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Piezoelectric properties of barium titanate single crystals were investigated at room temperature as a function of crystal-
lographic orientation. When a unipolar electric field was applied along[001], its strainvselectric-field curve showed a large
hysteresis, and finally barium titanate crystal became to single-domain state with piezoelectric constantd33 of 125 pC/N over
20 kV/cm. On the other hand, electric-field exposure below 6 kV/cm along[111] resulted in a highd33 of 203 pC/N and a
hysteresis-free strainvs electric-field behavior, which suggested the formation of an engineered domain configuration in a
tetragonal barium titanate crystal. Moreover, when an electric field over 6 kV/cm was applied along[111], two discontinuous
changes were observed in its strainvselectric-field curve.In situ domain observation and Raman measurement under an elec-
tric field suggested an electric-field-induced phase transition from tetragonal to monoclinic at around 10 kV/cm, and that from
monoclinic to rhombohedral at around 30 kV/cm. Moreover, in a monoclinic barium titanate crystal, electric-field exposure
along[111] resulted in the formation of another new engineered domain configuration withd33 of 295 pC/N.

KEYWORDS: engineered domain configuration, piezoelectric property, barium titanate single crystal, in situ domain observation,
in situ Raman measurement, crystallographic orientation, electric-field induced phase transition

∗E-mail address: swada@cc.tuat.ac.jp

5505

1. Introduction

Recently, in[001] oriented rhombohedral Pb(Zn1/3Nb2/3)
O3–PbTiO3 (PZN–PT) single crystals, ultrahigh piezoelec-
tric activities were found by Parket al.1) and Park and
Shrout,2–4) with strain over 1.7%, piezoelectric constant
d33 over 2500pC/N, electromechanical coupling factork33

over 90% and hysteresis-free strainvs electric-field behav-
ior. (1− x)PZN–xPT single crystals withx<0.09 have rhom-
bohedral3m symmetry at room temperature, and their polar
directions are〈111〉.5,6) However, unipolar electric-field ex-
posure along the[111] direction showed a large hysteretic
strainvselectric-field behavior and a lowd33 below 100 pC/N.
On the other hand, unipolar electric-field exposure along the
[001] direction exhibited non-hysteretic strainvselectric-field
behavior andd33 over 2500 pC/N in 0.92PZN–0.08PT crys-
tals. To explain the above strong anisotropy in piezoelectric
properties,in situ domain observation was done using[111]
and [001] oriented pure PZN and 0.92PZN–0.08PT single
crystals.7,8) As a result, when electric field was applied along
the [001] direction, a very stable domain structure appeared
under 0.2 kV/cm, and domain wall motion was undetectable
under DC-bias of up to 20 kV/cm, resulting in hysteresis-
minimized strainvselectric-field behavior.

Figure 1 shows a schematic domain configuration for[001]
poled rhombohedral3m crystals. [001] poled 3m crystals
must have four domains with four equivalent polar vectors
along [111], [1̄11], [11̄1] and [111] directions because of
their polar directions of〈111〉. Therefore, the component
of each polar vector along the[001] direction is completely
equal each other, so that each domain wall cannot move un-
der electric-field exposure along the[001] direction owing
to the equivalent domain wall energies.2–4) This suggests the
possibility of controlling domain configuration in single crys-

tals using crystallographic orientation, and the appearance of
a new technology in domain engineering field, as well as a
conventional constraint of domain wall motion by acceptor
dopants, i.e., “Hard” PZT. Thus, this special domain struc-
ture in single crystals (Fig. 1) using crystallographic orienta-
tion was called an engineered domain configuration.2–4,7,8)

The engineered domain configuration is expected to pos-
sess the following three features for piezoelectric perfor-
mance: (1) hysteresis-free strainvselectric-field behavior ow-
ing to inhibition of domain wall motion, (2) higher piezoelec-

Fig. 1. Schematic domain configuration for[001] poled rhombohedral3m
crystal.



tric constant along the non-polar direction than that along the
polar direction and (3) change of macroscopic symmetry in
crystals with engineered domain configuration.7,8) Therefore,
if the concept of the engineered domain configuration can be
applied to other ferroelectric single crystals, enhanced piezo-
electric properties are expected. In this study, a barium ti-
tanate (BaTiO3) single crystal was chosen for the first step in
the application of the engineered domain configuration. This
is because BaTiO3 single crystal is one of the well-studied fer-
roelectrics, a typical non-lead ferroelectric, and a perovskite-
type structure similar to PZN and PZN-PT.

In this study, the piezoelectric properties of BaTiO3 single
crystals were investigated at room temperature as a function
of crystallographic orientation, such as[001] and[111] direc-
tions. Their domain configurations were also observed as a
function of electric field and crystallographic orientation us-
ing a polarizing microscope. The behavior of domain wall
motion will be discussed in relation to the observed strainvs
electric-field behavior. Moreover,in situ Raman measure-
ment was done to study changes in crystal symmetry as a
function of electric field and crystallographic orientation.

2. Experimental

2.1 Sample
BaTiO3 single crystals were prepared by a top-seeded so-

lution growth (TSSG) method at Fujikura, Ltd. In TSSG-
grown BaTiO3 crystals, the concentration of most impurities
(Cr, Mn, Fe, Co, Ni, Cu) was below 2–3 ppm.9,10) Optically,
BaTiO3 crystals were transparent and light yellow. The de-
tails of preparation of BaTiO3 single crystals and their charac-
terization were described elsewhere.9–12) These crystals were
oriented along [001] and [111] directions using the back-
reflection Laue method. All characterizations and treatments
were done at Fujikura, Ltd.

2.2 Measurement of piezoelectric property
For electrical measurement of BaTiO3 crystals, samples

were prepared by polishing to achieve flat and parallel sur-
faces onto which gold electrodes were sputtered. Prior to
piezoelectric measurements, dielectric properties were mea-
sured with a LCR meter (Hewlett- Packard 4263A) at room
temperature, and it was confirmed that their dielectric loss
was below 0.1% at 100 Hz. High electric field measurements
included polarization and strain using a modified Sawyer-
Tower circuit and a linear variable differential transducer
(LVDT) driven by a lock-in amplifier (Stanford Res. Sys.,
model SR830). Electric fields were applied using an am-
plified triangular waveform at 0.1 Hz, using a Kepco BOP-
1000M high-voltage DC amplifier (<1 kV) and a Trek 609C-
6 high-voltage DC amplifier (≥1 kV).

2.3 In situ domain observation and in situ Raman measure-
ment

For in situ domain observation and Raman measurement
under DC-bias, samples were prepared by polishing to an op-
timum size of approximately 0.2×0.5×4 mm3. Their top and
bottom surfaces (0.5× 4 mm2) were mirror-polished, normal
to an incident light. Gold electrodes were sputtered on both
sides (0.2× 4 mm2), and the width between electrodes was
around 0.5 mm along the[001] or [111] direction. The details
were described elsewhere.7,8,13) Domain configuration was

always observed under crossed-nicols using a polarizing mi-
croscope (Olympus, BX50-31P). DC-bias exposure was done
along the[001] or [111] direction, being normal to the inci-
dent polarized light, using a Trek 610D high-voltage DC am-
plifier. Raman spectra under DC-bias were measured in the
backward scattering geometry using a Raman scattering spec-
trometer with a triple monochromator (Jobin-Yvon, T64000).
DC-bias exposure was done in the same way as that in do-
main observation. The top surface (0.5× 4 mm2) was excited
by unpolarized Ar ion laser with a wavelength of 514.5 nm
and power below 20 W/cm2. The details are described else-
where.14)

3. Results and Discussion

3.1 [001] oriented BaTiO3 single crystals
Figure 2 shows a strainvselectric-field curve of a[001] ori-

ented BaTiO3 crystal measured using a unipolar electric field
with 0.1 Hz at 25◦C. It should be noted that this curve was not
obtained at the 1st cycle of electric-field exposure, but after
the 2nd cycle of electric-field exposure, i.e., this strain behav-
ior means that after poling. The strain behavior in[001] ori-
ented BaTiO3 crystal exhibits a large strain of around 1% and
a remarkable hysteresis. Such a large strain of around 1caused
by tetragonality of BaTiO3, c/a ∼ 1.011, which suggests that
domain reorientation can contribute significantly to strain be-
havior. Moreover, at high electric field above 20 kV/cm, the
apparentd33 was directly estimated at 125 pC/N from Fig. 2.
This value was close tod33∼90 pC/N in the single-domain
BaTiO3 crystal reported by Zgoniket al.,15) which indicated
that over 20 kV/cm, BaTiO3 crystal might be single-domain
state. Therefore, Fig. 2 suggests that domain wall motion can
affect largely strain behavior in [001] oriented BaTiO3 crys-
tal.

Figure 3 shows the results ofin situ domain observation
under DC-bias below 22.1 kV/cm in a[001] oriented BaTiO3

crystal. The results in Fig. 3 was also obtained after the
2nd cycle of electric-field exposure, and thus indicates that
domain configuration in Fig. 3(a) was domain configuration
without DC-bias after poling at 22.1 kV/cm. Figure 3(a)
shows systematic domain configuration with 90◦ Wf domain

Fig. 2. Strainvselectric-field curve for[001] oriented BaTiO3 crystal un-
der unipolar electric field below 35 kV/cm with 0.1 Hz at 25◦C.
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walls of {101} planes.16) With increasing electric field, do-
main wall motion was observed below 1 kV/cm, and finally
at around 22.1 kV/cm, an almost single-domain state was
achieved, except near the surface, as shown in Fig. 3(c).
Moreover, a conoscopic figure (Fig. 3(d)) in the same region
as that of Fig. 3(c) corresponded to a uniaxial flush interfer-
ence figure, which can be given under a conoscope when the
optic axis of uniaxial crystals, the[001] direction in a tetrago-
nal BaTiO3 crystal, is parallel to a microscopic stage.17) This
means that at 22.1 kV/cm, most of the crystal was transformed
to the single-domain state.

On the other hand, with decreasing electric field from
22.1 kV/cm, new domains appeared and domain wall density
increased (Figs. 3(e) and 3(f)). However, domain wall den-
sity at decrease of electric field was less than that at increase
of electric field, even if the electric fields had the same val-
ues,e.g., a comparison between Figs. 3(b) and 3(e). This re-
vealed that a difference in the domain wall density at increas-
ing and decreasing electric fields caused the large hysteresis
in the strainvselectric-field curve (Fig. 2).

3.2 [111] oriented BaTiO3 single crystals
Strainvselectric-field behaviors in[111] oriented BaTiO3

single crystals were very complicated, as shown in Figs. 4–6.
All these curves were also obtained after the 2nd cycle of
electric-field exposure, i.e., these strain behaviors represent
those after poling. To simplify the complicated phenomena,
these strainvs electric-field behaviors were separated into
four regions: (1) low electric field under 5 kV/cm, (2) mid-
dle electric field from 5 to 16 kV/cm, (3) high electric field
from 16 to 26 kV/cm and (4) ultrahigh electric field above
26 kV/cm, and each behavior is discussed.
3.2.1 Low electric-field region under 5 kV/cm

In the low electric-field region as shown in Fig. 4, strain
was almost proportional to electric field without hysteresis.
In tetragonal BaTiO3, the coercive electric fieldEc was re-
ported to be around 1 kV/cm,18) and in this study, domain wall
motion in[001] oriented BaTiO3 crystals was observed below
1 kV/cm (Fig. 3). Thus, the strain behavior in Fig. 4 suggested
that the engineered domain configuration shown in Fig. 7 was
induced in[111] poled tetragonal BaTiO3 crystals. Moreover,

Fig. 3. In situdomain observation at various electric fields below 22.1 kV/cm in[001] oriented BaTiO3 crystal.
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the apparentd33 obtained directly from Fig. 4 was 203 pC/N,
which was almost 1.6 times higher than that in a[001] poled
single-domain BaTiO3 crystal.

To confirm the formation of the engineered domain config-
uration, in situ domain observation in[111] oriented tetrag-
onal BaTiO3 crystals was done below 5 kV/cm. Figure 8
shows the domain configuration at various electric fields be-
low 3.8 kV/cm. The domain structure under no DC-bias was
highly systematic, and three ferroelectric domains with po-
lar directions of[100], [010] and [001] were observed, as
shown in Fig. 8(a). Although the electric field increased to
3.8 kV/cm, the domain structure did not change, except near
the surface. This domain configuration was almost the same
as the expected one in Fig. 7. Thus, we confirmed the forma-
tion of the engineered domain configuration in[111] poled
tetragonal BaTiO3 crystals.

The above results indicate that application of the engi-
neered domain configuration to tetragonal BaTiO3 crystals re-
sulted in enhanced piezoelectric activities,i.e., higherd33 and
non-hysteretic strainvselectric-field behavior. Therefore, we
believe that the concept of the engineered domain configura-

tion is universal, and can apply to all perovskite-type ferro-
electric crystals.
3.2.2 Middle electric-field region from 5 to 16 kV/cm

In the middle electric-field region from 5 to 16 kV/cm, a
discontinuous change and a large hysteresis were observed,
as shown in Fig. 5. In general, a hysteresis in the strainvs
electric-field curve suggests the occurrence of domain wall
motion or electric-field-induced phase transition. Thus,in situ
domain observation andin situRaman observation were done
in the electric-field region. As a result, with increasing elec-
tric field from 6 to 10 kV/cm, domain wall density increased,
while with increasing electric field from 10 to 16 kV/cm, do-
main wall density decreased, and partially single-domain re-
gion appeared. Measurement of the extinction position in the
observed single-domain region revealed that the regions were
assigned to ones with polar directions of〈110〉. This sug-

Fig. 4. Strainvselectric-field curve for[111] oriented BaTiO3 crystal un-
der unipolar electric field below 5 kV/cm with 0.1 Hz at 25◦C.

Fig. 5. Strainvselectric-field curve for[111] oriented BaTiO3 crystal un-
der unipolar electric field below 16 kV/cm with 0.1 Hz at 25◦C.

Fig. 6. Strainvselectric-field curve for[111] oriented BaTiO3 crystal un-
der unipolar electric field below 45 kV/cm with 0.1 Hz at 25◦C.

Fig. 7. Schematic engineered domain configuration for[111] poled tetrag-
onal4mm BaTiO3 crystal.
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gests the formation of monoclinic (=orthorhombic)m phase
in tetragonal BaTiO3 crystals. The details are described else-
where.14) Moreover, in situ Raman measurement was also
done in the same electric-field region. As a result, it was
found that in electric-field region from 6 to 16 kV/cm, two
phases, tetragonal4mm and monoclinicm, coexisted, and
at 16 kV/cm, all regions became to monoclinicm phase.
The details are also described elsewhere.14) The above re-

sults suggested that from 6 to 16 kV/cm, an electric-field-
induced phase transition occurred from tetragonal to mon-
oclinic phase, which is accompanied by the discontinuous
change and large hysteresis as shown in Fig. 5, but more work
may be needed.
3.2.3 High electric-field region from 16 to 26 kV/cm

In the high electric-field from 16 to 26 kV/cm, strain was
almost proportional to electric field with a non-hysteretic be-

Fig. 8. In situdomain observation at various electric fields below 3.8 kV/cm in[111] oriented BaTiO3 crystal.
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havior, as shown in Fig. 6. This strain behavior suggested that
another engineered domain configuration such as that shown
in Fig. 9 can be induced in[111] poled monoclinic BaTiO3
crystals. Moreover, the apparentd33 obtained directly from
Fig. 6 was 295 pC/N, which was almost 2.4 times higher than
that in a[001] poled single-domain BaTiO3 crystal. In situ
Raman measurement in this region revealed that its symme-
try was still monoclinicm. To confirm the existence of this
new engineered domain configuration,in situ domain obser-
vation in the same electric-field was also done. Figure 10
shows domain configuration at various electric fields from
16.3 to 24.5 kV/cm. Domain walls in Fig. 10(a) appear so
complicated, but all domain walls were assigned to 60◦ and
120◦ Wf domain walls of {110} and 90◦ Wf domain walls
of {100}.16) Even if the electric field increased from 16.3 to
24.5 kV/cm, the domain structure did not change, except near
the surface. This domain configuration was almost the same
as the expected one in Fig. 9. Thus, we confirmed a forma-
tion of another new engineered domain configuration in[111]
poled monoclinic BaTiO3 crystals and its enhanced piezoelec-
tric property.

However, based on our expectation regarding the three ef-
fects of the engineered domain configuration on piezoelectric
performance, as described inIntroduction, we cannot explain
why [111] poled monoclinic BaTiO3 crystals with the engi-
neered domain configuration (Fig. 9) have 1.5 times higher
d33 than[111] poled tetragonal BaTiO3 crystals with the engi-
neered domain configuration (Fig. 7). This difference should
be explained on the basis of crystallographic approach, as will
be described elsewhere.14)

3.2.4 Ultrahigh electric-field region above 26 kV/cm
In the ultrahigh electric-field region above 26 kV/cm, a dis-

continuous change and a large hysteresis were observed in
Fig. 6. To clarify the origin of this discontinuous change,

in situ domain observation was done under electric fields
from 25 to 30 kV/cm. As a result, at 29 kV/cm, small cracks
occurred near the electrodes, and the cracks grew with in-
creasing electric field. At 30 kV/cm, some regions with the
extinction position along the[111] direction appeared par-
tially, and then the crystal broke. This indicates the appear-
ance of regions with polar direction of[111] at 30 kV/cm,
i.e., the formation of rhombohedral3m phase in monoclinic
m BaTiO3 crystals. Details on this are also described else-
where.14) As shown in Fig. 6, above 40 kV/cm, there is no
hysteresis, which suggests the formation of single-domain
state in rhombohedral BaTiO3 crystals. Therefore, we con-
sider that in the electric-field region from 30 to 40 kV/cm,
two phases, monoclinicm and rhombohedral3m, coexisted,
and above 40 kV/cm, all of regions became to rhombohedral
3m phase. The above results reveal that above 30 kV/cm, an

Fig. 9. Schematic engineered domain configuration for[111] poled mono-
clinic m BaTiO3 crystal.

Fig. 10. In situ domain observation at various electric fields from 16.3 to
24.5 kV/cm in[111] oriented BaTiO3 crystal.
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electric-field-induced phase transition occurred from mono-
clinic to rhombohedral phase, and thus resulted in the dis-
continuous change and large hysteresis as shown in Fig. 6.
Moreover, in single-domain rhombohedral BaTiO3 crystals
over 40 kV/cm, the apparentd33 was around 145 pC/N, which
was 1.2 times larger than that in[001] poled single-domain
tetragonal BaTiO3 crystals. This difference is also discussed
elsewhere.14)

4. Conclusions

In BaTiO3 single crystals, piezoelectric properties were in-
vestigated at room temperature as a function of the crystal
crystallographic orientation. When a unipolar electric field
was applied along the [001] direction, the strainvs electric-
field curve showed a large hysteresis, and finally BaTiO3 crys-
tal became to single-domain state withd33 of 125 pC/N over
20 kV/cm. In situ domain observation revealed that this large
hysteresis is caused by a difference in domain wall density at
increase and decrease of electric fields. On the other hand,
the strainvselectric-field curve in[111] oriented BaTiO3 sin-
gle crystals exhibited a very complicated strain behavior. An
electric-field exposure below 6 kV/cm along the[111] direc-
tion resulted in a highd33 of 203 pC/N and a non-hysteretic
strainvs electric-field behavior, which suggested the forma-
tion of the engineered domain configuration in a tetrago-
nal BaTiO3 crystal. Therefore, it was confirmed that appli-
cation of the engineered domain configuration to tetragonal
BaTiO3 crystals caused more enhanced piezoelectric activi-
ties compared with single-domain BaTiO3 crystals. More-
over, when electric field over 6 kV/cm were applied along
the [111] direction, two discontinuous changes at around 10
and 30 kV/cm were observed in the strainvs electric-field
curve.In situdomain observation andin situRaman measure-
ment under electric fields suggested that the discontinuous
change around 10 kV/cm can be assigned to the electric-field-
induced phase transition from4mm to m while the discontin-
uous change around 30 kV/cm was assigned to the electric-
field-induced phase transition fromm to 3m. Moreover, in
monoclinic BaTiO3 crystal, an electric-field exposure from
16 to 26 kV/cm along the[111] direction gave a highd33 of
295 pC/N and a hysteresis-free strainvselectric-field behav-
ior, which revealed the formation of another new engineered
domain configuration in a monoclinic BaTiO3 crystal. In this
study, we found two engineered domain configurations in the
[111] poled 4mm and m BaTiO3 single crystals and their

enhanced piezoelectric properties. The difference ind33 be-
tween tetragonal and monoclinic phases with different engi-
neered domain configurations will be discussed on the basis
of crystallography elsewhere.14) On the basis of the above re-
sults, we believe that the concept of the engineered domain
configuration is universal and can be applied to all perovskite-
type ferroelectric crystals, and improved piezoelectric activity
can be achieved.
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