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Domain configurations of potassium niobate (KNbOs) single crystals were investigated as a function of
temperature, crystallographic direction and electric field. When temperature was increased from —~100°C to
500°C, its domain configuration was changed at the following three phase transitions, Le., (1) -19°C assigned
to phase transition from 3m to mm2, (2) 230°C assigned to phase transition from mm2 to 4mm, and (3) 450°C
assigned to phase transition from 4mm to m3m. Piezoelectric properties of KNbQO; single crystals were
investigated as a function of crystallographic orientations, Le., [110]c of polar direction and [001]c of
nonpolar direction. Prior to piezoelectric measurement, KNbO; crystals were poled using the 2-step poling
method, and then two kinds of domain configurations were induced. KNbO; crystals poled along [110]c
showed almost single-domain state apparently while the [001]c poléd KNbO; crystals exhibited the
complicated domain configuration, which cannot be assigned crystaliography. The [110]c poled KNbO;
crystals exhibited electromechanical coupling factor &3; of 28.9% and piezoelectric constant ds; of 18.4 pC/N

- while the [001]c poled KNbO; crystals exhibited k3, of 31.2% and ds; of 51.7 pC/N.

The piezoelectric

constant ds; along nonpolar [001]c direction was 2.8 times higher than that along polar [110]c direction.
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1. INTRODUCTION N

Domain configuration is one of the most important
factors to determine ferroelectric related properties,
especially piezoelectric property.  Recently, domain
engineering using ferroelectric single crystals is developing
rapidly. Engineered domain configuration is one of the
domain engineering, and its application to ferroelectric
smgle crystals can make the piezoelectric property much
larger™, However, the domain configuration is strongly
dependent of the crystal structures of ferroelectric single
crystals, ie., there were different engineered domain
configurations. In this study, KNbOj; single crystal was
chosen as a ferroelectric single crystal. This is because
KNbO; single crystals are orthorhombic Amm2, and
possess 4 kinds of domain structures, i.e, 60°, 90°, 120°
and 180° domains. Therefore, KNbO; single crystal has
very complex domain structures,

Ferroelectricity of KNbO; was first observed by
Matthias®, and up to date, a lot of studies on KNbO; have
been reported. However, there have been just a few
reports about piezoelectricity of KNbO, single crystals”™
There are two Teasons why the reports on the
piezoelectricity of KNbO; crystals wete so limited. One
is the difficulty in the crystal growth of KNbO; single
crystals with sufficient electrical resistance to measure
piezoelectric property due to the high volatility of
potassium’ during the growth process. The other is the
difficulty in the poling treatment, i.e., reconstruction of
domain configuration. Because of these two reasoms, not
all piezoelectric properties of KNbO; single crystals have
been determined even at present. However, recently,
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KNbO; single crystals with a low dielectric loss below a
few % were grown, and to make a single-domain state of
KNbO; smgle crystal, a new 2-step poling method was
proposed Therefore, using these KNbO; single crystals,
it is very important that a relationship between domain
configurations and piczoelectric  properties of KNbO;
single crystals is investigated.

In this study, piezoelectric properties of KNbO; single

“crystals are investigated as a function of crystallographic

orientations, such as [110]c of polar direction and [001]c
directions. The [001]e¢ direction was chosen to induce the
engineered domain configuration, and subscript ¢ means a
cubic notation  Ssystem. Moreover, the domain
configurations are observed as a function of temperature,
crystallographic orientation and electric field.

2. EXPERIMENTAL

KNbO; single crystals were prepared by a top-seeded
solution growth (TSSG) method at Asahi Techno Glass, Lid.
The TSSG-grown KNbO; crystals were perfectly
transparent and colorless. The details of the preparation
of KNbO; single crystals and their characterization have
been described elsewhere'”. These crystals were oriented
along [110]c and [001]c directions.
" Domain configurations of KNbO; single crystals were
observed under crossed nmicols using a polarizing
microscope (Nikon LABOPHOT2-POL) with a cryostat.
For the domain observation, temperature was changed from
~190°C to 600°C, and electric field was also changed from
0to 2kV/mm.

Prior to piezoelectric measurements, KNbO; single
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crystals was poled using the 2-step poling method'®.
KNbO, single crystals were shaped as rectangular bars of
size 4.0x1.2x0.4 mm’. After poling treatment, these
domain configurations were observed using a polarizing
microscope. Piezoelectric properties of the poled KNbO;
single crystals were measured by a conventional resonance
method™. The length extensional mode, k3 mode, was
chosen as the piezoelectric property. Impedance (|Z]) and
phase (8) were measured as a function of frequency to
determine the resonance frequency (f) and the
antiresonance frequency  (f). These values were
substituted in an exact formula solution listed in EMAS-
610021), and finally, dj;, k3, elastic compliance coefficient
5y ,—b and mechanical quality factor O, were calculated.

3. RESULT AND DISCUSSION
3.1 Domain configuration of KNbQ; single crystals
Figure 1 shows the domain structures expected in the

monoclinic KNbQO; single crystal.  There are four kinds of
domain structures, i.e., (1) 180° domain structure with W,
walls, (2) 90° domain structure with Wy walls of {100}c,
(3) 60° domain structure with W walls of {110}c¢ and (4)
120" domain structure with W; walls of {1103¢.'¥  These
four domains are randomly distributed in the crystal. It is
known that there is S-type wall in monoclinic KNbO;
crystal, but we do not focus S-type wall in this study.

" To confirm the above expected domain configurations,
the domain structure of KINbO; crystal was observed at
25°C using the KNbO; crystal with 50 pm-thickness.
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Fig. 1 Schematic domain structure expected for monoclinic KNbO;
single crystal, (a)-180° domain structure with W, walls, (b) 90°
domain structure with W; walls of {100}c and (¢} 60" and 120

domain structures with Wewalls of {110}c.
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Fig. 2 Domain configuration of [(01 jc oriented KNbO;, single crystal at
25°C.

Figures 2 (a)~(d) show the domain structures of this crystal
observed under crossed nicols. When the rotation angle 8
was 0°, all of the crystal became bright. This means that
this position was a diagonal position. On the other hand,
when the crystal was rotated by 8 of 45°, most of the crystal
became dark. This means that this. position was an
extinction position. Some parts of the crystal were always
bright despite of crystal rotation. This suggests that along
a thickness direction, there were some laminated domain
structures. Moreover, crystallography, these domain walls
assigned to {100}c and {110}c. Thus, the domain
configurations of KNbO; crystal observed at 25°C satisfied
the crystallographic domain structure expected for
monoclinic ferroelectrics.

3.2 Temperature dependence of domain configuration
Temperature dependence of dielectric permittivity of
KNbO; crystals measured at 100 kHz in the cooling
process was reported’”. In this report, three dielectric
peaks were clearly observed, and each peak was assigned to
a phase transition behavior, ie, (1) 436°C assigned to
phase transition from m3m to 4mm, (2) 208°C assigned to
phase transition from 4mm to mm2, and (3) -60°C assigned
to phase transition from mm2 to 3m.  On the other hand, in
the heating process, three dielectric peaks were also
observed, but these peaks shifted to higher temperatures,
ie., (1)-19°C assigned to phase transition from 3m to mm2,
(2) 230°C assigned to phase transition from mm2 to 4mm,
and (3) 450°C assigned to phase transition from 4mm to
m3m.  Therefore, it is expected that the domain
configurations of KNbQO; crystals strongly depend on
temperature. Thus, ternperature dependence of domain
configuration was investigated in the heating process.
Figures 3 (a)-(d) show temperature dependence of the
domain configuration observed under crossed nicols. The
domain structure observed below —19°C was assigned to
rhombohedral 3m domain configuration with (1) 71°
domain structure with Wy walls of {110}c and (2) 109°
domain structure with W; walls of {100}¢ as shown in Fig.
3 (a). The domain structure observed from —-19°C to
230°C was assigned to monoclinic m domain configuration
as the above-mentioned as shown in Fig. 3 (b). Moreover,
the domain structure observed from 230°C to 450°C was
assigned to tetragonal 4mm domain configuration with (1)
90° domain structure with W; walls of {110}¢ as shown in
Fig. 3 (¢). Finally, no domain structure observéd above

Fig. 3 Temperature dependence of domain configuration for {001]e
oriented KNDO; single crystal in 1he heating process
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450°C was assigned to cubic m3m structure. Therefore,
the temperature dependence of the domain configuration
completely agreed  with the temperature dependence of
dielectric permittivity.

3.3 Poling of KNbO; single crystals using the 2-step
poling method and their domain configurations

The KNbO; crystals were poled along [110]c and [001]c
directions using the 2-step poling method. At first,
changes of domain configuration before and after poling
along [110], direction were investigated using the
polarizing microscope. Figures 4 (a)-(d) show the domain
structure of [110]c oriented KNbO; crystals before poling.
In Fig. 4 (a), many fine domains and many surface
scratches were clearly observed.  When the [110]c
direction of the crystal was adjusted to the analyzer
direction (the angle between analyzer and [110]c direction,
¢, of 0°), some parts of the crystal became to dark partially.
This means that at ¢ of 0°, the some parts of the crystal was
in an extinction position.'”  Successively, when the crystal
was. rotated by 45° (¢ of 457), most of the crystal was in a
diagonal position,'” and then, at ¢ of 90°, the crystal
partially moved to the extinction position, again. The
domain observation revealed that this KNbO; crystal before
poling was multi-domain state.

On the other hand, Figs. 5 (a)-(d) show the domain
structure of [110]c oriented KNbO; crystals after poling.
under crossed nicols. Numérous scratches were observed
near the surface of the crystal, but there was no domain
wall over the crystal. The electric field was applied along
the [110]c direction. When the [110]c direction of the
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crystal was adjusted to the analyzer direction (the angle
between analyzer and [110]c direction, ¢, of 07), the entire
crystal became to dark at the same time. This means that
at ¢ of 0°, the entire crystal was in an extinction position.'
Successively, when the crystal was rotated by 45 ($ of 457),
the entire crystal was in a diagonal position,* ) and then, at
¢ of 90°, the entire crystal moved to the extinction position,
again. Under crossed nicols, the observation ‘of no
domain wall indicates that there was no domain assigned to
non-180° domains. Moreover, the simultaneous extinction
of the entire crystal suggested that the crystal resembled a
single domain state apparently.

Similar changes of domain configuration before and after
poling along [001], direction was observed. Figures 6 (a)-
(d) show the domain structure of [001]c oriented KNbO;
crystals before poling. In Fig. 6 (a), many domain
structures and some surface scratch were clearly observed.
When the [110]c direction of the crystal was adjusted to the
analyzer direction (the angle between analyzer and [001]c
direction, ¢, of 0°), some parts of crystal became to dark
partially. This means that at ¢ of 0°, the some parts of the
crystal was in an extinction position.¥  Successively,
when the crystal was rotated by 45° (¢ of 45°), most of the
crystal was in a diagonal position,' and then, at ¢ of 90,
the crystal partially moved to the extinction position, again.
The domain observation revealed that this KNbO; crystal
before poling was multi-domain state.

On the other hand, Figs. 7 (a)-(d) shows the domain state
after poling along [001]. direction under crossed nicols.
In addition to numerous scratches near the surface, a very
fine domain configuration was observed over the crystal.
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ig 7 Dcmain ohservation of the {()i]c poled KNbC&, rysial at
various rotation angles {¢).
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The electric field was applied along the [001}e direction.
Crystallographically, these domain walls were assigned io
non-180° domain walls such as 607, 90" and 120" walls,
In Fig. 7, at ¢ of 0", the entire crystal was in the diagonal
position while at ¢ of 45°, the crvstal moved to the
extinction position.m Moregver, by 90°, the same
phenomena was repeated. It should be noted that though
the crystal was composed of a lot of fine domains, the
entire crystal was oriented in the extinction and diagonal
position simultaneously. This phenomenon was explained
by a simple model. Before poling, the monoclinic crvstal
had 12 polar vectors with an equivalent magnitude and
different directions.  However, [001lc poled KNbO,
crystal was composed of just eight polar vectors, except for
four polar vectors with four directions of [110]c, [1-10]c, [-
110]c and [-1-10}c. Considering this model, the result of
the domain observation in Fig. 7 is completely explained.
However, the domain structure in Fig, 7 cannot be assigned
crystallographically.

3.4 Piezoelectric properties of KNbO; single crystals

Figure 8 shows frequency dependence of |7} and 8 for
the [110]c poled KNbO; erystal.  In Fig. 8, the phase angle
0 approached around 88°. The resonance frequency f, and
the antiresonance frequency f, estimated from Fig. & were
7855 Hz and 8135 Hgz, respectively. Similar
investigation was performed for the [001]c oriented KNbO,
crystals.  Figare 9 shows frequency dependence of |Z] and
8 for [001]c poled KNbO, crystal.  In Fig. 9, 8 reversed
from -90° to around 86°. The resonance frequency fs and
the antiresonance frequency fp estimated from Fig. 9 were
688.8 Hz and 717.7 Hz, respectively.
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Fig. 8 Frequency dependence of |Z} and 6 measured at 25°C for [110]¢
oriented KNbO; crystals poled using 2-step poling method.
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Fi_g. 9 Frequency dependence of |Z] and & measured at 25°C for [001]c
oriented KNbO; crystals poled using 2-step poling method

The [110]c poled KNbO; crystals with apparent single-
domain state exhibited ki, of 28.9% and d3; of 18.4 pC/N
while the [061]e poled KNbO; crystals with strange domain
configuration exhibited ks of 31.2% and d3; of 51.7 pC/N.
The piezoelectric constant dy; along nonpolar [001]c
direction was 2.8 times higher than that along polar [110]c
direction. At present, it is difficult to explain an origin of
this difference, i.e., orientation dependence on the based of
a crystaliographic engineering or contribution of domain

walls, For this purpose, much harder study will be
required.
4, CONCLUSION

Domain configurations of KNbQ; crystals were

investigated as a function of temperature, crystallographic
direction and electric field. When temperaiures were
changed from ~100°C to 500°C, the domain configuration
of KNbO;, single crystals was also changed at the following
phase transitions.  Using the 2-step poling method,
KNbO; crystals were poled, and then their piezoelectric
properties of k;; modes were measured using a resonance
method. KNb(O; ecrystals poled along [110]c showed
almost single-domain state apparently while the [001]c
poled KNbO; crystals exhibited the complicated strange
domain copfiguration, which cannot be assigned
crysiallography.  The [110]c poled KNbO; crystals
exhibited k3 of 28.9% and dy, of 184 pC/N while the
[001]c poled KNbO; crystals exhibited &3, of 31.2% and d3,
of 51.7 pC/N.  The dy; along nonpolar [001]c direction
was 2.8 times higher than that along polar [110]c direction.
On the basis of the above results, we confirm that KNbO,
crystal is a promising material for piezoelectric application.
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