {110} directions, instead of all three to be
along {100} as in P4mm or Pmm2. The argument for using
Amm2 has been explained in a previous article.34 In Amm2,
the different values of bo and co lead to a rhombic distortion
of the (001)c plane resulting in an expansion along [110]c. The
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refinement was done for each composition from 27°C to
temperatures above their respective Curie temperatures (Tc).
Single and two-phase refinement models were used depend-
ing on phase coexistence in the sample and the tempera-
ture of measurement. Orthorhombic, tetragonal, and cubic
phases with space groups Amm2, P4mm, and Pm�3m, respec-
tively, were used for the refinement. For phase coexistences,
a two-phase model consisting of a combination of the
respective models was used. Mn was incorporated to the
B-site of the lattice for refinement purposes because its
incorporation to the A-site did not give good results. The
refinement results for the lowest temperature phase of each
model used in the refinements are shown in Tables II, III,
IV, and V for KNNLST-0 mol% Mn, KNNLST-1.5 mol%
Mn, KNNLST-5 mol% Mn, and KNNLST-10 mol% Mn,
respectively

(3) Temperature-Dependent Measurement of Dielectric
Properties
To compare the phase transition temperatures observed with
X-rays, temperature-dependent dielectric measurements were

carried out. The surface of the pellets, which acted as elec-
trodes for the measurement were coated with silver paint.
The measurements were made using an LCR meter (HP
4284A; Agilent Technologies, Inc., Palo Alto, CA) connected
to a heating chamber.

III. Results

The profiles for the measured and calculated diffraction pat-
terns taken at 27°C and their difference for the samples are
shown in Fig. 1. The inset in the figures shows the enlarged
section of the patterns with 2h values (19°–26°) highlighting
the differences in the patterns with increasing amount of Mn.
The lattice parameters as a function of temperature for the
samples are shown in Fig. 2. The subscripts ‘c’, ‘o’, and ‘t’
denote the cubic, orthorhombic, and tetragonal unit cells,
respectively. The orthorhombic cell parameters bo and co
were divided by (2)1/2 for better representation in the graphs.
The KNNLST-0 mol% Mn plot [Fig. 2(a)] shows that the
orthorhombic and tetragonal phase coexists between 27°C
and 180°C. Only the tetragonal phase is present between
200°C and 340°C, whereas the cubic phase is observed from

Table II. Experimental Details and Refinement Results for KNNLST-0 mol% Mn Ceramics at 27°C, 200°C, and 360°C

Phase type Two-phase Single Single

Crystal system Orthorhombic Tetragonal Tetragonal Cubic

Space group Amm2 P4mm P4mm Pm-3m

Temperature (°C) 27 27 200 360

a (Å) 3.95129 (5) 3.96287 (8) 3.96152 (3) 3.97596 (16)
b (Å) 5.6391 (3)
c (Å) 5.6437 (3) 4.00053 (18) 3.99759 (4)
V (g/cm3) 125.750 (9) 62.826 (3) 62.7369 (9) 62.8532 (4)
Z 2 1 1 1
Atomic positions
O1 (z) 0.291 (6) 0.56 (2) 0.561 (4) 0
O2 (z) 0.574 (4) 0.00 (6) 0.003 (10)
A-site atom (z) 0 0 0 0
B-site atom (z) 0.524 (3) 0.50 (2) 0.515 (4) 0.5

Refinement
RB (%) 3.89 5.69 8.02 7.31
Rf (%) 3.16 3.86 6.71 6.73
GOF 4.6 26.3 32
v2 21.5 5.1 5.6
No. of parameters 39 47 24

Table III. Experimental Details and Refinement Results for KNNLST-1.5 mol% Mn Ceramics at 27°C,
120°C, 320°C, and 340°C

Phase type Two-phase Single Two-phase Single

Crystal system Orthorhombic Tetragonal Tetragonal Tetragonal Cubic Cubic

Space group Amm2 P4mm P4mm P4mm Pm-3m Pm-3m

Temperature (°C) 27 27 120 320 320 340

a (Å) 3.94963 (6) 3.95393 (5) 3.95716 (2) 3.97221 (4) 3.97146 (12) 3.973122 (17)
b (Å) 5.62324 (11) – – – – –
c (Å) 5.64367 (9) 4.00092 (10) 4.00201 (4) 3.97725 (12) – –
V (g/cm3) 125.345 (4) 62.5487 (20) 62.6680 (8) 62.755 (2) 62.640 (3) 62.7185 (5)
Z 2 1 1 1 1 1
Atomic positions
O1 (z) 0.258 (8) 0.521 (3) 0.550 (5) 0.528 (17) 0.00000 0.00000
O2 (z) 0.54096 (5) �0.013 (13) 0.028 (7) 0.00 (4)
A-site atom (z) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
B-site atom (z) 0.496 (3) 0.476 (3) 0.502 (5) 0.499 (16) 0.50000 0.50000

Refinement
RB (%) 6.59 – 8.51 8.57 6.5 8.12
Rf (%) 5.04 – 6.67 10.2 4.78 10
GOF 4.3 – 4.8 – 4.9 5
v2 18.7 – 23 – 24.5 24.6
No. of parameters 36 36 31 31 31 21
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360°C. The addition of 1.5 mol% Mn [Fig. 2(b)], decreases
the temperature ranges of the phase coexistence from 180°C
to 100°C. The tetragonal phase is present from 120°C to
300°C whereas the cubic phase is present from 320°C. For
the KNNLST-5 mol% Mn sample [Fig. 2(c)], the two-phase
region exists from 27°C to 120°C. The tetragonal phase is
observed from 140°C to 320°C and at 340°C, the refinement
was better when the tetragonal and cubic phase models are
combined whereas the cubic phase is observed from 360°C.
With the KNNLST-10 mol% Mn sample [Fig. 2(d)], there is
a scatter in the tetragonal cell parameters at and ct from
27°C to 60°C possibly due to large compressive stresses. A
two-phase coexistence is observed from 27°C to 120°C and
between 140°C and 320°C, the tetragonal phase is present.
From 340°C, the cubic phase is present.

The weight fraction (%) of the constituent phases coexis-
ting in the samples are calculated from the scale factors,
which involve the product of the mass and volume of the
unit cell contents of each phase. For KNNLST samples
with 0 and 1.5 mol%, the fraction of the orthorhombic
phase is slightly higher than that for the tetragonal phase

up to 60°C and as the temperature increases, the fraction of
the tetragonal phase becomes higher. With KNNLST-5 mol
% Mn sample, the fraction of the orthorhombic phase con-
tent increases to ~ 80% at 27°C. As the temperature
increases, the fraction of the tetragonal phase gradually
increases and at 80°C, approximately equal fractions of both
phases are observed. The content of the tetragonal phase
approaches 90% at 120°C. For the KNNLST-10 mol% Mn
sample, the fraction of the orthorhombic phase is ~90% at
27°C. As the temperature increases, the fraction of the
tetragonal phase also increases and at 100°C, both phases
are approximately equal. This indicates that although Mn
decreases the temperature range of phase coexistence, it
increases the weight fraction of the orthorhombic phase at
temperatures below 100°C.

The plot of the dielectric constant values of KNNLST
ceramics modified with Mn is shown in Fig. 3(a). The insets
highlight the behavior of the samples at temperatures below
250°C. Higher dielectric constant and dielectric loss values
[Fig. 3(b)] are observed for the samples modified with Mn at
temperatures below 75°C compared to the undoped sample.

Table IV. Experimental Details and Refinement Results for KNNLST-5 mol% Mn Ceramics at 27°C, 100°C, 340°C, and 360°C

Phase type
Two-phase Single Two-phase Single

Crystal system Orthorhombic Tetragonal Tetragonal Tetragonal Cubic Cubic

Space group Amm2 P4mm P4mm P4mm Pm-3m Pm-3m

Temperature (°C) 27 27 100 340 340 360

a (Å) 3.94890 (6) 3.95780 (10) 3.95792 (4) 3.97472 (10) 3.97255 (12) 3.97567 (2)
b (Å) 5.62238 (12) – – – – –
c (Å) 5.64632 (10) 3.9945 (3) 4.00162 (5) 3.9828 (2) – –
V (g/cm3) 125.361 (4) 62.570 (5) 62.6858 (11) 62.921 (4) 62.692 (3) 62.8394 (7)
Atomic positions
O1 (z) 0.252 (5) 0.5161 (20) 0.547 (6) 0.50 (4) 0.00000 0.00000
O2 (z) 0.54083 (10) �0.079 (13) 0.026 (9) �0.05 (2)
A-site atom (z) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
B-site atom (z) 0.4908 (20) 0.464 (6) 0.504 (5) 0.51 (2) 0.50000 0.50000
Z 2 1 1 1 1 1

Refinement
RB (%) 4.73 3.83 4.83 9.97 9.99 5.68
Rf (%) 4.08 3.77 4.3 7.62 9.15 5.42
GOF 3.6 – 3.8 4.6 – 4.3
v2 12.8 – 14.5 21 – 18.3
No. of parameters 36 – 31 31 – 21

Table V. Experimental Details and Refinement Results for KNNLST-10 mol% Mn Ceramics at 27°C, 120°C, and 340°C

Phase type
Two-phase Single Single

Crystal system Orthorhombic Tetragonal Tetragonal Cubic

Space group Amm2 P4mm P4mm Pm-3m

Temperature (°C) 27 27 120 340

a (Å) 3.94795 (5) 3.96002 (12) 3.95814 (3) 3.97441 (2)
b (Å) 5.62364 (12) – – –
c (Å) 5.64535 (8) 3.9751 (5) 4.00008 (5) –
V (g/cm�3) 125.337 (4) 62.336 (8) 62.6689 (10) 62.7798 (6)
Z 2 1 1 1
Atomic positions
O1 (z) 0.264 (5) 0.524 (2) 0.536 (8) 0.00000
O2 (z) 0.54086 (12) 0.275 (13) 0.028 (10) 0.00000
A-site atom (z) 0.00000 0.00000 0.00000 0.00000
B-site atom (z) 0.498 (2) 0.488 (7) 0.503 (6) 0.50000

Refinement
RB (%) 5.12 4.73 5.83 5.92
Rf (%) 4.04 3.43 4.59 5.55
GOF 3.8 – 3.9 4.3
v2 14.1 – 15.1 18.5
No. of parameters 36 – 31 21
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(a)
(b)

(d)
(c)

Fig. 1. Measured and calculated X-ray diffraction profiles and their difference plot at 27°C for KNNLST ceramics with (a) 0 mol% Mn, (b)
1.5 mol% Mn, (c) 5 mol% Mn, and (d) 10 mol% Mn, respectively.

(a) (b)

(c) (d)

Fig. 2. Lattice parameters (Å) of the samples as a function of temperature. ao, bo, and co represent the parameters for the orthorhombic phase,
at and ct represent the parameters for the tetragonal phase whereas ac represents the cubic phase, respectively. The graphs are for (a) KNNLST-0
mol% Mn, (b) KNNLST-1.5 mol% Mn, (c) KNNLST-5 mol% Mn, and (d) KNNLST-10 mol% Mn.
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This range of temperature corresponds to the two-phase
coexistence region observed using X-ray diffraction. The
dielectric constant values decrease with increasing Mn con-
tent whereas the dielectric loss increases with increasing Mn
content. The high dielectric constant peak is observed with
the undoped sample and this peak tends to broaden with
increasing Mn content while the peak value decreases. For
KNNLST-0 mol% Mn composition, the Tc is observed at
~310°C with a dielectric peak value of ~5636. For KNNLST-
1.5 mol% Mn, the Tc is at 316°C with a dielectric peak value
of 5225 while for KNNLST-2 mol% Mn, a Tc is at 326°C
and a dielectric peak value of 4294 is obtained. The Tc value
for KNNLST-5 mol% Mn is 335°C while the dielectric peak
value is 3685. For KNNLST-10 mol% Mn, the Tc is 336°C
and the dielectric peak value is 3940. A diffuse phase transi-
tion, which is characterized by extending the phase transition
in a wide temperature interval around the Tc is observed for
all the samples modified with Mn.

The polarization hysteresis curves for the samples modified
with Mn are shown in Fig. 4(a). With an electric field of

20 kV/cm, saturation polarizations are attained for all the
samples. The coercive field Ec and remnant polarization Pr

values decrease with Mn addition. For KNNLST-0 mol%
Mn sample, the Pr and Ec values are 24 lC/cm2 and 9.4 kV/
cm, respectively. Ec value of ~7.2 kV/cm are obtained for all
the Mn-doped samples while the Pr values are 20, 18, 13,
and 14 lC/cm2 for 1.5, 2, 5, and 10 mol% of Mn, respec-
tively. The bi-polar strain hysteresis curves for the samples
are shown in Fig. 4(b). Good strain hysteresis curves are
obtained for the samples and the addition of Mn resulted in
a decrease in the obtained remnant strain Sr values. The Sr

value for KNNLST-0 mol% Mn sample is 0.000824 and
when Mn is added to the ceramic, the value decreases to
~0.0004. The details about the Sr values for the individual
compositions is shown in Table VI.

The relative density, d*33, Sr, and Tc values for the sam-
ples are shown in Table IV. Addition of Mn did not lead to
a significant difference in the relative density values of the
samples as they are between 92% and 94% of their respec-
tive theoretical density.

(a) (b)

Fig. 3. Temperature-dependent plots of (a) dielectric constant and (b) dielectric loss (tan d) measured at 100 kHz for KNNLST ceramics doped
with different amounts of Mn.

Table VI. Density, Piezoelectric Coefficient (d*33), Remnant Strain (Sr) and Curie Temperature (Tc) for KNNLST Ceramics

Modified with Different Amounts of Mn

Tc (°C)

Sample

Relative

density (%)

d*33
(pm/V)

Pr

(lC/cm2)

Ec

(kV/cm) Sr (%) X-ray Dielectric

0 mol% 93 338 ± 37 24 9.40 0.0824 340–360 310 ± 3
1.5 mol% 94 229 ± 18 20 ~7.2 0.0358 300–320 316 ± 2
2 mol% 94 254 ± 13 18 ~7.2 0.0461 – 326 ± 3
5 mol% 92 208 ± 27 13 ~7.2 0.0143 340–360 335 ± 5
10 mol% 94 225 ± 20 14 ~7.2 0.0334 320–340 336 ± 4

(a) (b)

Fig. 4. (a) Polarization-electric field hysteresis curves and (b) strain – electric field hysteresis curves for KNNLST ceramics modified with
different amounts of Mn.
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Figure 5 shows the unipolar strain hysteresis curves for
the samples. The slope of the curves was used to calculate
the d*33 values. The highest value (338 ± 37 pm/V) is
obtained with the KNNLST-0 mol% Mn sample and as Mn
is added, the d*33 values decrease to about 229 ± 18 pm/V
for KNNLST-1.5 mol% Mn sample. The addition of more
Mn to the sample did not lead to a significant change in the
obtained d*33 values.

IV. Discussion

The chemical analysis show that it is difficult to obtain
exactly the same composition before and after sintering espe-
cially for elements like Li, K, and Sb, which are volatile. The
addition of Mn stabilized the content of Sb, which implies
that it reduces its volatilization rate during sintering.

The analysis of EPR results for KNN single crystals
doped with Mn showed that it is incorporated to the B-site
of the lattice.24 It therefore acts as an acceptor dopant, which
creates oxygen vacancies. When the Mn ions and O2� ions
combine, they form defect dipoles which cause pinning effects
on domain switching and lead to hard ferroelectric effects in
the samples. The results for KNNLST ceramics modified
with Mn is more complex because the chemical analysis
shows that in most cases, cation deficiency in both the A and
B-sites of the lattice is observed. This implies that it is
expected to have both hard and soft ferroelectric properties.

The X-ray diffraction patterns show that the sequence of
phase transitions was not altered with Mn addition, but the
temperature range of phase coexistence was lowered from
180°C to ~120°C. The possible reasons for phase coexistence
in a material include the internal stress relaxation35 and com-
positional fluctuations necessitated by inhomogeneity in the
samples.36 As the amount of Mn added to the KNNLST
ceramic increased, the orthorhombic phase stabilizes and this
implies that Mn in KNN ceramics is more stable with the
orthorhombic lattice.

The dielectric properties of a ferroelectric material have
contributions from both the intrinsic and extrinsic responses.
The intrinsic contributions are mainly due to local atomic
displacements within the unit cell that lead to the polariza-
tion of the material and depend on the domain orientation
although the extrinsic contributions are mainly due to
domain wall motions in the material due to an applied exter-
nal electric field, which is higher than the Ec.

37 Only a small
field was applied in this work and so only the intrinsic con-
tribution is expected. The slightly higher dielectric constant
and dielectric loss values for the Mn-doped samples at tem-
peratures below 75°C are probably due to the coexistence

of the orthorhombic and the tetragonal phase as shown
in Fig. 1. For samples doped with Mn, broadening of the
dielectric peaks is observed at the Tc possibly because of
local compositional fluctuations, which create many compet-
ing dielectric maxima in the sample. The Tc values for the
samples did not change with doping amounts probably due
to the fact that the nature of the vacancies remains similar
irrespective of the doping amount. This effect has been
observed for Mn-doped (Na0.5K0.5)0.935Li0.065NbO3 ceramics
by Zuo et al.22 and in Mn-doped 0.98K0.5Na0.5NbO3–0.02Bi-
ScO3 by Li et al.38 The values of the Tc obtained using the
dielectric constant and X-ray diffraction compares very well
for the Mn-doped samples. For the undoped sample, how-
ever, the difference is big and this may be due to differences
in preparation methods. The 20°C intervals used for the
X-ray diffraction data acquisition could also contribute to
the differences in Tc values since the onset of the cubic phase
can begin at any temperature in the sample.

A combination of hard and soft ferroelectric effects is
observed when Mn is used to dope the samples. The decreasing
values of Pr indicate hard ferroelectric effects whereas the
decreasing values of Ec indicate soft ferroelectric effects. This
effect has also been reported for Mn-doped 0.98K0.5Na0.5
NbO3–0.02BiScO3 ceramics 38 and Mn-doped (Bi1/2Na1/2)TiO3–
BaTiO3 ceramics.18 Increasing amount of Mn introduces more
defects to the lattice, which hinders the switching of the domains
leading to lower ferroelectric properties. The low values of d*33,
Sr, and Pr obtained for KNNLST-5 mol% Mn ceramics may
be related to the slightly lower density values.

V. Conclusion

The KNNLST ceramics modified with different amounts of
Mn have been produced using the mixed-oxide synthesis
method. Chemical analysis using OES-ICP spectroscopy
shows that the intended and actual compositions vary slightly
due to element volatility during sintering and impurity intro-
duction during processing. The amount of Mn added to the
sample did not affect the sequence of phase transition, but
decreases the temperature range of phase coexistence from
180°C to 120°C. The orthorhombic phase is stabilized between
27°C and 80°C with increasing amount of Mn added to the
sample. Both the dielectric constant and dielectric loss values
increase with small amounts of Mn and decrease with increas-
ing Mn amount. The Tc did not decrease with the amount of
Mn present probably because the nature of the defects is simi-
lar irrespective of the amount of dopant. Good polarization
and strain hysteresis curves and high piezoelectric coefficients
were obtained for all the samples. The highest d*33 value was
for the sample without Mn, which indicates that Mn intro-
duces vacancies, which inhibit the domains to switch easily
when an electric field is applied.
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