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Changes in structure and dielectric properties at elevated temperatures have been investigated on
single-crystals of sodium potassium niobate, Nag 5Ko sNbOs3, grown by the flux method. Single-crystal
X-ray diffraction studies revealed that the crystals underwent orthorhombic-tetragonal and
tetragonal-cubic phase transitions at 465 and 671 K during heating and 446 and 666 K during cooling,
respectively. Both transitions were accompanied by volumetric discontinuities of collapse upon heating
and expansion upon cooling, suggesting that the transitions were of the first order. The coordination
numbers of an Nb showed a decreasing tendency with decreasing temperature, i.e., 6 in cubic, 5+1 in
tetragonal and 4+2 in orthorhombic. An Na atom occupied a slightly different position from the K atom
in 12-fold coordination, resulting in fewer coordination numbers of 8+4 in cubic and tetragonal
and 7+5 in orthorhombic. The spontaneous polarisation (Ps) estimated from the atom positions and
formal charges were approximately 0.29 Cm~™2 in orthorhombic and 0.18Cm~2 in tetragonal.
The contribution of the alkaline oxide components to Ps was estimated to be approximately 15% in
both ferroelectric forms. The temperature-induced transitions were also confirmed through the
dielectric constant and dielectric loss at various frequencies and the differential scanning calorimetry.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Sodium potassium niobate NagsKosNbOs (NKN), and asso-
ciated compounds containing various additional elements as
dopants, are potential candidates for piezoelectric and ferro-
electric applications, not only because of their high performance,
but also their lead-free nature [1,2].

According to the phase diagram of (Na;_,K,)NbOs, the
orthorhombic M phase is stable in the range 0.475 <x <1, and
the monoclinic L phase is stable in the range 0.32 <x <0.475, at
room temperature [3]. The phase diagram in the range
0.24 <x<0.36 has been recently modified on the basis of
monoclinic symmetry [4]. The M phase was assumed to have an
orthorhombic symmetry from previous studies on the x=1
compound KNbO3 (KN) [5-7]. However, although Li-doped NKN
has been reported to have a monoclinic symmetry [8,9], no
structural data for pure NKN is available to date in the inorganic
crystal structure database [10].

The orthorhombic KN crystal undergoes a phase transition at
ca. 493 K, and becomes paraelectric at ca. 707 K [11]. At these
respective temperatures, the symmetry changes from orthorhom-
bic to tetragonal (O-T) and from tetragonal to cubic (T-C). Heat
treatment is known to sensitively affect the domain structure,
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which in turn influences the performance of devices utilizing KN
or NKN [12,13]. Therefore, it is important to understand the
crystallographic properties not only at the temperatures at which
crystals are used in practical applications, but also at those
temperatures at which crystals are treated during fabrication.
In spite of many studies on the domain structures of an NKN at
room temperature [14-20], it seems there is no crystallographic
information available on an NKN at high temperatures, to the best
of our knowledge.

The present study was then undertaken to elucidate the
behaviour of the NKN structure at elevated temperatures, paying
special attention to the changes in unit cell dimensions, atomic
coordinates and bond distances. The present study also gives an
estimate of the spontaneous polarisation (Ps) and its temperature
dependence based on a simple point charge model.

The orthorhombic and tetragonal structures of KN were first
described by the displacive model of constituent atoms with
respect to the ideal cubic structure [5]. After this achievement, a
series for the structural disorder of these structures was found
[21-23]. Since then, a number of studies have been compiled on
the basis of the displacive and order-disorder models from both
experimental and theoretical points of view [6,7,24-29]. Today,
the consensus seems to be that the displacive and the order-
disorder natures are highly correlated, but that the latter becomes
more prominent at higher temperatures.

To determine the temperature dependency of the NKN
structure, diffraction data should be taken at a number of
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different temperatures. However, precise data collection at a
single temperature takes a long time to accurately examine the
order-disorder nature. Considering the aforementioned goal of
the present paper, we decided to limit the time of data collection
to 3 h at one temperature, which fully sufficed for the determina-
tion of structure based on the displacive model applied to the
sublattices comprised of the Nb and O atoms. We believe
the results of the present study also offer an insight into the full
order—disorder nature of the compound.

Various cell choices have been adopted in the literature.
However, the present paper follows the choice of Katz and Megaw
[6]. The orientation relationships among the orthorhombic,
tetragonal and cubic unit cells of an NKN adopted in this paper
are shown in Fig. 1. The pseudocubic unit cell can be taken using
cell vectors a4, a; and as, where a;=a3 and a=7=90° for the
orthorhombic Bmm2 structure with the polar axis being parallel
to ¢,. Because ¢, is slightly longer than a, in this setting, the f
angle between a; and as; becomes smaller than 90°.

2. Experimental
2.1. Synthesis

NKN ceramics were prepared by a conventional mixed oxide
method. The raw materials were high-purity (99.99%) powders of
Na,CO3, K;CO3 and Nb,0s. These powders were weighed to obtain
compositions according to the formula NagsKosNbOs. The
weighed powders were then mixed with ball-milling media for
1 h in ethanol. The dried mixture was calcined at 1073 K for 20 h.

Single-crystals were grown in air by the self-flux method.
Briefly, the calcined powders were mixed with a KF-NaF eutectic
composition. The weight ratio of the calcined powders, KF and
NaF was 5:2:1. The weighed powders were then mixed by ball
milling for 24 h in ethanol. The resulting mixture was put into Pt
crucible and kept at 1323 K for 5 h, followed by cooling to 1223 K
at the rate of 0.25 K/min. The sample was kept at 1223 K for 5 h,
and then cooled to room temperature at the rate of 5 K/min.

The semi-quantitative energy dispersive X-ray spectroscopy
analysis on the fragments of the crystal using a scanning electron
microscope (JSM7000F, JEOL Ltd.) indicated that the Na/K ratios
lay between 0.8-1.2. The relatively large variations were
supposedly due to the residual flux components of KF and/or
NaF on the surface of the crystals. On the other hand, the
ratios converged to 0.9-1.1 by the population analysis of the

Fig. 1. Relationships among the orthorhombic Bmm2 unit cell (ao, bo, Co),
tetragonal P4Amm cell (ay, by, c¢;) and the pseudocubic unit cell (a;, az, as, ) with
a schematic atom arrangement. Atom labels with no subscripts are common for
the orthorhombic and tetragonal forms.

single-crystal X-ray diffraction data. The Na/K ratio was even-
tually fixed at 1.0 in further calculations.

2.2. Diffraction experiments

Single-crystal diffraction experiments were carried out on a
CCD diffractometer (Smart Apex II, MoKa, Bruker AXS) with a
heating apparatus [30]. A mono-capillary collimator 300 pm in
diameter was used to enhance the diffracted intensities [31].
Crystals were ground into spheres 80 um in diameter and
mounted on the silica glass capillary by Sauereisen cement
(#970000, Niraco Co.). The crystal on the diffractometer was
heated by hot nitrogen gas flowing at the rate of 5 L/min. The
sample temperature was calibrated by measuring the melting
points of Sn, Zn, Al and Ag metals.

The intensity distribution in reciprocal space was investigated
through the sets of contiguous frame data, so that more than 99%
(20 <60°) and 90% (260 <80°) of all the crystallographically
independent reflections were measured. Each set of frame data
was taken by either the w or ¢ scan techniques in scan steps of
0.3° with an exposure time of 3 s. In this way, it took 3 h to collect
a set of frame data at one temperature. No diffraction spots were
detected to break the B-centred orthorhombic symmetry at room
temperature. The monoclinic distortion, as suggested for an
Li-doped NKN [9], was thus excluded in the present crystal.
Integrated intensities were extracted from the frame data by
Smart Apex II software [32]. Absorption correction was applied by
the empirical method using multiple reflections [32]. Least-
squares refinements were carried out by the program SHELXL
[33] in association with the WinGX program package [34].

A preliminary analysis at room temperature indicated that
ferroelectric domains were present even in a tiny crystal ca.
30 um in size, because many diffraction spots were faintly split or
slightly extended in reciprocal space. The splitting in the NKN
crystal was rather incomplete compared with the orthorhombic
KN, owing to a small departure from cubicity. This was favourable
for the single-crystal analysis assuming the pseudomerohedral
twin. Tiny crystals with simple domain structures were selected
from many candidates for the high temperature diffraction
experiment. Details of the twin analyses are given in Sections 3.1
and 3.2.

Diffraction data were first taken at 10, 11 and 7 different
temperatures in the orthorhombic, tetragonal and cubic forms,
respectively, during heating the crystal from room temperature to
739 K. Then, additional diffraction data were taken at 7, 14 and 6
different temperatures in the cubic, tetragonal and orthorhombic
forms, respectively, during cooling. Selected structure data at two
representative temperatures upon cooling for orthorhombic,
tetragonal and cubic forms are listed in Table 1. All the crystal-
lographic information collected is available in the CIF archive as
Supplementary material.

2.3. Dielectric properties and DSC measurements

The relative dielectric constant (¢') and the dielectric loss
(tan o) were measured in a furnace (KTFO35N, Koyo Thermo
System Co., Ltd.), using an LCR meter (ZM2355, NF Co.) on a platy
crystal 1.29 mm thick. Data were taken for increasing and
decreasing temperatures between 299 and 910K at the rate of
5 K/min at frequencies of 0.1, 1, 10 and 100 kHz.

Thermal analysis of an NKN was performed using a differential
scanning calorimeter (DSC-60, Shimadzu Co.). Data for the ca.
20 mg crushed sample were collected upon heating at the rate of
10 K/min in an Al cell under a nitrogen gas flow.
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Table 1
Crystal data for an NagsKosNbOs3 at selected temperatures upon cooling.
T (K) 295 438 T (K) 474 648 T (K) 674 739
Crystal system Orthorhombic Crystal system Tetragonal Crystal system Cubic
Space group Bmm2 Space group PAmm Space group Pm3m
zZ 2 V4 1 V4 1
ao (A) 5.65732(18) 5.65576(19) a; (A) 3.9767(2) 3.9868(1) ac (A) 3.99281(8) 3.99433(8)
be (A) 3.9551(12) 3.96668(13)
o (A) 5.67171(18) 5.66487(20) ¢ (A) 4.0190(3) 4.0087(3)
V, (A3) 126.906(7) 127.089(7) Ve (A3) 63.555(5) 63.716(4) Ve (A%) 63.656(2) 63.728(2)
Pseudocubic unit cells before transformation
a; (A) 4.0054(1) 4.00245(10) a; (A) 3.9978(1) 3.9977(1) a; (A) 3.9924(1) 3.9943(1)
ay (A) 3.9551(1) 3.96668(13) a (A) 3.9767(2) 3.9868(2) a (A) 3.9936(1) 3.9945(1)
as (A) 4.0054(1) 4.00245(10) as (A) 3.9978(1) 3.9977(1) as (A) 3.9924(1) 3.9943(1)
B () 89.854(3) 89.908(3) B () 89.986(4) 89.993(4) B () 89.999(3) 89.999(3)
Vpe (A3) 63.453(3) 63.545(4) Vpe (A3) 63.555(5) 63.716(4) Ve (A3) 63.656(2) 63.728(2)
Refinements
Nay® 658 649 Na® 619 639 Nay® 659 658
Rin® 0.014 0.013 Rin® 0.021 0.022 Rin® 0.036 0.025
Ry¢ 0.021 0.018 RS 0.017 0.017 R§ 0.019 0.014
Nused® 298 298 Nused® 224 226 Nusea® 62 63
Structure parameters
Z(K) —0.0160(4) —0.0139(5) Z(K) —0.0175(14) —0.0156(15) Z(K) 0 0
Uiso(K) 0.0077(2) 0.0115(2) Uiso(K) 0.0113(3) 0.0153(3) Uiso(K) 0.0166(4) 0.0171(4)
z(Na) 0.008(3) —0.002(5) z(Na) —0.002(10) —0.003(10) z(Na) 0.042(4) 0.062(2)
Uiso(Na) 0.0215(10) 0.0292(11) Uiso(Na) 0.0345(19) 0.044(2) Uiso(Na) 0.031(2) 0.020(2)
x(01) 0.2488(6) 0.2467(7)
z(01) 0.2180(4) 0.2233(5) z(01) —0.031(3) —0.018(3) z(0) 0 0
Uiso(01) 0.0131(4) 0.0179(4) Ueq(01) 0.0214(17) 0.0253(12) Ueq(0) 0.0204(3) 0.0201(4)
2(02) 0.4613(5) 0.4651(5) 2(02) 0.4685(17) 0.4763(18)
Uiso(02) 0.0088(5) 0.0122(5) Ueq(02) 0.0192(11) 0.0218(8)
Ueq(Nb) 0.00733(4) 0.00966(4) Ueq(NDb) 0.01164(7) 0.01360(6) Ueq(Nb) 0.01554(7) 0.01636(8)
Selected interatomic distances (A)
Nb-01 ( x 2) 1.884(3) 1.911 (4) Nb-O1 1.885 (12) 1.932 (12) Nb-O 1.9964(1) 1.9972(1)
Nb-01 ( x 2) 2.131(3) 2.099 (3) Nb-01 2134 (12) 2.076 (12)
Nb-02 ( x 2) 1.9897(3) 1.9932 (3) Nb-02 ( x 4) 1.9924 (4) 1.9957 (4)
K-01( x 4) 2.766(2) 2.772 (3) K-01( x 4) 2.8125 (3) 2.8191 (1) K-O (x12) 2.8233(1) 2.8244 (1)
K-O1( x 4) 2.865(2) 2.864 (3) K-02( x 4) 2.787 (6) 2.804 (7)
K-02( x 1) 2.707(4) 2.714 (4) K-02( x 4) 2.867 (6) 2.850 (7)
K-02( x 2) 2.8316(2) 2.8304 (2)
K-02( x 1) 2.965(4) 2.951 (4)
Na-01( x 4) 2.704 (9) 2.741 (12) Na-O1( x 4) 2.814(2) 2.820(1) Na-O ( x 4) 2.707(10) 2.655(5)
Na-O1( x 4) 2.939 (10) 2.900 (12) Na-02( x 4) 2.74(3) 2.77(3) Na-0 ( x 4) 2.8283(9) 2.8353(7)
Na-02( x 1) 2.571(17) 2.65(2) Na-02( x 4) 2.91(3) 2.89(3) Na-0 ( x 4) 2.944(12) 3.005(6)
Na-02( x 2) 2.8410(16) 2.8340 (15)
Na-02( x 1) 3.101(17) 3.02(2)

2 Number of extracted reflections from the frame data.

b Mean reliability factor for equivalent reflections.

¢ Reliability factor of the least-squares refinement based on F(hki)?.
4 Number of reflections used in the least-squares refinement.

3. Results and discussion

3.1. Refinements of the orthorhombic structure

Refinements were first undertaken to examine the domain
structure of the orthorhombic crystal, assuming the presence of
four domain components, 0, 1, 2 and 3. Domains 0 and 1 had the
90° relationship regarding the orientation of the polar axis and
were geometrically related on the basis of the Bmm2 unit cell
vectors, a,, b, and ¢, by the equation

a, 0 0 1 a,
b, =0 -1 O b,
Co 1 0 0 Co

1 0

Domains 2 and 3, on the other hand, had the inversion
relationship with domains 0 and 1, respectively. The volume

fractions of domains 0, 1, 2 and 3 were estimated from the scale
factors of these components in the course of the least-squares
procedure under the constraint that the sum of the scale factors
became unity.

The noncentrosymmetric refinement of the structure was
carried out by fixing the fractional coordinate z of the Nb atoms
at 0.5 along the polar axis. The positional and isotropic atomic
displacement parameters of the Na and K atoms were refined
independently. The z coordinates of 01 and 02 in Table 1 show that
the oxygen sublattice shifted along the —c, direction with respect
to the Nb sublattice, which provided a net polarisation along +c, in
domain 0. The z coordinates of Na and K (Table 1) show that the Na
sublattice shifted with respect to the oxygen sublattice further
than the Nb sublattice shifted along +c,, whereas the K sublattice
shifted the least. This phenomenon could be understood as follows:
the Na cation in 12-fold coordination has an ionic radius of 1.39 A,
which is much smaller than the 1.64 A radius of the K cation [35].
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This discrepancy gave the Na atoms the attribute of rattling in the
cavity surrounded by the corner-sharing NbOg octahedra. The
small Na not only vibrated with large amplitude, as indicated by its
atomic displacement parameter, but also shifted further from the
centre of the cavity than K, resulting in a larger contribution to the
total polarisation in the orthorhombic form. The contribution of
the Na, K and Nb components to the total Ps will be discussed in
Section 3.7.

3.2. Refinements of the tetragonal structure

The O-T transition turns one of the a; and as cell vectors to c;,
which is the unique axis of the tetragonal form (Fig. 1). When a3
turns into ¢, the cell vectors a; and a, conform to the equivalent
cell vectors a, and b, on the tetragonal basal plane. Depending on
the choice of a; and a3 for ¢, two orientations are possible upon
the O-T transition, resulting in the formation of 90° domains in
the tetragonal crystal.

Peak splitting due to a small departure of the c/a; ratio from
unity was difficult to recognise in all crystals. The a, corre-
sponded to b;, whereas the a; and as lengths showed an
intermediate value between a; and ¢, as given in Table 1,
suggesting that the 90° domains developed over the crystal with
the a, axis in common. Therefore, the c, length was calculated
using the relationship c;=V/a?=a%a5 'sin f from the refined
pseudocubic cell. Intensity data were extracted from the frame
data, assuming the same lattice as the orthorhombic form. They
were then converted to the pseudocubic cell.

Four tetragonal domain components, 0-3, were first taken into
consideration in the refinement, as done in the orthorhombic
case. The domain components 0 and 1 had the following unit cell
relationship:

a; 0 0 1 a;
b, =0 -1 0 b:
Ct 1 0 O Ct

1 0

Components 2 and 3 had the inversion relationships with 0
and 1, respectively. The refinement eventually terminated with
negligibly small fractions for domains 2 and 3. Further refine-
ments were then carried out on the two-domain model. The
volume ratio of domains 0 and 1 in the crystal was approximately
60:40 at all temperatures where the tetragonal form was stable.
The positional and isotropic atomic displacement parameters of
the Na and K atoms were refined independently as done in the
orthorhombic case. The refined z coordinates of the Na atom
and isotropic atomic displacement parameters showed similar
tendency to those in the orthorhombic form.

3.3. Refinements of the cubic structure

Refinements of the structure in the cubic form were carried out
after conversion from the B-centred orthorhombic lattice to the
primitive cubic. Diffuse scattering was faintly observed running
along the three <0 0 1)™* directions of reciprocal space. Difference
Fourier synthesis showed a relatively large compilation of
residual electrons around the origin which the Na and K atoms
were first assumed to occupy randomly as in the ideal perovskite
model. Various disorder models were then taken into considera-
tion to explain these residuals. A final model was eventually
adopted, in which the Na atom was assumed to statistically
occupy the Wyckoff 6e positions of the space group Pm3m,
whereas the K atom resided at the origin, 1a. The final model still
indicated a small compilation of residual electrons around Nb in
the difference Fourier maps; though their appearance varied at

various temperatures where the cubic form was stable, and
sometimes depended on the refinement strategy. Therefore, no
further analysis was done in the present study.

3.4. Changes in cell volume

Changes in the unit cell volume of the orthorhombic,
tetragonal and cubic forms induced by temperature are shown
in Fig. 2, where the orthorhombic unit cell was reduced into the
pseudocubic representation for comparison. The O-T and T-C
transitions upon heating were detected at 465 and 671 K from
volumetric discontinuities, respectively. The C-T and T-O transi-
tions upon cooling were detected at 666 and 446 K, respectively.
Disagreement between transition points upon heating and those
upon cooling suggested that both transitions were of the first
order.

The collapse of the pseudocubic unit cell volume upon the O-T
and T-C transitions was 0.047% and 0.094%, respectively. This 1:2
volumetric relationship coincided with the ratio in the enthalpy
change, i.e., 1.5 ]/g for O-T and 3.0 J/g for T-C measured for NKN
ceramics [36].

3.5. Changes in cell dimensions

Changes in cell dimensions with temperature are shown in
Fig. 3. Upon the O-T transition, the orthorhombic a; and a;
having the same length should split into the longer ¢, and the
shorter a; in the tetragonal form, whereas the orthorhombic a,
should elongate and coincide with the tetragonal b.. The f angle
between a, and as was a variable in pseudocubic representation
of the orthorhombic form, whereas it should become 90° in the
tetragonal form if lattice strains due to twinning could be
neglected. However, a very small deviation from 90° was

-l T I TTTrrrorro1rT I TTTTTrTITrTIT I TTrr1rrrroT I TTrrrrroroT I TTT |-
[ 6358 , . , ]
63.7 - 63.56 .
% [ 6354 ]
p C ]
£ L ]
3 L .
4 r 63.52 b
— 063.6 440 460 480 —
8 L N ]
5 L " i
i) L " ]
= "
3] - " -
e} L " 4
el i
=1 - " B
9 L = " B
=% - [ H 4
635 [ P i .
r 46K 1 1465K 666K 671K ]
P T ST T PSS PRI NS P
300 400 500 600 700

T (K)

Fig. 2. Changes in the pseudocubic cell volume of NagsKosNbO3 as a function of
temperature with estimated standard uncertainties. The data points measured
upon heating and cooling procedures are connected by red and black lines,
respectively. The inset is an enlargement near the transition between the
orthorhombic and tetragonal forms. The estimated phase transition points
are given with vertical dashed lines upon heating (red) and on cooling (black).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Changes in cell dimensions of the orthorhombic (circle), tetragonal (triangle),
and cubic (rectangle) forms as a function of temperature on heating (red) and on
cooling (black), in terms of the pseudocubic unit cell characterized by a;(=as),
a, and B. The reduced cell dimension, a,, was calculated from (a3a, sin ). The
tetragonal c; was calculated from a?a; ! sin 8 (see text for details). The data points are
connected by polylines for ease of view. The estimated standard uncertainties are
drawn, though most of them are smaller than the markers. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

experimentally observed in the tetragonal form, and the a; and as
lengths were indistinguishable due to the 90° twinning.

The tetragonal cell dimensions changed almost quadratically
with temperature in contrast to the linear-like behaviour of the
orthorhombic ones. The tetragonal splitting, [c/a—1], was 1.21% at
474 K when heated, which was significantly large compared with
1.06% at the same temperature upon cooling. The difference in
[c/a—1] between the heating and cooling procedures was almost
constant throughout the temperature range where the tetragonal
form was stable, suggesting that [c/a—1] was subject to the
domain structure brought into the C-T transition.

As shown in Fig. 3, a significant difference of ca. 0.06° in  was
observed between heating and cooling, in contrast to the nearly
reversible behaviours in the orthorhombic a, and a3(=a,)
dimensions. The difference in  between the heating and cooling
procedures was almost constant at all temperatures where the
orthorhombic form was stable, suggesting that it originated in
the T-O transition. The smaller departure from 90° upon cooling
might reflect the enhanced internal stress from the development
of finer domains than those formed during heating.

3.6. Changes in interatomic distances

The temperature dependence of the Nb-O interatomic distance
is shown in Fig. 4. The Nb-0 distance could be classified into three
types: L (~2.12A), M (~1.99 A) and S (~1.90 A). According to
this classification, the orthorhombic form had two L, two M and

_|||||||||||||||||:||||||||||||||||||||||:||||||||_

220 | : ; ]

[ orthorhombic tetragonal i cubic ]

215 | ' : -
210 [ . -
= C ; : ]
8 205 [ : . -
g C : . ]
2 r i L %6 E
g 200 X2 i x4 1 X ]
O L ! ! 4
z C ; ; ]
195 [ i ' -
190 | Q}Q{r‘p : -
185 : 5 ]
-IIIIIIIIIIIIIIIII:IIIIIIIIIIIIIIIIIIIIII:IIIIIIII-
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T (K)

Fig. 4. Changes in Nb-0 distances in Nag 5K 5sNbO3 upon cooling. Data points with
the estimated standard uncertainties are connected by solid lines for ease of view.
The dashed vertical lines (red) indicate cubic-tetragonal and tetragonal-
orthorhombic transition points upon cooling. The upper and lower horizontal
lines (red) indicate the sum of ionic radii, Y'Nb®*+0?~ and VNb°*+02~,
respectively. Number of equivalent distances is also indicated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

two S distances, and the tetragonal form had one L, four M and one
S distances, whereas the cubic form had six M distances.

Among them, the L distance could be eliminated from the
coordination sphere of the Nb atom, because the L length was
0.08 A longer than the sum of ionic radii, V'Nb>*+0%~ (=2.04 A)
[35]. From this point of view, the C-T-O transitions upon cooling
could be considered as a series of reductions in the coordination
number for an Nb (i.e, 6 in cubic, 5 in tetragonal and 4 in
orthorhombic, or at the least 5+1 in tetragonal and 4+2 in
orthorhombic). If we further speculate the rhombohedral
structure at lower temperatures, the coordination number would
be 3, or 3+3 at the least. The stepwise change in coordination
number for an Nb might reflect the nature of the first order phase
transition.

The difference in ionic radii between Na and K affected the
structure in various points of view. In all forms, as mentioned
in Sections 3.1-3.3, Na and K occupied different positions
with different atomic displacement parameters, which provided
different interatomic distances for Na and K in structure (Table 1).
At all temperatures investigated in three forms, the twelve K-O
interatomic distances were less than the sum of ionic radii,
K*+0%~ (=3.04 A) [35].

On the other hand, the Na atom was surrounded by 7 O at
2.57-2.84 A, and extra 5 O at 2.94-3.10 A in the orthorhombic
form at 295 K. Considering the sum of ionic radii, Na*+0?%~
(=2.79 A) [35], the coordination number of an Na was supposed
to be 7 or 7+5 in orthorhombic NKN. In tetragonal NKN at 474 K,
the Na atom was surrounded by 8 O at 2.74-2.81 A and extra 4 O
at 2.91 A. In cubic NKN at 674 K, the Na atom was surrounded by
8 0 at 2.70-2.83 A and extra 4 O at 2.94 A. The Na-O distances in
each form were less affected by temperature, considering their
estimated standard uncertainties.

Therefore, it was concluded that the coordination number of
an Na was always small compared with K in orthorhombic,
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tetragonal and cubic forms, and that it had an increasing tendency
upon heating, i.e., 7+5 in orthorhombic to 8+4 in tetragonal and
cubic. Since the O-T/T-0 transition was accompanied by changes
in coordination number of both Nb and Na, its transition
mechanism was supposedly more complicated than the T-C/C-T
transition. In another point of view, this would allow room for
tuning the O-T/T-O transition behaviours in practical applica-
tions by appropriate doping at the alkaline sites as well as the
niobium sites.

3.7. Changes in spontaneous polarisation

The spontaneous polarisation (Ps) can be estimated from
Ps ={cS/V}e
s=5""q6z

i t
using charges Q; of atom i, fractional shifts dz; from the reference
point along the polar axis ¢, unit cell volume V and elementary
electric charge e (=1.602 x 10~ 1° C) [37].

The composition KNaNb,Og (Z=2) in the orthorhombic form
can be rewritten as NaOgs+KOgs5+2Nb;0, 5, using single oxide
components, each of which retains charge neutrality. In the Bmm2
structure, the K atom was coordinated to eight O1 and four 02
atoms (12-fold coordination); the Nb atom was coordinated to
four O1 and two 02 atoms (6-fold octahedral coordination), as
shown in Fig. 1. Although Na was found to have smaller
coordination number than K as mentioned in Section 3.6,
contributions from all 12 O were considered in the Ps calculation
for simplification. Considering this structural information, the
composition could be further modified as

N8005+](OQ5+2Nb1025 _Na< )(013024)

—H(( )(013024)+2{Nb ( )(014022)}

Therefore, the total P; could be resolved into three components
Ps(total) = Ps(KOg 5) + Ps(NaOg 5) + 2Ps(NbO, 5)

where
PS(I(OO,5):{ (+1)oz(K)y+(— 2)( >5z(01)
(- 2)( >5z(oz)}c0 ¢

PS(NaOO_s):{(+1)bz(Na)+( 2)( >6z(01)

+(— 2)( >6z(02)}cov
PS(Nb02_5):{(+5)()Z(Nb)+( 2)( )52(01)

(- 2)( )&(02)} G ‘f

In the tetragonal structure, the K atom was coordinated to four
01 and eight 02 atoms (12-fold coordination); the Nb atom was
coordinated to two O1 and four O2 atoms (6-fold coordination)
(Fig. 1). The Na atom was assumed to have the same coordination
as K, in a similar way to the orthorhombic case. Considering this
structural information, the composition of an NagsKqsNbOs in a
unit cell could be written as

NaOos+ 5 K005+Nb1025 =3 {Na( )(014023)}

+ % {1( <2]_4> (014028)} +Nb< )(012024)

2
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Fig. 5. Temperature dependence of spontaneous polarisation (Ps) with estimated
standard uncertainties in the orthorhombic (©) and tetragonal (A) forms of
NagsKosNbO3; upon cooling. Contributions from the monoxide components,
NbO, 5, KOg 5 and NaQg s, are also shown in addition to the total Ps.

The total Ps could then be expressed as the sum of three
monoxide components

1 1
Ps(total) = EPS(KOOS)"' EPS(NaOO_S)"‘PS(NbOZ_S)

where
Ps(1<00.5)={(+1)5Z(K)+( 2)( )5z<01>

+(— 2)< )(32(02)} Ct —

Ps(NaOo_s):{(+l)5z(Na)+( 2)( ))52(01)

(- 2)< )52(02)}q;
PS(NbOZ_s)z{(+5)5z(Nb)+( 2)< >5z(o1)

+(— 2)( )52(02)}&

The changes in P; with decreasing temperature are shown in
Fig. 5. Typical values of Ps in the orthorhombic and tetragonal
forms were ca. 0.29Cm~2 at 300K and 0.18 Cm~2 at 460K,
respectively. The P gradually decreased with increasing tem-
perature and fell discontinuously near the transition points.
The difference in P; between the heating and cooling procedures
was small.

Although the total Ps consisted predominantly of the Nb oxide
component, small, but significant, contributions from the Na and
K components were recognized in the orthorhombic and tetra-
gonal forms. The Na component was slightly larger than the
K component by the reason mentioned in Section 3.1. The sum of
the fractions of Na and K contributions to the total Ps was
estimated to be ca. 15%.
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Hewat estimated the values of Ps for the orthorhombic and
tetragonal forms of KN at 0.36 and 0.33 C m~2 from the structural
data [38]. On the other hand, Michel-Calendinit and Chermettez
estimated them at 0.35 and 0.28 Cm~2 by the self-consistent-
field multiple-scattering Xoo method [39]. The Ps values for NKN
estimated in the present study were slightly small compared with
KN, as was expected from [c/a—1], i.e., 1.1% for NKN and 1.7% for
KN [40]. Experimental data for the P; of NKN varied in the range
between 0.2 and 0.3 C m~2 in the literature; for example, Du et al.
reported a D-E hysteresis curve for various BiOs-doped NKN, in
which the non-doped orthorhombic NKN had a Ps value of ca.
0.22Cm~2 [41]. The present result essentially agreed with
previous studies, allowing the relatively large uncertainties
associated with difficulties in the experiments and method.

3.8. Dielectric and thermal properties

The dielectric constant (¢') is plotted as a function of
temperature in Fig. 6. The dielectric constant peaked at ca.
10,000 near the C-T phase transition point under the applied
frequency of 10 kHz. The transition temperatures were estimated
from the 1/¢ vs. T plot, as 457 K for O-T and 668 K for T-C upon
heating, and 432 K for T-O and 652 K for C-T upon cooling. No
significant differences were observed in the estimated transition
points measured at different frequencies.

The dielectric losses (tan ¢) at 10 and 100 kHz are plotted as a
function of temperature in Fig. 7. Upon heating, the dielectric loss
fell sharply near the O-T transition, whereas it formed a sharp
peak near the T-C transition. Upon cooling, however, it formed a
relatively low peak near the C-T and T-O transitions. Although
the dielectric losses at 0.1 and 1 kHz were much larger than those
measured at 10 and 100 kHz, they still clearly indicated the
presence of phase transitions. The phase transition temperatures
are summarised in Table 2, including data from the recent
literature [36].

The results of the DSC measurements near the O-T and T-C
phase transitions upon heating are shown in Fig. 8. The
endothermic peak associated with the O-T transition had a
W-shaped profile between 458 and 480 K with two minima at 466
and 475 K. In regard to the T-C transition, there was a sharp
endothermic depression commencing at 689 K, which was
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Fig. 6. Changes in dielectric constant (¢') with temperature upon heating (dashed
lines) and cooling (solid lines); as measured at 0.1, 1, 10 and 100 kHz.
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Fig. 7. Changes in dielectric loss (tan §) with temperature upon heating (dashed
lines) and cooling (solid lines); as measured at 10 kHz (red) and 100 kHz (black).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

preceded by a broad endothermic depression between 662 and
683 K. If we combined these two depressions and assumed a
rather deformed W-shaped endothermic peak, then the T-C
transition could be estimated to commence at 662 K. The X-ray
discontinuities corresponded to the first (lower) minima of the
W-shaped peaks in both transitions, though we had no clear
explanation for the deformed DSC profiles.

4. Conclusions

Single-crystals of sodium potassium niobate NagsKosNbOs
were grown by the flux method, using a KF-NaF eutectic mixture.
The in-situ high-temperature single-crystal diffraction experi-
ments revealed the structural evolution associated with two
transitions between O and T, and T and C. Upon heating, the
pseudocubic unit cell volume collapsed discontinuously at these
transition points, whereas the reverse took place upon cooling.
The transition temperatures were estimated from the disconti-
nuities as 465 K for O-T and 671 K for T-C during heating and
446 K for T-0 and 666 K for C-T during cooling. All these features
suggested that both transitions were of the first order.

The coordination numbers of the Nb atom in three forms could
be considered to have a decreasing tendency with decreasing
temperature (i.e., 6 in cubic, 5+1 in tetragonal and 4+2 in
orthorhombic). In the orthorhombic and tetragonal ferroelectric
forms, the Na and K atoms occupied slightly different positions
along the polar axis. In the cubic form, the Na atoms were
distributed statistically at slightly displaced positions from the
ideal sites occupied by the K atoms. The coordination number
of the Na atom was always small compared with K at all
temperatures investigated, and showed an increasing tendency
upon heating, i.e., 7+5 in orthorhombic to 8+4 in tetragonal and
cubic forms. Since the O-T/T-O transition was accompanied by
changes in coordination number of both Nb and Na, the transition
mechanism was supposedly more complicated than the T-C/C-T
transitions.
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Table 2
Estimated phase transition temperatures for Nag 5K sNbOs.

Sample Method O-T on heating (K) T-0 on cooling (K) T-C on heating (K) C-T on cooling (K)
Single X-ray 465 446 671 666
Single DSC 458 662
€ 457 432 668 652
tan 454 432 667 650
10 um grain ceramics?® DSC 464.2 677
g 452 667
0.5 um grain ceramics?® DSC 456.7 672.7
g 460 654

@ Buixaderas et al. [36].

DSC (mW)
DSC (mW)

440 450 460 470 480 490 gg 660 670 680 690 700 710
T (K)

Fig. 8. Differential scanning calorimetry upon heating at the rate of 10 K/min near
the orthorhombic-tetragonal (left) and tetragonal-cubic (right) transitions.

The magnitudes of P estimated from the atom positions and
formal charges were ca. 0.29 C m~2 in the orthorhombic form and
ca. 0.18 Cm~2 in the tetragonal form. The contribution of the
alkaline oxide components to the total P; was estimated to be
approximately 15% in both forms. The difference in ionic sizes
between Na and K gave the Na atom an attribute of rattling in
the cavity surrounded by the corner-sharing NbOg octahedra. The
small Na not only vibrated with large amplitude, but also shifted
further from the centre of the cavity than K, resulting in a larger
contribution to the total polarisation in the ferroelectric forms.

The transitions were also manifested in the temperature
dependency of the dielectric properties measured at 0.1, 1, 10
and 100 kHz. The DSC analysis suggested the presence of
W-shaped endothermic peaks having two minima at each
transition upon heating. The first (lower) minima of the
endothermic peaks approximately corresponded to the disconti-
nuities observed by the X-ray diffraction.
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