
;e3eqFqd6TF!   DOMAIN CONTROLLED PIEZOELECTRIC SINGLE CRYSTAL AND
FABRICATION METHOD THEREFOR BACKGROUND OF THE INVENTION 1. FIELD OF THE
INVENTION The present invention relates to a piezoelectric single crystal
and a fabrication method therefor. More particularly, the invention relates
to a piezoelectric single crystal which is developed paying attention to an
electromechanical coupling factor in a direction perpendicular to the
polarization direction , i . a . , a lateral vibration mode , and domain
control in that direction, and a fabrication method therefor. 2.
DESCRIPTION OF THE RELATED ART With regard to a piezoelectric single
crystal, for example, Japanese Patent Laid-Open No. 38963/1994 discloses an
ultrasonic probe using a piezoelectric material comprised of a solid
solution single crystal of lead zinc niobate-lead titanate. This technique
provides a probe with a high sensitivity by using that single crystal of
such a piezoelectric material which has an electromechanical coupling
factor (1c33) of 80 to 85% in a direction parallel to the polarization
direction. While the electromechanical coupling factors in the direction
parallel to the polarization direction of piezoelectric single crystals
have been studied and various z   c f f E usages have been developed
conventionally, the characteristics in a direction perpendicular to the
polarization direction have not been studied yet. The present inventors
paid attention to the facts that a piezoelectric single drystal is adapted
to multifarious usages for the electromechanical coupling factor (k33) in a



direction parallel to the polarization direction (longitudinal vibration
mode) of the piezoelectric single crpstal has a value equal to or greater
than 80%, the electromechanical coupling factor (k,l) in a direction
perpendicular to the polarization direction ( lateral {=length extensional)
vibration mode) is, for example) 49% to 62% lower than the
electromechanical coupling factor k33 in the direction parallel to the
polarization direction (longitudinal vibration mode), as described in pp.
239 in IEEE Proc. MEDICAL IMAGING 3664 (1999) and other documents, and that
the electromechanical coupling factor k31 takes a value that varies from
one document to another. Through intensive studies on the phenomenon, the
inventors discovered that it would be possible to fabricate a piezoelectric
single crystal and their devices which would effectively use the
electromechanical coupling factor k31 in case where the electromechanical
couling factor k33 in the direction parallel to the polarization
direction(longitudinal vibration mode)was equal to or greater than 80% , a
piezoelectric constant d3, was 2   t 1 equal to or greater than-800 pC/N,
the electromechanical coupling factor k31 was equal to or greater than 70%
and a piezoelectric constant -d31 was equal to or greater than 1200 pC/N (
d31 having a negative value by definition ) , and would be possible to
fabricate a piezoelectric single crystal and their devices which would use
the value of k33 more efficiently due to generation of no spurious
(undesired vibration) or the like in the band' of usage of that value 'in
case where k33 was equal to or greater than 80%, d3, was equal to or
greater than 800 pC/N, k31 was equal to or smaller than 30% and -d31 was
equal to or smaller than 300 pC/N (d,l having a negative value by
definition ) . Further, the inventors discovered that the cause for the
piezoelectric single crystal to have an intermediate 



electromechanical coupling factor k31 in the direction perpendicular to the
polarization direction (lateral vibration mode ) and to have a variation in
the factor while having a large electromechanical coupling factor k33 in
the direction parallel to the polarization direction(longitudinal vibration
mode) was that the domain structure formed by an electric dipole associated
with the direction perpendicular to the polarization direction of a
polarized piezoelectric single crystal was formed by plural domains
(multiple domains ) , not a single domain, and that the following
piezoelectric single crystals (A) and 3   f (B) were obtained by
controlling the domain structure. {A) A domain controlled piezoelectric
single crystal having an electromechanical coupling factor k33 a 80% in the
longitudinal vibration mode and a piezoelectric constant d33 z 800 pC/N,
comprising an electromechanical coupling factor k31 z 70% in a lateral
vibration mode, a piezoelectric constant -d31 a 1200 pC/N and a frequency
constant fc31 (= fr~L) s 650 Hz~m which is a product of a resonance
frequency fr in the lateral vibration mode relating to k31 and a length L
of the piezoelectric single crystal in a vibration direction. (B) A domain
controlled piezoelectric single crystal having an electromechanical
coupling factor k33 z 80% in a longitudinal vibration mode and a
piezoelectric constant d33 a 800 pC/N, comprising an electromechanical
coupling factor k31 s 30% in a lateral vibration mode in a direction
perpendicular to the polarization direction, a piezoelectric constant -d31
s 300 pC/N and a frequency constant fc31 (= fr~L) a 800 Hz~m which is a
product of a resonance frequency fr in the lateral vibration mode relating
to k31 and a length L of the piezoelectric single crystal in a vibration
.direction. The inventors also found that the conditions for controlling
the domain structure were rearranged based on the 



value of a frequency constant fc,l (= fr~L) , which is a product of the
resonance frequency fr in the lateral vibration mode 4   f f relating to
k31 and the length L of the piezoelectric single crystal in the vibration
direction. The invention aims at providing such a piezoelectric single
crystal and a fabrication method therefor. SUMMARY OF THE INVENTION
According to the first aspect of the invention, there is provided a domain
controlled piezoelectric single crystal having an electromechanical
coupling factor k33 a 80% in a longitudinal vibration mode and a
piezoelectric constant d33 z 800 pC/N, comprising an electromechanical
coupling factor k31 z 70% in a lateral vibration mode, a piezoelectric
constant -d,l z 1200 pC/N (d31 has a negative value by definition) and a
frequency constant fc,l ( = fr~L ) s 650 Hz~m which is a product of a
resonance frequency fr in the lateral vibration mode relating to k31 and a
length L of the piezoelectric single crystal in a vibration direction.
According to the second aspect of the invention, there is provided a domain
controlled piezoelectric single crystal having an electromechanical
coupling factor k33 a 80% in a longitudinal vibration mode and a
piezoelectric constant d33 z 800 pC/N, comprising an electromechanical
coupling factor k31 s 30% in a lateral vibration mode, a piezoelectric
constant -d31 s 300 pC/N (d31 has a negative value by definition) and a 5
frequency constant fc31 ( a fr~L ) z 800 Hz~m which is a product of a
resonance frequency fr in the lateral vibration mode relating to k31 and a
length L of the piezoelectric single crystal 



in a vibration direction. The lengthwise direction of, for example, a
rod-like piezoelectric single crystal with an aspect ratio of 3 or greater
is the polarization direction and the vibration in the direction parallel
to the polarization direction (longitudinal vibration) when a voltage is
applied in the polarization direction and the efficiency of conversion
between electrical and mechanical energy are respectively expressed by the
electromechanical coupling factor k33 in longitudinal vibration mode and
the piezoelectric constant d33. The greater those values are , the higher
the efficiency is . Those values are also defined for piezoelectric single
crystals with other shapes, such as a plate and a disc shape, besides the
rod-like one. The invention pertains to a domain controlled piezoelectric
single crystal developed paying attention to the electromechanical coupling
factor k31 in the direction perpendicular to the polarization direction
;(lateral vibration mode). It is possible to use the following materials as
the piezoelectric single crystal material according to the first aspect of
the invention or the second aspect of the invention. (a) A solid solution
which is comprised of X Pb (Al, 6   A~ , . . . , B1, Bz , . . . ) 03 + (
1-X ) PbTi03 ( 0 < X < 1 ) where Al , A2 , . . . are one or plural elements
selected from a group of Zn, Mg, Ni, Lu, In and Sc and B1, B2, . . . are
one or plural elements selected from a group of Nb, Ta, Mo and W, and in
which a sum co of valencies of elements in parentheses in a chemical
formula Pb(AlYI1, A2Y2ax     ~ B~z~bl ~ B~zzb2 .    ) O~ satisfies charges
of c,~ = al~Y1 + a2~Y2 + . . , bl~Z1 + b2~Zz + . . . - 4+ where al , az , .
. , are valencies of A1, Az, . . . , bl, b2, . . . are valencies of B1, Bz,
. . . and Z1, Zz, ... are composition ratios in the chemical formula. (b)
The material (a) added with 0.5 ppm to 1~ by mass of one or two of Mn and
Cr. The best known materials are piezoelectric single crystal 



materials comprised of solid solutions of lead zinc niobate Pb ( Znl~3Nb2~3
) 03 or lead magnesium niobate Pb ( Mgl~3Nbz~3 ) 03 and lead titanate
PbTi03 ( the former combination is called "PZN-PT" or "PZNT" and the latter
one "PMN-PT" or "PMNT"). The following are methods of fabricating the above
described domain controlled piezoelectric single crystals. The first one is
a piezoelectric single crystal fabricating method of fabricating a domain
controlled piezoelectric single crystal ) comprising a step of applying a
DC electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20C to 200C as polarization conditions in a thickness
direction of the piezoelectric single 7   crystal or a step of cooling
while applying an electric field {field applied cooling). While this method
performs final polarization of a domain controlled piezoelectric single
crystal device such as actuators, sensors and transducers, it is effective
to employ a piezoelectric single crystal device such as actuators, sensors
and transducers fabricating method which, prior to the final polarization
step, additionally comprises a step of applying an electric field in a
direction perpendicular to the polarization direction of a piezoelectric
single crystal and a step of controlling a direction of a ferroelectric
domain perpendicular to the polarization direction. The types of electric
fields to be applied in the direction perpendicular to the polarization
direction include steady electric fields, such as a DC electric field, a
pulse electric field and an AC electric field, and an attenuating electric
field. There are different proper conditions for the intensities of the
electric fields, the application times, temperatures and so forth depending
on the characteristics of each piezoelectric single crystal and the desired
value of the electromechanical coupling factor k31 in the direction
perpendicular to the polarization 



direction. Those conditions can be determined by experiments, etc. As the
pulse electric field, a unipolar pulse, such as a rectangular wave, and a
bipolar pulse, such as an (AC) 8   triangular wave can be used. Another
method of the invention is characterized by heating and cooling a
piezoelectric single crystal before a step of final polarization of a
domain controlled piezoelectric single crystal , which applies a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20C to 200C or performs cooling while applying an
electric field (field applied cooling). For example, the temperature ranges
for a piezoelectric single crystal to become rhombohedral,tetragonal and
cubic are determined in accordance with the composition. Therefore, as a
step ( 1 ) of heating and cooling a piezoelectric single crystal material
with a temperature of transition between a rhombohedral crystal which is in
a low temperature phase of the piezoelectric single crystal and a
tetragonal crystal which is in an intermediate temperature phase of the
piezoelectric single crystal material in between, or a step (2) of heating
and cooling the piezoelectric single crystal material between a Curie
temperature Tc(the piezoelectric single crystal material becomes cubic over
the T with the disappearance of the ferroelectricity) and a rhombohedral
crystal in the low temperature phase or a tetragonal crystal in the
intermediate temperature phase) or a step (3) of heating and cooling the
piezoelectric single crystal material in a temperature range 9   1 1 of a
cubic crystal which is in a high temperature phase equal to or higher than
the T, or a step ( 4 ) of adequately combining 



the steps (1),(2) and (3) is executed followed by a step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20C to 200C or performing cooling while applying an
electric field, it is possible to control the aligned state of
ferroelectric domains perpendicular to the polarization direction. Further)
before a step of applying a DC electric field of 400 V/mm to 1500 V/mm for
a maximum of two hours in a temperature range of 20C to 200C or performing
cooling while applying an electric field, a step of applying an electric
field in a direction perpendicular to the polarization direction of a
piezoelectric single crystal and a step of heating and cooling the
piezoelectric single crystal are used together, followed by a step of
applying a DC electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20C to 200C or performing cooling while
applying an electric field, it is possible to control the aligned state of
ferroelectric domains perpendicular to the polarization direction. BRIEF
DESCRIPTION OF THE DRAWINGS Fig. 1 is an exemplary perspective view of a
crystal structure; 10   Fig. 2 is a phase diagram of PZN-PT (PZNT); Fig. 3
is an explanatory diagram of application of an electric field; Fig. 4 is a
diagram of an impedance curve and phase in k31 vibration mode; Fig. 5 is a
diagram of an impedance curve and phase in k31 vibration mode; Fig. 6 is a
diagram of an impedance curve and phase in k31 vibration mode; Fig. 7 is a
diagram of an impedance curve and phase in k31 vibration mode ; Fig. 8 is a
diagram of an impedance curve and phase in 



k31 vibration mode; Fig. 9 is a diagram showing the state of a domain
structure in a plane in the polarization direction (thickness direction)
after application of an electric field; Fig . 10 is a graph of the values
of an electromechanical coupling factor k31 and a frequency constant ( fc31
= fr~L ) which is the product of a resonance frequency fr in k31 vibration
mode and the length (L) of the piezoelectric single crystal in a vibration
direction; Fig. 11 is an explanatory diagram of application of an electric
field; Fig. 12 is a k33 vs. d33 graph; and 11    Fig. 13 is a waveform
diagram of a bipolar triangular pulse. DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS For example, the unit lattice of the solid solution
single crystal of lead zinc niobate-lead titanate {PZN-PT or PZNT) has a
perovskite structure (AB03) as exemplarily shown in Fig. 1. Fig. 2 presents
a phase diagram of PZN and PT. This diagram is picked up from Nomura et al
. , J . Phys . ( 1969 ) , or J . Kuwata et al., Ferroelectrics (1981). As,
seen from Fig. 2, rhombohedral PZNT has a spontaneous polarization
equivalent to an electric bipolar in eight directions of the orientation
<111> of a crystal when it is seen as a pseudo cubic. When an electric
field is applied in the direction <100> (crystal cutting direction) in such
a spontaneous polarization state, the electric bipolar rotates in the
direction of applying a polarization electric field so that the spontaneous
polarization directions are aligned. However, it was found that the
alignment took various states depending on the mode of applying the
electric field, resulting in that although the electromechanical coupling 



factor k33 in the direction parallel to the polarization direction had a
value equal to or greater than 80% the electromechanical coupling factor
k31 in the direction 12   perpendicular to the polarization direction was
distributed with a variation of 49 to 62% as described in the documents or
the like , i . a . , that with respect to the direction perpendicular to
the polarization direction (lateral vibration mode), the electromechanical
coupling factor k31 was not controlled. With such a value of k31, it was
difficult to prepare a device positively. using k31, Also with such a value
of k31, a piezoelectric single crystal positively using k" had many
responses called spurious generated in the longitudinal vibration (k33)
mode in the direction of parallel to the polarization direction, so that
sufficient characteristics could not obtained. The factors that would give
such results are explained as follows . In the material of the
piezoelectric single crystal cut out of the piezoelectric single crystal
after its as grown state, the domains comprised of a set of electric
bipolars of the same direction face various directions in the direction
parallel to the polarization direction and the direction perpendicular to
the polarization direction, and do not show a piezoelectricity and are in
an unpolarized state. Multi domains cannot be aligned in the direction
parallel to the polarization direction unless an ordinary polarization
temperature and applied voltage are selected and an electric field is
applied in the direction parallel to the polarization direction.
Accordingly, the electromechanical coupling 13   factor k33 in the
polarization direction shows a large value equal to or greater than 80% .
However, the states of the domains in the direction perpendicular to the
polarization direction 



can be controlled only under the polarization conditions in the direction
parallel to the polarization direction, i.e., only within the adequate
ranges of the polarization temperature and the applied voltage. A method of
controlling the mode of polarization direction will now be discussed
referring to some examples. Table 1 shows the dielectric/piezoelectric
characteristics of ' the single crystals in case where the polarization
conditions or the like for prior arts ( sample Nos . 1, 2 and 3 ) (
document values ( document values 1 and 2 ) and the piezoelectric single
crystal material according to the .invention are varied. The values of d33
in Table 1 wire measured by a d33 meter ( ZJ-3D type produced by Chugoku
Kagakuin Seigaku Kenkyujyo ) . The k33 values were computed from the d33 vs
k33 curve shown in Fig. 12 based on the measurements made by the present
inventors. k31, d31 and fc31 were computed from the frequency response of
the impedance measured . Figs . 4 through 8 illustrate impedance curves in
k31 mode after individual electric fields of 250 V/mm (sample No. 4 ) , 500
V/mm ( sample No . 5 ) , 700 V/mm ( sample No . 6 ) , 1000 V/mm ( sample No
, 7 ) and 1600 V/mm ( sample No . 8 ) were applied, for ten minutes between
electrodes of a piezoelectric single 14   crystal plate in use ( device
dimensions : 13 mm long x 4 mm wide x 0.36 mm thick) with 0.91PZN + 0.09PT
{X = 0.91 expressed by a molar fraction) prepared by forming gold
electrodes on two opposing ( 00I ) faces 11 of a crystal 20 by sputtering
as shown in Fig. 3 and dipping the resultant structure in a silicon oil of
40C. The polarization is insufficient in case of 250 V/mm (Fig. 4) , and
tree responses regarding k31 vibration modes are seen for 500 V/mm (Fig. 5)
and 700 V/mm (Fig. 6)) because there are multi domains in the direction
perpendicular to the polarization direction. (Table 1) For 1000 V/mm {Fig.
7), as apparent from the impedance 



curve, there is a single response, i.e. , single domain in the direction
perpendicular to the polarization direction and the k31 value satisfies to
be greater than 80~ and k33 in the direction parallel to the polarization
direction shows a value over 95~ . For 1600 V/mm ( Fig . 8 ) , dividing the
single response into two or three responses ( the domain is separated again
into two or more domains and k33 in the direction parallel to the
polarization direction shows a value over 95% while the k31 value is 61~.
The value of the frequency constant fc31 (= fr~L) which is a product of the
resonance frequency fr in the lateral vibration mode relating to k31 of
each sample and the length L (13 mm long) of the piezoelectric single
crystal in the 15   vibration direction was 741 Hz m for the sample No. 4,
601 Hz m for the sample No. 5, 603 Hz m for the sample No. 6, 522 Hz m for
the sample No. 7 and 700 Hz m for the sample No. 8. Fig. 9 shows the state
of the domain structure in a plane perpendicular to the polarization
direction after application of electric fields of 250 V/mm, 500 V/mm) 1000
V/mm and 1600 V/mm. ' In Fig. 9, while polarization is insufficient for 250
V/mm and there are multi domains for 500 V/mm, k31 becomes larger due to
the synergism of the polarization components relating to k31. There is a
single domain for 1000 V/mm and k31 become maximum, and there are multi
domains for 1600 V/mm, and k31 becomes smaller due to the counteraction of
the polarization components relating to k31. In the invention, the domain
layouts that would provide high k,3 ( d3, ) and high k31 ( d31 ) were those
for 500 V/mm. and 1000 V/mm. When the temperature of the silicon oil was
dropped to room temperature while applying a DC electric field of 400 V/mm
to a piezoelectric single crystal with the same setting and the sample No .
9 in the silicon oil temperature of 200C, the electromechanical coupling
factor k33 in the direction parallel to th epolarization direction 



( longitudinal vibration mode ) was equal to or greater than 80% and the
electromechanical coupling factor k31 in the direction perpendicular to the
polarization direction (lateral vibration 16   mode) was greater than 70~.
The fc,l at this time was 609 Hz m. For the sample No . 10 , a
piezoelectric single crystal with the same setting was dipped into the
silicon oil of 60C, and a DC electric field of 400 V/mm was applied to the
piezoelectric single crystal for 120 minutes. As a result) while the
electromechanical coupling factor k33 in the direction parallel to the
polarization direction (longitudinal vibration mode)was greater than 95%,
the electromechanical coupling factor k31 in the direction perpendicular to
the polarization direction (lateral vibration mode) was less than 30% For
the sample No . 11, when a DC electric field of 1500 V/mm was applied to a
piezoelectric single crystal with the same setting for 10 minutes, the
electromechanical coupling factor k33 in the direction parallel to th
epolarization direction (longitudinal vibration mode) was greater than 90~
by contrast with the electromechanical coupling factor k31 in the direction
perpendicular to the polarization direction (lateral vibration mode) being
less than 30% fc31 for the sample No . 10 and the sample No . 11 were
respectively 981 Hz m and 1004 Hz m. It seems that the results have
originated from the domain layout that suppress the lateral vibration. By
adequately setting the polarization conditions ( applied voltage ,
temperature , etc . ) this way , it is possible to control the domain state
and the values of k33 and k31 that 17   depend on the domain state. The
invention is not limited to this embodiment, but it was confirmed that
dielectric/piezoelectric characteristics similar to those of 



the embodiment described above could be acquired by using the temperature
range, the polarization direction electric field range, the application
time range and the application method for the step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperaturerange of 20C to 200C or performing cooling while applying an
electric field. Further, with regard to the step of applying a DC electric
field of 400 V/mm to 1500 V/mm for a maximum of two hours in a temperature
range of 20C to 200C or performing cooling while applying an electric
field, it was confirmed that the characteristics of the first aspect and
second aspect of the invention were improved also by repeating the step of
applying a DC electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20C to 200C or performing cooling while
applying an electric field with a depolarization step of holding at 200C
higher than the Curie temperature for one hour in between. It was found
that by arranging those results based on the frequency constant fc31 (=
fr~L) , the product of electromechanical coupling factor k31 in the
direction perpendicular to the polarization direction (lateral vibration
mode) , the resonance frequency fr in k31 mode and the 18   length L of the
piezoelectric single crystal in the vibration direction, a domain with high
k33 and high k31 and a domain with high k33 and low k31 shown ire Fig . 10
were obtained with the range of the value of the frequency constant fc31 (
= fr~L ) on the horizontal axis in Fig.lO. The prior arts and the document
values are also given in Fig . 10 . According to the prior arts and the
document values , the frequency constant fc;l ( = fr~L ) which is the
product of the resonance frequency fr in k3I mode and the length L of the
piezoelectric single crystal in the vibration direction lies between the
values given in appended claims 1 and 2. It seems that, as clarified in the
foregoing description of the invention, 



the k31 value varies because the domain control in the direction
perpendicular to the polarization direction is insufficient. Referring now
to Table 2 , a description will be given of an embodiment in which a step
of applying an electric field in the direction perpendicular to the
polarization direction of a piezoelectric single crystal and controlling
the direction of the ferroelectric domain structure in the direction
perpendicular to the polarization direction, a step (1) of heating and
cooling a piezoelectric single crystal material with a temperature of
transition between a rhombohedral crystal which is in a low temperature
phase of the piezoelectric single crystal and a tetragonal crystal which is
in an intermediate 19   temperature phase of the piezoelectric single
crystal material in between, or a step (2) of heating and cooling the
piezoelectric single crystal material between a Curie temperature T and a
rhombohedral crystal in the low temperature phase or a tetragonal crystal
in intermediate temperature phase, or a step ( 3 ) of heating and cooling
the piezoelectric single crystal material in a high temperature phase equal
to or higher than the T, or a step (4) of adequately combining the steps (
1 ) , ( 2 ) and ( 3 ) was carried out , followed by a step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20C to 200C or performing cooling while applying an
electric field. The measurement of d33, the computation of the k33 value,
and the measurement and computation of k31 ) d31 and fc31 in Table 2 are
similar to those in Table 1. For the sample No . 12 , before the step of
applying a DC electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20C to 200C or performing cooling while
applying an electric field, gold electrodes were formed on two (010) faces
13 of a piezoelectric single crystal of the same shape with that of the
aforementioned single crystal, 



which were opposite to each other and were perpendicular to the ( 001 )
faces 11 in Fig. 3 by sputtering as shown in Fig. 11, a DC electric field
of 1000 V/mm was applied to the resultant 20   structure in the silicon oil
of 40C for ten minutes for polarization. After the piezoelectric single
crystal was removed from the silicon oil bath, the gold electrodes were
removed by an etching solution and gold electrodes are further formed on
the two opposing (001) faces 11 shown in Fig. 3 by sputtering, the step of
applying a DC electric field of 400 V/mm to 1500 V/mm for a maximum of two
hours in a temperature range of 20C to 200C indicated in the
above-described embodiment or performing cooling while applying an electric
field was carried out) and then the dielectric/piezoelectric
characteristics were measured. As a result, the electromechanical coupling
factor k33 of 97. 3% in the direction parallel to the polarization
direction (longitudinal vibration mode) and the piezoelectric constant d3,
of 2810 pC/N were obtained as shown in the sample No. 12 in Table 2.
Further, the electromechanical coupling factor k31 of 85.5 in the direction
perpendicular to the polarization direction (lateral vibration mode) and
the piezoelectric constant d31 of -2380 pC/N were obtained. The value of
the frequency constant fc,l ( = fr~L ) which is a product of the resonance
frequency fr in the lateral vibration mode in the direction perpendicular
to the polarization direction relating to k31 and the length L of the
device in the vibration direction was 483 Hz m. 21   For the sample Nos.
13, 14 and 15, before the step of applying a DC electric field of 400 V/mm
to 1500 V/mm for a maximum of two hours in a temperature range of 20C to
200C 



or performing cooling while applying an electric field, piezoelectric
single crystals of the same shapes with that of the aforementioned single
crystal were dipped in the silicon oil) and temperature increasing and
decreasing were repeated three times in~ a cycle of 30 minutes in. the
temperature ranges of 50 to 90C and 150 to 200C in the silicon oil and
further in the temperature range of 200 to 400C in an electric oven.
Thereafter, gold electrodes were formed on two opposing ( 001 ) faces 11
shown in Fig. 3 by sputtering, a step of applying a DC electric field of
400 V/mm to 1500 V/mm to the resultant structure in the temperature range
of 20C to 200C indicated in the above-described embodiment for a maximum of
two hours or performing cooling while applying an electric field was
carried out, and then the di:electric/piezoelectric characteristics were
measured. As a result, the electromechanical coupling factor k33 of 97.5 in
the direction parallel to the polarization direction (longitudinal
vibration mode) and the piezoelectric constant d33 of 2840 pC/N were
obtained for the sample No. 13. The electromechanical coupling factor k31
of 85.3 in the direction perpendicular to the polarization direction
(lateral 22   vibration mode ) and the piezoelectric constant d31 of -2360
pC/N were obtained. For the sample No. 14, the electromechanical coupling
factor k33 of 97.8% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant d33 of 2880
pC/N were obtained. The electromechanical coupling factor k" of 85.3% in
the direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant d,l of -2350 pC/N were
obtained. For the sample No. 15, the electromechanical coupling factor k"
of 97.4% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant d33 of 2820
pC/N were obtained. The 



electromechanical coupling factor k,l of 85.6% in the direction
perpendicular to the polarization direction (lateral vibration mode) and
the piezoelectric constant d31 of -2380 pC/N were obtained. The frequency
constant fc31 (= fr L) was 503 Hz m for the sample No. 13, was 506 Hz m for
the sample No. 14 and was 437 Hz m for the sample No. 15, respectively. For
the sample No . 16 , gold electrodes were formed on two opposing ( 010 )
faces 13 perpendicular to the ( 001 ) faces 11 in Fig. 3 were formed by
sputtering as shown in Fig. 11, the piezoelectric single crystal was dipped
in the silicon oil, and a DC electric field of 400 V/mm was applied while
repeating temperature increasing and decreasing were repeated three times
23   in a cycle of 30 minutes in the temperature range of 150 to 200C.
After the piezoelectric single crystal was removed from the silicon oil
bath, the gold electrodes were removed by an etching solution and gold
electrodes are further formed on the two opposing ( 001 ) faces 11 shown in
Fig. 3 by sputtering, the step of applying a DC electric field of 400 V/mm
to 1500 V/mm for a maximum of two hours in a temperature range of 20C to
200C or performing cooling while applying an electric field was carried
out, and then the dielectric/piezoelectric characteristics were measured.
As a result, the electromechanical coupling factor k33 of 97.8 in the
direction parallel to the polarization direction (longitudinal vibration
mode) and the piezoelectric constant d33 of 2870 pC/N were obtained.
Further, the electromechanical coupling factor k31 of 86.0 in the direction
perpendicular to the polarization direction (lateral vibration mode) and
the piezoelectric constant d31 of -2450 pC/N were obtained. The value of
the frequency constant fc31 (= fr~L) was 415 Hz~m. It was confirmed that
the same advantages were obtained even if the step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range 



of 20C to 200C or performing cooling while applying an electric field after
a DC electric field was applied between the ( 100 ) faces in Fig. 11 as
another opposing faces perpendicular to the 24   (001) faces in Fig. 3. For
the sample No. 17, before the step of applying a DC electric field of 400
V/mm to 1500 V/mm for a maximum of two hours in a temperature range of 20C
to 200C or performing cooling while applying an electric field, gold
electrodes were formed on two ( 010 ) faces 13 of a piezoelectric single
crystal of the same shape with that of the aforementioned single crystal,
which were opposite to each other and were perpendicular to the ( 001 ) f
aces 11 in Fig . 3 by sputtering as shown in Fig . 11, a bipolar triangular
electric field with a peak value of 500 V/mm and a period of 800 msec was
applied to the resultant structure in the silicon oil of 60C for ten
minutes . Fig . 13 shows the bipolar triangular waveform. After the
piezoelectric single crystal was removed from the silicon oil bath, the
gold electrodes were removed by an etching solution and gold electrodes are
further formed on the two opposing ( 001 ) faces 11 shown in Fig. 3 by
sputtering) the step of applying a DC electric field of 400 V/itim to 1500
V/mm for a maximum of two hours in a temperature range of 20C to 200C or
performing cooling while applying an electric field was carried out , and
then the dielectric/piezoelectric characteristics were measured. As a
result, tie electromechanical coupling factor k33 of 97.1 in the direction
parallel to the polarization direction (longitudinal vibration mode) and
the piezoelectric 25   constant d33 of 2780 pC/N were obtained. Further,
the electromechanical coupling factor k31 of 18.3% in the direction
perpendicular to the polarization direction (lateral vibration 



mode) and the piezoelectric constant d31 of -230 pC/N were obtained . The
value of the frequency constant fc31 ( = fr~L ) was 863 Hz m. For the
sample Nos. 18, 19 and 20, before the step of applying a DC electric field
of 400 V/mm to 1500 V/mm for a maximum of two hours in a temperature range
of 20C to 200C or performing cooling while applying an electric field,
piezoelectric single crystals of the same shapes with that of the
aforementioned single crystal were dipped in the silicon oil) and
temperature increasing and decreasing were repeated three times in a cycle
of 5 minutes in the temperature ranges of 50 to 90C, 150 to 200C in the
silicon oil bath and 200 to 400C in the electric oven. Thereafter, gold
electrodes were formed on two opposing (001) faces 11 shown in Fig. 3 by
sputtering ) a step of applying a DC electric field of 40o V/mm to 1500
V/mm to the resultant structure in the temperature range of 20C to 200C
indicated in the above-described embodiment for a maximum of two hours or
performing cooling while applying an electric field was carried out) and
then the dielectric/piezoelectric characteristics were measured. As a
result , for the sample No . 18 , the electromechanical 26   coupling
factor k33 of 97.0% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant d33 of 2760
pC/N were obtained. Further, the electromechanical coupling factor k31 of
18.6% in the direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant d31 of -260 pC/N were
obtained. For the sample No. 19, the electromechanical coupling factor k33
of 97.3% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant d33 of 2810
pC/N were obtained. Further, the electromechanical coupling factor k31 of
17.8% in the direction perpendicular to the polarization direction (lateral



vibration mode) and the piezoelectric constant d31 of -190 pC/N were
obtained. For the sample No, 20, the electromechanical coupling factor k33
of 97 . 2% in the direction parallel to the polarization direction
(longitudinal vibration mode) and the piezoelectric constant d33 of 2790
pC/N were obtained. Further, the electromechanical coupling factor k31 of
18.2% in the direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant d31 of -220 pC/N were
obtained respectively. The frequency constant fc31 (= fr~L) was 836 Hz m
fox the sample No. 18, was 892 Hz~m for the sample No. 19 and was 847 Hz m
for the sample No. 20, respectively. 27   For the sample No . 21, gold
electrodes were formed on two opposing ( 010 ) faces 13 perpendicular to
the ( 001 ) faces 11 in Fig. 3 by sputtering as shown in Fig. 11, the
piezoelectric single crystal was dipped in the silicon oil ) and a DC
electric field of 400 V/mm was applied while repeating temperature
increasing and decreasing were repeated three times in a cycle of 5 minutes
in the temperature range of 150 to 200C. After the piezoelectric single
crystal was removed, the gold electrodes were removed by an etching
solution and gold electrodes are further formed on the two opposing ( 001 )
faces 11 shown in Fig. 3 by sputtering, the step of applying a DC electric
field of 400 V/mm to 1500 V/mm for a maximum of two hours in a temperature
range of 20C to 200C or performing cooling while applying an electric field
was carried out, and then the dielectric/piezoelectric characteristics were
measured. As a result, the electromechanical coupling factor k33 of 97.7%
in the direction parallel to the polarization direction (longitudinal
vibration mode) and the piezoelectric constant d33 of 2850 pC/N were
obtained. Further, the electromechanical coupling factor k31 of 17.6% in
the direction perpendicular to the polarization direction (lateral
vibration mode) and the piezoelectric constant d31 of -150 pC/N were
obtained. The value of the frequency constant fc31 (= fr~L) was 



924 Hz m. 28   As the method of controlling the aligned state of
ferroelectric domains perpendicular to the polarization direction by
applying an electric field in the direction perpendicular to the
polarization direction before the step of final polarization of the domain
controlled piezoelectric single crystal, i.e. , the step of applying a DC
electric field of 400 V/mm to 1500 V/mm for a maximum of two hours in a
temperature range of 20C to 200C or performing cooling while applying an
electric field, the method of controlling the aligned state of
ferroelectric domains perpendicular to the polarization direction by
carrying out the step ( 1 ) of heating and cooling a piezoelectric single
crystal material with a temperature of transition between a rhombohedral
crystal which is in a low temperature phase of the piezoelectric single
crystal and a tetragonal crystal which is in an intermediate temperature
phase of the piezoelectric single crystal material in between, or the step
(2) of heating and cooling the piezoelectric single crystal material
between a Curie temperature T(the piezoelectric single crystal material
becomes cubic over the T with the disappearance of the ferroelectricity)
and a rhombohedral crystal in the low temperature phase or a tetragonal
crystal in the intermediate temperature phase, or the step ( 3 ) of heating
and cooling the piezoelectricsingle crystal material in
hightemperaturephase 29   equal to or higher than the Tc or the step (4) of
adequately combining the steps (1), (2) and (3), and the method of
controlling the aligned state of ferroelectric domains perpendicular to the
polarization direction by carrying out both the step of applying an
electric field in the direction 



perpendicular to the polarization direction of the piezoelectric single
crystal and the step of heating and cooling the single crystal
piezoelectric device are executed, multi domains in the crystal to be
produced in the gradual cooling process at the time of growing the crystal
are controlled more based on human efforts. As confirmed, those methods
were effective to more easily control the domain structure in the direction
perpendicular to the polarization direction in the step of final
polarization of a domain controlled piezoelectric single crystal for
fabricating the domain controlled piezoelectric single crystal and to
improve the dielectric/piezoelectric characteristics as mentioned in the
foregoing description of the first and second aspects of the invention. As
the domain controlled piezoelectric single crystal according to the
invention has the above-described structure and the method of fabricating
the same comprises the above described steps, it is possible to fabricate a
piezoelectric single crystal which effectively uses the electromechanical
30   coupling factor k31 in case where the electromechanical coupling
factor k33 in the direction parallel to the polarization direction (
longitudinal vibration mode ) is equal to or greater than 80%, a
piezoelectric constant d33 is equal to or greater than 800 pC/N, the
electromechanical coupling factor k,l is equal to or greater than 70% and a
piezoelectric constant -d31 is equal to or greater than 1200 pC/N (d31
having a negative value by definition), and it is possible to use the value
of k33 more efficiently due to generation of no spurious (undesired
vibration) or the like in the band of usage of that value in case where k33
is equal to or greater than 80% , d33 is equal to or greater than 800 pC/N,
k31 is equal to or smaller than 30% and -d31 is equal to or smaller than
300 pC/N ( d31 having a negative value by definition). 



31   Table 1 Polarization conditionsDielectric/iezoelectric
characteristicsAdaptedSample No.Temperature CElectric field E V/mmTime
mink33 %d33 10-'2 C/Nk3, %d3, 10''2 C/Nfc3, Hz~mclaims or the
like12018001095.6255061.5-970701Prior art26040015095.3250048,7-694773Prior
art310030012094.0236035.0-520755Prior
art4402501056.016518.8-224741insufficient
olarization5405001084.0119076.0-1310601Claim 16407001087.0142077)
1-1324603Claim 174010001095.3250080.8-1701522Claim
184016001095.3250060.9-939700Claim 19200400Field
coolin80.296074.7-1263609Claim 1106040012096.9274026.3-288981Claim
2112015001094.6230027,1-2911004Claim 2Document value 194230053-1100-
Document value 2 90 1734 49 -962680-733 (average value: 707 32   Table 2
Dielectric/ iezoelectric characteristicsAdaptedSam le No. pProcess
contentsConditionsk 33d 33 10''2 C/Nk 31 %d 31 10F2 C/Nfc 



31 Hz~mclaims or  the like12Claim 5DC electric field 1000 V/mm, 40C, 10
min97.3281085.5-2380483Claim 113Claim 650-90C, c cle of 30 min, re sated 3
times97.5284085.3-2360503Claim 114Claim 6150-200C, c cle of 30 min, re
Bated 3 times97.8288085.3-2350506Claim 115Claim 6200-400C, c cle of 30 min,
re Bated 3 times97.4282085.6-2380437Claim 1i 6Claim 7~C electric field 400
V/mm, 150-200C, cycle of 30 min, re Bated 3 times97.8287086.0-2450415Claim
117Claim 5h~polar triangular wave 500 V/mm, cycle 800 ms) 1 o
rriing7.1278018.3-230863Claim 218Claim 650-90C, c cle of 5 min, re Bated 3
times97.0276018.6-260836Claim 219Claim 6150-200C, c cle of 5 min, re Bated
3 times97.3281017.8-190892Claim 220Claim 6200-400C, c cle of 5 min, re
Bated 3 times97.2279018.2-220847Claim 221Claim 7DC electric field 400 V/mm,
150-200C, cycle of 5 min) re Bated 3 timesg7.72g5017.6-150924Claim 2 33
What is claimed is: 1. A domain controlled piezoelectric single crystal
having an electromechanical coupling factor k33 z 80% in a longitudinal
vibration mode in the direction parallel to a polarization direction and a
piezoelectric constant d33 s 800 pC/N, comprising, an electromechanical
coupling factor k31 a 70% in a lateral vibration mode in a direction
perpendicular to said polarization direction) a piezoelectric constant -d31
z 1200 pC/N and a frequency constant fc31 ( = fr~L ) s 650 Hz m which is a
product of a resonance frequency fr in said lateral vibration mode in said
direction perpendicular to said polarization direction relating to k31 and
a length L of said device in a vibration direction. 2. A domain controlled
piezoelectric single crystal having an electromechanical coupling factor
k33 z 80% in a longitudinal vibration mode in the direction parallel to a
polarization direction and a piezoelectric constant d33 a 800 pC/N,
comprising, an electromechanical coupling factor k31 s 30% in a lateral
vibration mode in a direction perpendicular to said polarization direction,
34   



a piezoelectric constant -d31 s 300 pC/N and a frequency constant fc31 (=
fr L) a 800 Hz m which is a product of a resonance frequency fr in said
lateral vibration mode in said direction perpendicular to said polarization
direction relating to k31 and a length L of said device in a vibration
direction. 3. The domain controlled piezoelectric single crystal according
to claim 1 or 2, wherein said piezoelectric single crystal material is
either one of following materials (a) and (b): ( a ) a solid solution which
is comprised of X~Pb ( A1, Az, . . . , B1, B~ , . . . ) 03 + ( 1-X ) PbTi03
( 0 < X < 1 ) where Al , AZ , . . . are one or plural elements selected
from a group of Zn, Mg, Ni, Lu, In and Sc and B1, B2) .. . are one or
plural elements selected from a group of Nb , Ta ( Mo and W ( and in which
a sum w of valencies of elements in parentheses in a chemical formula
Pb(AlYlal, A2Y282      BlZlb1  B1Z2b2   -  ) 03 satisfies charges of c~ =
a,~Yl + aZ~Yz + . . . bl~Z1 + b2~Zz + . .. - 4+ where al, a2 ... are
valencies of Al, AZ, . . . , bl, bZ, . . . are valencies of B1, Bz) . . .
and Z1, ZZ, .., are oomposition,ratios in said chemical formula, and (b)
said material (a) added with 0.5 ppm to 1% by mass of one or two of Mn and
Cr. 35   4. A piezoelectric single crystal fabricating method of
fabricating a domain controlled piezoelectric single crystal, comprising, a
step of applying a DC electric field of 400 V/mm to 1500 V/mm for a maximum
of two hours in a temperature range of 20C to 200C as polarization
conditions in a thickness direction of said piezoelectric single crystal or
a step of cooling while applying an electric field. 5. The piezoelectric
single crystal fabricating method according to claim 4, wherein said domain
controlled piezoelectric single crystal is fabricated by performing 



a step of applying an electric field in a direction perpendicular to a
polarization direction of a piezoelectric single crystal, a step of
controlling a direction of a ferroelectric domain perpendicular to said
polarization direction, and said step recited in claim 4. 6. A
piezoelectric single crystal fabricating method according to claim 4,
wherein domain controlled piezoelectric single crystal is fabricated by
controlling a direction of a ferroelectric domain perpendicular to a
polarization direction of a piezoelectric single crystal by performing 36
a step (1) of heating and cooling a piezoelectric single crystal material
with a temperature of transition between a rhombohedral crystal which is in
a low temperature phase of said piezoelectric single crystal device and a
tetragonal crystal which is in an intermedigte temperature phase of said
piezoelectric single crystal material in between, or a step ( 2 ) of
heating and cooling said piezoelectric single crystal material between a
Curie temperature and a rhombohedral crystal or a tetragonal crystal, or a
step ( 3 ) of heating and cooling said piezoelectric single crystal
material in a temperature range of a cubic crystal which is in a high
temperature phase equal to or higher than said Curie temperature, or a step
(4) of adequately combining said steps (1), (2) and (3),and said step
recited in claim 4. 7. A piezoelectric single crystal fabricating method of
fabricating a domain controlled piezoelectric single crystal comprising the
steps of: a step of applying an electric field in a direction
perpendiculartosaid polarization direction of a piezoelectric single
crystal , a step (1) of heating and cooling a 



piezoelectric single crystal material with a temperature of 37   transition
between a rhombohedral crystal which is in a low temperature phase of said
piezoelectric single crystal and a tetragonal crystal which is in an
intermediate temperature phase of said piezoelectric single crystal
material in between, or a step ( 2 ) of heating and cooling said
piezoelectric single crystal material between a Curie temperature and a
rhombohedral crystal or a tetragonal crystal) or a step ( 3 ) of heating
and cooling said piezoelectric single crystal material in a temperature
range of a cubic crystal which is in a high temperature phase equal to or
higher than said Curie temperature, or a step ( 4 ) of adequately combining
said steps ( 1 ) , ( 2 ) and (3), then a step of applying a DC electric
field of 400 V/mm to 1500 V/mm for a maximum of two hours in a temperature
range of 20C to 200C or performing cooling while applying an electric
field, whereby controlling a direction of a ferroelectric domain
perpendicular to a polarization direction of a piezoelectric single
crystal. 38 .Aa_.A9;r.A;
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