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Abstract

Lead-free ferroelectric niobium-rich potassium lithium tantalate niobate K0.95Li0.05Ta1−xNbxO3 (KLTN) single crystals were grown by the top-
seeded melt method. Thermal expansion properties of K0.95Li0.05Ta1−xNbxO3 (x¼0.78, 0.69, 0.60, and 0.52) single crystals were investigated in
the temperature range of 140 K–800 K using a dilatometer. According to the thermal expansion data, phase transition temperatures of all
compositions were determined, and temperature dependence of local polarization was calculated. In addition, the results were discussed in
combination with the composition and crystallographic orientation.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Potassium tantalate niobate, K(Ta,Nb)O3 (KTN), solid solution
system has attracted considerable attention, owing to the rich
diversity of electrical and optical properties and possible applica-
tions in various technological devices [1]. So far, most research
work about KTN system is focusing on the tantalum-rich KTN
side and mainly for their quadratic electrooptic effect [2], quantum
ferroelectric behavior of KTaO3 [3], photorefractive and holo-
graphic application of cubic KTN single crystal [4]. There are few
investigations on niobium-rich KTN single crystals perhaps due to
the difficulties in the high quality crystal growth. However,
systematical characterization of room temperature ferroelectric
KTN-series single crystals is very important and interesting. Large
linear electro-optical effect [5], impressive piezoelectric perfor-
mance [6], phase transitions [7] and polarization mechanism [8] of
KTN family demand new investigations which facilitate further
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research work and accelerate commercial applications of KTN-
series materials.
With slight lithium implantation, niobium-rich K0.95Li0.05

Ta1−xNbxO3 (x¼0.78, 0.69, 0.60, and 0.52) (KLTN) room
temperature ferroelectric single crystals were grown using the
top-seeded melt growth method. Their piezoelectric, ferroelectric,
pyroelectric and linear electro-optical performances make KLTN
solid solution a promising material for various electro-mechanical-
optical coupled applications [9]. Thermal expansion that is related
to square of the polarization in general can be used to investigate
phase transition, anisotropic behavior and local polarization in
material [10]. When temperature is above ferroelectric–paraelectric
transition point, the deviation from its linear behavior of thermal
strain can be used for many studies. For the relaxor-like behavior,
local polarization exists even above the transition temperature
while it disappears or is immeasurable above certain temperatures,
namely Burns temperature [11]. Wang et al. [12] reported thermal
properties of high Ta and cubic KTN system, but the results of
high Nb, room temperature ferroelectrics KTN are scares.
In this work, we studied thermal expansion properties of

Nb-rich KLTN solid solution single crystals. Thermal strain
and thermal expansion coefficients were measured. The phase
ghts reserved.
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transition behaviors according to thermal expansion were
determined from the abrupt discontinuity of experimental data.
Local polarization behavior was also analyzed from the
Fig. 1. Crystallographic orientation dependent thermal strain (ΔL/L0) and therma
of temperature: (a) a-direction for x¼0.78; (b) c-direction for x¼0.78; (c) a-di
(f) c-direction for x¼0.60; (g) a-direction for x¼0.52 and (h) c-direction for x¼0
thermal expansion data. In order to qualitatively analyze the
relation between thermal properties and Nb concentration,
four K0.95Li0.05Ta1−xNbxO3 compositions with different Nb
l expansion coefficients (α) of K0.95Li0.05Ta1−xNbxO3 crystals as a function
rection for x¼0.69; (d) c-direction for x¼0.69; (e) a-direction for x¼0.60;
.52.



Fig. 2. Thermal expansion (ΔL/L0) results along the a- and c-direction for
K0.95Li0.05Ta0.22Nb0.78O3.
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concentrations (x¼0.78, 0.69, 0.60, and 0.52) were used in the
experiments.

2. Experimental

K0.95Li0.05Ta1−xNbxO3 single crystals used in these investiga-
tions were grown using the top-seeded melt growth technique. By
varying the Ta-to-Nb ratio, K0.95Li0.05Ta1−xNbxO3 solid solution
exhibited a composition controlled phase transition temperature Tc
between 13 K (x¼0) and 700 K (x¼1). Thus the crystal
composition can be determined by using dielectric measurement
data [13]. Four samples of K0.95Li0.05Ta1−xNbxO3, x¼0.78, 0.69,
0.60, and 0.52, were cut to rectangular bar. Before thermal
expansion measurements, all samples were poled along the [001]
direction at 500 K, at an electric field of 350 V/mm, for 30 min.
The samples were then slowly cooled down to room temperature
under electric field.

In order to perform calibration and take into account thermal
expansion of the measuring system, reference samples of fused
silica were used. Samples with length and size close to those of
the reference fused silica were placed inside a fused silica
holder. Thermal expansion was measured with a linear voltage
differential transformer (LVDT) dilatometer (Series 6500, theta
industries, Inc., NY). The measurements were performed over
140 K and 800 K with heating and cooling rate of 2 1C/min
[14]. Also, crystallographic orientation dependent thermal
expansion measurements of KLTN crystals along the a- and
c-direction were carried out. The LVDT has an advantage over
other transformers as it gives a linear output for every unit
displacement. Moreover, different from dielectric measure-
ment, thermal expansion is related to DC frequency displace-
ment response rather than high frequency dielectric response.

3. Results and discussion

3.1. Thermal expansion

The relationship of strain, thermal expansion and local
polarization can be described by the equations below:

α¼ ΔL
L0

1
ΔT

ð1Þ

xij ¼
ΔL
L0

¼QijkkPk
2 ð2Þ

where α is thermal expansion coefficient, ΔL/L0 and xij are
thermal expansion strain, ΔT is small temperature change,
Table 1
Parameters derived from the thermal expansion measurement of the K0.95Li0.05Ta1

Composition Tm (K) T0 (K) T0−Tm (K) TO-T (K)

K0.95Li0.05Ta0.22Nb0.78O3 465 613 148 244
K0.95Li0.05Ta0.31Nb0.69O3 417 573 156 192
K0.95Li0.05Ta0.40Nb0.60O3 358 529 171 148
K0.95Li0.05Ta0.48Nb0.52O3 305 499 194 –

aFrom pyroelectric measurements.
Qijkk is quadratic electrostrictive coefficient and Pk represents
polarization. Electrostrictive coefficients Qijkk are determined
in paraelectric phase and considered constant for most of
perovskite structure materials [15].
Crystallographic orientation dependent thermal strain and

thermal expansion coefficient of K0.95Li0.05Ta1−xNbxO3 crys-
tals as a function of temperature are presented in Fig. 1. The
abrupt discontinuities of thermal strain at the phase transition
for all compositions were clearly observed. Thermal strain and
thermal expansion coefficient of KLTN crystals at room
temperature are small, with a sharp change near phase
transition temperature. From different thermal strain behaviors
in Fig. 1, the almost zero polarization state temperature (T0)
can be defined. Below the zero polarization state temperature,
thermal strain starts to deviate from the linear relationship.
Thermal expansion coefficient, phase transition temperature
and T0 are summarized in Table 1. The values of T0 are in the
range from 500 K to 600 K and increase with Nb content. T0 is
much higher than ferroelectric–paraelectric transition tempera-
ture, and the difference between maxima transition temperature
Tm and T0 was found to decrease with increasing Nb
concentration. Phase transition temperature (TO–T) between
ferroelectric tetragonal to orthorhombic phases can also be
determined from thermal expansion strain below Tm for
x¼0.78, 0.69 and 0.60 compositions.
Fig. 2 shows thermal strains parallel and perpendicular to

ferroelectric c-direction of K0.95Li0.05Ta0.22Nb0.78O3 single
crystal. For all four K0.95Li0.05Ta1−xNbxO3 crystal composi-
tions, x¼0.78, 0.69, 0.60, and 0.52, phase transition
−xNbxO3 single crystals.

α, c-direction (� 10−6 K−1) Pd@RT (μC/cm2) Ps@RT (μC/cm2)a

3.22 27.5 8
4.27 23.1 5
4.83 21.8 4
3.37 5.8 –



Fig. 3. Calculated total polarization (Pd) as a function of temperature for the
KLTN single crystals.
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temperatures exactly match as both the a- and c-direction
expansion measurements results.

3.2. Polarization properties

Local polarization Pd was obtained at various temperatures
by analyzing the strain deviation from high temperature linear
behavior and using Eq. (2). However, due to the much larger
strain along the poled c-direction, we put more emphasis on
these data rather than that perpendicular to the c-axis. To
estimate Pd, the expression ΔL/L0¼Q11P

2 has been used to
calculate the total P, i.e. ((P2)1/2). Using the typical values of
perovskite structure, Q11¼9.5� 10−2 m4/C2 and Q12¼−3.1�
10−2 m4/C2 [16], for K0.95Li0.05Ta1−xNbxO3 crystals, x¼0.78,
0.69, 0.60, and 0.52, Pd values were calculated and are shown
in Fig. 3. The spontaneous polarization, Ps, determined from
pyroelectric measurement is also shown in Table 1. The results
indicate that the value of the local polarization increases with
increasing Nb concentration in the compositions and the abrupt
discontinuity of polarization curve points out the nature of the
transition.

4. Conclusion

Thermal expansion properties of K0.95Li0.05Ta1−xNbxO3

(KLTN), x¼0.78, 0.69, 0.60, and 0.52, single crystals were
studied over 140 K–800 K. It was found that thermal expan-
sion exhibited a linear relation with temperature above Tm, and
showed deviation below T0, ranging from 500 K to 600 K,
depending on Nb concentrations. T0 was higher than ferro-
electric–paraelectric transition temperature in all compositions.
The temperature difference between Tm and T0 decreased with
the decrease of Nb concentration. Total local polarization
calculated from the thermal expansion data increased with
increasing Nb content. The results suggested possible con-
tributions to the polarization from other sources in the crystals,
which could be related to a small inhomogeneous composition
distribution on the micro to nanoscale.
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