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The influence of temperature on mode coupling effect in piezoelectric vibrators remains unclear. In this work, we
discuss the influence of temperature on two-dimensional (2D) mode coupling effect and electromechanical coupling co-
efficient of cylindrical [001].-poled Mn-doped 0.24PIN-0.46PMN-0.30PT piezoelectric single-crystal vibrator with an
arbitrary configuration ratio. The electromechanical coupling coefficient k; decreases with temperature increasing, whereas
k33 is largely invariant in a temperature range of 25 °C-55 °C. With the increase of temperature, the shift in the ‘mode
dividing point’ increases the scale of the poling direction of the piezoelectric vibrator. The temperature has little effect on
coupling constant I". At a given temperature, the coupling constant I of the cylindrical vibrator is slightly greater than
that of the rectangular vibrator. When the temperature changes, the applicability index (M) values of the two piezoelectric
vibrators are close to 1, indicating that the coupling theory can be applied to piezoelectric vibrators made of late-model

piezoelectric single crystals.
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1. Introduction

The analysis of the coupling between the vibration modes
of a piezoelectric vibrator is vital to the design of practical
devices such as piezoelectric sensors, piezoelectric actuators,
and ultrasonic transducers. The most common problem is
the coupling analysis between the vibration mode along the
poling direction and that perpendicular to the poling direc-
tion. The electromechanical coupling coefficient of piezoelec-
tric material along the poling direction in the vibration mode
has been extensively discussed. The material parameters, in-
cluding the elastic, dielectric, and piezoelectric constants, vary
with temperature. Therefore, the coupling between the two vi-
bration modes and the electromechanical coupling are affected
by temperature. Piezoelectric vibrators are the basic compo-
nents of piezoelectric devices. Rectangular and cylindrical
piezoelectric vibrators with different configuration ratios are
the most common examples.

In recent years, Pbln;/,Nb;/,;03-PbMg;/3Nb; /303~
PbTiO3 (PIN-PMN-PT) ternary single crystals have attracted
considerable attention owing to their high phase transition

DOI: 10.1088/1674-1056/ab8a3e

temperatures (Tr—t > 120 °C) and good temperature sta-
bilities, making them suitable for being used in electrome-
chanical devices in a wide range of temperatures.!'? Dop-
ing with Mn can improve some of the physical properties
of ferroelectrics.!®) The mechanical quality factor (Qu) of
Mn-doped PIN-PMN-PT (Mn:PIN-PMN-PT) ternary sin-
gle crystals poled along the [001]. pseudo-cubic direction
can be as high as 1000, which is comparable to that of
hard PbZrTiOs-type (PZT) ceramics.!¥ Currently, the appli-
cations of piezoelectric materials are not limited to conven-
tional environments, > such as room temperature condition
environments. The mode-coupling effect in rectangular beams
made of 0.33PIN-0.35PMN-0.32PT ternary single crystals
has been studied at room temperature.!”l However, the influ-
ence of temperature on the mode coupling effect in a rectan-
gular beam is unclear. Furthermore, there is no research on
the mode coupling effect in ternary, cylindrical PIN-PMN-PT
single-crystal resonator.

In this study, we analyze the mode coupling effects in

rectangular piezoelectric vibrator and cylindrical piezoelectric

*Project supported by the Basic Scientific Research Foundation of College and University in Heilongjiang Province, China (Grant No. 2018QNL-16), the
Guiding Science and Technology Project of Daging City (GSTPDQ), China (Grant No. zd-2019-03), and the National Natural Science Foundation of China

(Grant Nos. 11304061 and 51572056).

fCorresponding author. E-mail: huangnaixing@163.com
fCorresponding author. E-mail: sunew @hit.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

075201-1


http://dx.doi.org/10.1088/1674-1056/ab8a3e
mailto:huangnaixing@163.com
mailto:sunew@hit.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 7 (2020) 075201

vibrator, both are made of [001].-poled Mn-doped 0.24PIN-
0.46PMN-0.30PT ternary single crystal, in a temperature
range of 25 °C-55 °C. In addition, we derive an equation
for the electromechanical coupling coefficient k; of Mn:PIN—
PMN-PT ternary single crystal as a function of temperature.
This study will be helpful in designing Mn:PIN-PMN-PT-

based devices.

2. Theory

Figure 1 shows schematically two piezoelectric vibrators
made of [001].-poled Mn-doped 0.24PIN-0.46PMN-0.30PT
single-crystal material. The z axis is the poling direction for
both of the resonators, and the four surfaces normal to the z

axis are covered by the electrodes.

rectangular bar

= L —>

cylindrical resonator

Fig. 1. Schematic diagram of piezoelectric vibrators and their coordinate
system.

For the rectangular vibrator, we assume that the bar ex-
tends infinitely in the y-axis direction. Thus, the rectangular
vibrator exhibits two-dimensional coupled vibrations in the x
and z directions.®~1%1 The configuration ratio G is defined as
G = L/H, where H is in the poling direction of the vibrator.

The theoretical relationship for the coupled vibration is[®%11]

(2= =1 = 217, (1)

where f, and f; are the resonant frequency in the x and z di-
rections without any mode coupling, respectively, and I is
a coupling constant. For a rectangular piezoelectric vibrator,
four limiting resonant frequency constants, namely f;H, f H,

frH, and fyH are respectively defined as follows: 3]
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From Egs. (2) and (3), we obtain
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and from Eqs. (4) and (5), we have

* D
fo _ X{ [e3 _

f h X 013)3

Sl XE | 1=K 1
M=Tn ~x\T=we a7

The factor M, is the applicability index, which is a mea-

MV1—a?, (16)

where

sure of the internal consistency in the application of the cou-
pling theory.l3°V If M| = 1, from Eqs. (15) and (16 ), we have

f—H:@:\/l—az. (18)
S S
By substituting Eqs. (2)—(5) into Eq. (1), we obtain the

following solutions:
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For the cylindrical resonator shown in Fig. 1, the piezo-  where
electric vibrator exhibits two-dimensional coupled vibration in __ E JE
. o . . Y=cn/cn, (28)
the radial and z-axis direction. In this case, the configuration 22
ratio G is defined as G = H /R, where H is in the poling direc- k3 = ﬁ (29)
tion of the piezoelectric single crystal. The theoretical equa- 3733
tion for the coupled vibration is®12] and X33 is the lowest nonzero positive root of
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where f; and f; are the resonant frequency in the radial and z-
axis direction without any coupling, respectively, and I is the
coupling constant. For a cylindrical piezoelectric vibrator, the
four limiting resonant frequency constants, namely f.H, frH,

fiH, and frH can be respectively defined as follows: 313
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where (] is the first positive root of Bessel functions and sat-
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From Egs. (22) and (23), we obtain
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and from Eqs. (24) and (25), we have
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For the cylindrical resonator, the coupling constant I is
given by

L= /|(€F /61— a?) 1], (35)

Solving Eq. (21) leads to the following solutions:
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The [001].-poled Mn-doped 0.24PIN-0.46PMN-0.30PT piezoelectric single-crystal vibrator and [001].-poled PMN-0.30PT
single-crystal resonator in Ref. [13] have the same macroscopic symmetry and vibration mode. For the cylindrical resonator with
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an arbitrary configuration ratio G = H/R, the electromechanical coupling coefficient k' can be given by
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3. Results and discussion

where

Figure 2 shows the electromechanical coupling coeffi-
cient of the cylindrical resonator with an arbitrary config-
uration ratio at temperatures of 25 °C, 40 °C, and 55 °C,
obtained by using Eq. (38) and the [001].-poled Mn-doped
0.24PIN-0.46PMN-0.30PT single-crystal parameters derived
from Ref. [4]. At a given temperature, the electromechani-
cal coupling coefficient ki increases with configuration ra-
tio G = H/R increasing. When G — 0, the electromechani-
cal coupling coefficient k; decreases with temperature rising.
However, when G — oo, the electromechanical coupling coef-
ficient k33 (~ 0.88) is largely invariant at temperatures ranging
from 25 °C to 55 °C as shown in Table 1.

0.30 T 0.9
— 925 °C 33
2 0.25F — 40 °C
Z 55 °C 10.8
£ 0.20
3 S
° 015 0.7 %,
[
£ 0.10
% 0.6
0.05
= M 0.5
00.1 1 10

Fig. 2. Electromechanical coupling coefficient kT of cylindrical resonator
with arbitrary configuration ratio at temperatures of 25 °C, 40 °C, and 55 °C.

Table 1. Electromechanical coupling coefficients k; and k33 of cylindrical
resonator at different temperatures, including the slope peaks.

Temperature/°C k¢ k33 Slope peaks
(G=H/R) Slope
25 0.5453 0.8831 0.89 0.2533
30 0.5445 0.8841 - -
35 0.5442 0.8844 - -
40 0.5412 0.8843 0.90 0.2552
45 0.5374 0.8843 - -
50 0.5336 0.8839 - -
55 0.5236 0.8824 0.91 0.2653

The electromechanical coupling factor k33 of the [001].-
poled 0.28PIN-0.40PMN-0.32PT ternary single crystal in-
creases from 0.91 at —50 °C to 0.94 at 125 °C,1 while that

2d3,

_ TNV 152 _ T e ) S PN _
20 -1]) (e + e () - 1)

\
of the [001].-poled 0.26PIN-0.44PMN-0.30PT single crystals

remains constant at 0.91 in a temperature range of —10 °C—
70 °C.1?I Thus, the temperature may have little effect on
the electromechanical coupling coefficient k33 of [001].-poled
Mn-doped PIN-PMN-PT ternary single crystal in a tempera-
ture range of 25 °C-55 °C. The peaks of the curves move in
the direction of greater configuration ratio G with temperature
increasing as shown in Fig. 2 and Table 1. Listed in Table 1
are the values of the electromechanical coupling coefficient k;
at temperatures of 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 50 °C,
and 55 °C. Figure 3 shows the results fitted with the following
equation:

ke =0.51864+0.182 x 10727 —3.11429 x 10772, (40)

where T is the temperature in Celsius. Figure 3 shows the
absolute values (less than 0.002) of the residuals with respect
to polynomial fitting at the different temperatures. The dif-
ferent behaviours of k; and k33 varying with temperature are
due to different vibration frequencies, which result in dif-
ferent mechanical boundary conditions. The k; vibrator be-
longs to the mechanical clamping boundary condition (high
frequency),!'*l whereas the k33 vibrator belongs to the me-
chanical free condition (low frequency).

0.55
b
0.54f L\"\ -
= 0.531 A ‘measured L\A |
— fitted \
0'5225 30 35 40 45 50 55
Temperature/°C
0.002 Residuals versus polynomial fitting
2]
= 0.001 7y
._E 0 *
) b
m—0.00l
—0.00%r =335 40 45 50 55

Temperature/°C
Fig. 3. Electromechanical coupling coefficient k; at different temperatures.

Figures 4(a) and 4(b) show the relationship between reso-
nant frequency constants and configuration ratio for the rectan-
gular vibrator at temperatures of 25 °C and 55 °C, respectively.

For a given configuration ratio G, fiH and f,H repre-
sent the two types of resonant frequency constants for the
two-dimensional coupled vibration. For the rectangular piezo-
electric vibrator, the point §(G/#H=/tH + GAH=/H) g de-
fined as the ‘mode dividing point’; when M| = 1, GluH=H —
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G/WH=1iH By comparing Figs. 4(a) and 4(b), we find that the
mode dividing point moves toward the lower configuration ra-
tio G with temperature increasing as shown in Table 2. The
coupling constant I is approximately 0.85 in a temperature
range of 25 °C-55 °C. From Table 2, we find that the applica-
bility index (M) values are close to 1, indicating the applica-
bility of the coupling theory for the rectangular piezoelectric
single-crystal vibrator studied in this work. 3]

(a)
10* 25°C 5
thickness-dilatational mode
—~ (z direction)
8 '¥
N
S| feH
T 103
E length-longitudinal mode
2 (z direction)
102}
Ll
0.1 1 10
G
(b)
104 ‘Ch 25 °C E
thickness-dilatational mode
— (z direction)
g ‘¥
Q -
fuH '
T 103
E length-longitudinal mode
Ing (z direction)
2L
10 . Oy
0.1 1 10

Fig. 4. Plot of resonant frequency constant versus configuration ratio for the
rectangular piezoelectric vibrator at temperatures of (a) 25 °C and (b) 55 °C,
with straight lines indicating limiting frequency constants.

Figures 5(a) and 5(b) show the relationships between the
resonant frequency constants and the configuration ratio for
the cylindrical resonator at temperatures of 25 °C and 55 °C,
respectively. For the cylindrical piezoelectric vibrator, the
point % (GHH=AH  GITH=fRH) is the ‘mode dividing point’;
when M, = 1, GH=HH — GftH=frH By comparing Figs. 5(a)
and 5(b), we find that the mode dividing point moves toward
the greater configuration ratio G with temperature increasing
as shown in Table 2. At 25 °C, G ~ 1.381 and k°f = 0.7511;
at 40 °C, G ~ 1.399 and kT = 0.7509; at 55 °C, G ~ 1.428
and kT = 0.7452. The electromechanical coupling coefficient
k°T at the mode dividing point exhibits a decreasing trend
with temperature increasing. The configuration ratio G for
the rectangular bar and the cylindrical resonator are defined
as G = L/H and G = H /R, respectively; however, the poling
direction for each of the two cases is along the height H as
shown in Fig. 1. The coupling constant I3 is approximately
0.89 in the temperature range of 25 °C-55 °C. From Table 2,

we find that the applicability index M, is approximately 1.010.
Therefore, like the scenario in the case of the rectangular bar,
the coupling theory can also be applied to the cylindrical res-

onator.
T 1
|
(a) i S
104k 250 w0
' d
thickness-dilatational mode E
/é\ (z direction) i :
8§ | A ol
T 103 T
o
— - length-longitudinal mode:
E JH (z direction)
N de
102F _3»° E
\“DA\'A
L
0.1 1 10
G
T
T
10%¢ 25°C
thickness-dilatational mode "
I S
S fiH /
3
= 103L
~
:Ij FoH ength-longitudinal mode
Al (z direction)
B
102f % Ao E
\"bb\ah
L
0.1 1 10

G

Fig. 5. Plots of resonant frequency constant against configuration ratio
for cylindrical resonator at temperatures of (a) 25 °C and (b) 55 °C, with
straight lines indicating limiting frequency constants.

For both types of piezoelectric vibrators, the frequency
constant f1H is greater than f,H as shown in Figs. 4 and 5,
and hence, when G — 0 or G — o, f1H approaches to the
two limiting resonant frequency constants of the lower dimen-
sion, and f>H approaches to the constants of the higher di-
mension. In other words, for the rectangular bar, when G — 0,
then fiH — fjH and f,H — fyH, and when G — oo, then
fiH — fyH and f,H — frH; for the cylindrical resonator,
when G — 0, then f{H — fiH and f,H — frH, and when
G — oo, then fiH — f;H and fo,H — frH. There is a very
strong coupling between the resonant frequency along the pol-
ing direction (z direction) and that in the direction perpendicu-
lar to the poling direction (x or radial direction) when the con-
figuration ratio G is close to the ‘mode dividing point’. From
Table 2, we find that the coupling constant I> of the cylindrical
resonator is slightly greater than I of the rectangular bar at a
given temperature. The coupling constant I" is not obviously
dependent on temperature. This is because in Eqs. (6), (28),
and (35), the elastic constants c¥|, c¥,, ¢&,, and c§; obtained
from Ref. [4] vary with temperature. The elastic constants 01151,
c¥), and c; decrease with temperature increasing, whereas c5;
is largely invariant in the temperature range of 25 °C-55 °C.
Compared with that of the rectangular piezoelectric vibrator,
the applicability index M, of the cylindrical vibrator is close
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to 1 in the temperature range of 25 °C-55 °C as shown in Ta-
ble 2. Thus, in the application of the coupling theory, the inter-
nal consistency for the cylindrical resonator is slightly better
than that for the rectangular bar. The applicability index M, of

the cylindrical resonator is closer to 1 than the applicability in-
dex M| of rectangular bar, which results in the absolute value
of +£0.003, lower than that of the rectangular bar (£0.004) as
shown in Table 2.

Table 2. Values of coupling constant I, mode dividing point, and applicability index M at different temperatures.

Rectangular bar Cylindrical resonator
Temperature/°C Mode dividing point Mode dividing point
L I M,
(G=L/H) (G=H/R)

25 0.8522 0.97564+0.004 1.0165 0.8862 1.3805 4 0.003 1.0078
30 0.8532 0.97144+0.004 1.0180 0.8873 1.385240.003 1.0083
35 0.8539 0.9673 +£0.004 1.0172 0.8879 1.39144+0.003 1.0074
40 0.8536 0.9626 4 0.004 1.0184 0.8880 1.398940.003 1.0081
45 0.8533 0.9567 +0.004 1.0184 0.8879 1.4073 +0.003 1.0076
50 0.8534 0.9520+0.004 1.0191 0.8880 1.414440.003 1.0079
55 0.8524 0.943540.004 1.0198 0.8876 1.427940.003 1.0085

4. Conclusions

In this work, we discuss the influence of temperature
on 2D mode coupling effect and electromechanical coupling
coefficient of cylindrical [001].-poled Mn-doped 0.24PIN-
0.46PMN-0.30PT piezoelectric single-crystal vibrator with an
arbitrary configuration ratio. For the cylindrical resonator,
the effective electromechanical coupling coefficient k°f at the
mode dividing point exhibits a decreasing trend with tempera-
ture increasing. The electromechanical coupling coefficient k;
decreases with temperature increasing, whereas the electrome-
chanical coupling coefficient k33 is largely invariant in a tem-
perature range of 25 °C-55 °C. With temperature increasing,
the shift in the mode dividing point increases the scale of the
poling direction. For a given vibrator, the temperature has lit-
tle effect on coupling constant I" in the range of 25 °C-55 °C.
However, the geometry of the piezoelectric vibrator affects the
coupling constant. For a given temperature, the coupling con-
stant I" of the cylindrical resonator is slightly greater than that
of the rectangular bar. In a temperature range from 25 °C
to 55 °C, the applicability index values of the two piezoelec-
tric vibrators are both close to 1, indicating that the coupling

theory can be applied to piezoelectric vibrators made of late-
model piezoelectric single crystals, considering temperature
fluctuations.
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