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Abstract: Lithium niobate crystals (LiNbO3, LN) are multifunctional crystal materials with many
outstanding properties. In this work, the electro-elastic properties of LN single crystals were explored
at temperatures from —150 °C to 150 °C. The temperature dependences of dielectric permittivities,
elastic compliances, electromechanical coupling factors and piezoelectric coefficients were determined
using the impedance method. The LN crystals possessed large dielectric permittivities, the 5{1 /€0
and sgg /€0 were 83.2 and 29.4 at room temperature, respectively. The elastic compliances s11, 513, 533
and sy presented a positive increase as the temperature increased, and the variations were 5.0%,
8.2%, 4.6% and 5.4%, respectively, showing a good temperature stability. Moreover, the temperature
dependence of the electromechanical coupling factors and piezoelectric coefficients for different
vibration modes were studied with a temperature range from —150 °C to 150 °C, where the thickness
shear vibration mode di5 presented a large piezoelectric response and minimal temperature variation.
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1. Introduction

Lithium niobate crystals (LiNbO3, LN) are a type of famous multifunctional materials
which have excellent piezoelectric, nonlinear, photorefractive, electro-optical, acousto-optic
and pyroelectric properties [1-8]. Based on these properties, LN crystals are widely used in
acoustic wave transducers, acoustic filters, acoustic delay lines, electro-optical Q-switches,
optical amplitude modulators and so on [9-14].

It is reported that LN crystals have large piezoelectric coefficients, measuring
6-70 pC/N [15,16]. Particular, LN crystals possess high electromechanical coupling fac-
tors. The thickness shear electromechanical coupling factor for X-cut crystals reaches
68%, while the electromechanical coupling factor of quartz crystals is just 0.98% with the
same condition [17,18]. LN crystals with outstanding piezoelectric properties are widely
used in transducer applications, such as in the nondestructive testing of single crystal
transducers. The piezoelectric coefficients, electromechanical coupling factors, mechanical
quality factors and the Curie temperature are the main performance parameters needed
to measure the performance of the single crystal transducers, which have an effect on
sensitivity, efficiency, timing and temperature stability, etc. Therefore, studying the electro-
elastic properties of LN crystals systematically is a great supplement for the piezoelectric
materials of transducers.

In previous studies, much research about the electro-elastic properties for LN crystals
has been done, including the electromechanical coupling factors with different orientations,
and temperature dependence in different temperature ranges, etc., [19,20] while studies
regarding the electro-elastic properties at low temperatures are rare. In 2012, Ryuichi
Tarumi reported the elastic constants and piezoelectric coefficients, using resonant ultra-
sound spectroscopy from an ambient temperature to 6 K, and discussed the elastic and
piezoelectric properties from the viewpoint of group theory and lattice dynamics [21].
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In this study, to conduct a complete investigation of the electro-elastic properties
of LN crystals and be able to extensively use LN crystals in a wider temperature range,
the electro-elastic properties, including the dielectric permittivities, elastic compliances,
electromechanical coupling factors and piezoelectric coefficients, were measured and
determined by using the impedance method from —150 °C to 150 °C.

2. Experimental Section

Restricted by the crystal symmetry, the LN crystals had 3-m symmetry and possessed
2 dielectric permittivities, 6 elastic compliances and 4 piezoelectric coefficients, which are
given as below:
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In this work, the cut samples were prepared from the high-quality LN single crystals,
which were supplied by CETC Deqing Huaying Electronics Co., Ltd., Zhejiang, China. The
crystal cut configuration was prepared based on our previous work described in [22], as
showed in Figure 1. The precise orientations were carried out by X-ray diffraction crystal
direction finder (YX-4 made by Liaodong Radioactive Instrument Company, Dandong,
China), with the accuracy of <20"'. In this experiment, all the samples were nearly the same
dimensions with the same vibration mode. The dimensions of the prepared crystal cuts
were 10 x 10 x 2 mm?3 for square plates (samples (a) and (b)), 4 x 4 x 12 mm? for Z bar
(samples (c)), and 1.5 x 4 x 15 mm?3 for rectangular-shaped plates (samples (d) and (i)).

The crystal samples were vacuum-sputtered with platinum films (200 nm) as elec-
trodes on the two parallel surfaces. The measurement of electro-elastic properties was
carried out by the impedance method. The dielectric permittivities 8{1 /€ and 853 /&g were
obtained by recording the capacitance of the X- and Z square plates using a multi-frequency
LCR meter at 1 kHz. The resonant and anti-resonant frequencies were measured by an
impedance analyzer connected to a temperature chamber. Based on the measured ca-
pacitances, resonant frequencies and anti-resonant frequencies of different crystal cuts
and the electro-elastic constants were obtained. Moreover, the variations of electro-elastic
characteristics were determined by Equation (4) with the temperature range from —150 °C
to 150 °C:

X(T) — X(To)
X(To)
where X(T) represents the dielectric permittivity, elastic compliance, electromechanical

coupling factor and piezoelectric coefficient at arbitrary temperature; X(T) represents
these parameters at —150 °C.

(4)

Variationy =
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Figure 1. Schematic configuration for the evaluation of electro-elastic constants: (a) X-square plate;
(b) Z-square plate; (c) Z bar; (d) YX plate; (e) ZY plate; (f) ZX plate; (g) YZt/0 (6 = 30°, 45° and 60°);
(h) XYt/8 (6 = 60°); and (i) ZXt/6 (6 = 70° and 80°).

3. Results and Discussion
3.1. Temperature Dependence of Dielectric Permittivity

The variation of relative dielectric permittivities (Ael /¢o) / (eﬁo / 80) (Ael/eg = el /e —

sﬂo /€0,i=1,3,and Ty = 150 °C) as a function of temperature from —150 °C to 150 °C were
studied for LN crystals, as illustrated in Figure 2. The relative dielectric permittivities
5{1 /€eo and €§3 /€9 were 83.2 and 29.4 at room temperature, respectively. The 8{1 /€0 and
£§3 /eo were 78.0 and 26.3 at —150 °C, and then increased to 88.1 and 33.2 at 150 °C, showing
positive temperature variations. The dielectric losses for LN crystals along the X- and
Z-axes were lower, and the variations were smaller over the measured temperature range.
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Figure 2. Variation of relative dielectric permittivity and dielectric loss for LN crystals.
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3.2. Temperature Dependence of Elastic Compliance

Based on the resonant and anti-resonant frequencies, the temperature dependent
behaviors of elastic compliances were calculated. Figure 3 gave the elastic compliances of
LN crystals as a function of temperature. The elastic compliance sy4 exhibited a large value,
which was 16.0 pmz/N at —150 °C, increasing to 16.9 pm2/N at 150 °C. The s11, $13, S33
and s44 all presented positive increases with increasing temperature, where the variations
were 5.0%, 8.2%, 4.6% and 5.4%, respectively, showing a good temperature stability.
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Figure 3. Variation of elastic compliance s;; for LN crystals.

3.3. Temperature Dependence of Electromechanical Coupling Factor and Piezoelectric Coefficient

The electromechanical coupling factors for different vibration modes, including the
transverse length extensional mode, the longitudinal length extensional vibration mode and
the thickness shear vibration mode of LN crystals, were investigated over a temperature
range from —150 °C to 150 °C. The result was presented in Figure 4. It was observed
that the LN crystals possessed high electromechanical coupling factors, ki5, measuring
approximately 61.1-61.9% over the tested temperature range. The longitudinal length
extensional vibration modes, k>> and k33, showed different trends: ky, was determined
to be 29.7% at —150 °C, then slightly declined to 29.4% at 150 °C; while k33 presented an
increase from 22.1% to 23.4%, with a variation of 5.6%. The transverse length extensional
mode k31 was relatively small; approximately 2.5% at room temperature.

Combined with the determined dielectric constants, elastic compliances and elec-
tromechanical coupling factors, the variations in piezoelectric coefficients were obtained,
as presented in Figure 5. The d;5 exhibited the largest piezoelectric response and a stable
trend from —150 °C to 150 °C; the variation was lower than 10%. The larger piezoelectric
coefficient was beneficial to enhance the sensitivity of the transducers. The dy,, d33 and d3;
factors demonstrated growth as the temperature increased; the variations were 7.5%, 25.6%
and 41.4%, respectively. The larger variations of d33 and d3; were attributed to the larger
increase in the relative dielectric permittivity £§3 /€o. Furthermore, the variation of the
piezoelectric coefficient dy; for LN and «-BIBO crystals was investigated. The results were
presented in the small inset of Figure 5. Compared with the «-BIBO crystal, LN showed
smaller variations in the same temperature range. The large piezoelectric coefficients and a
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good temperature stability were beneficial for the transducer applications of LN crystals at
low temperatures.
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Figure 4. Variation of electromechanical coupling factor k;; for LN crystals.
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Figure 5. Variation of piezoelectric coefficient d;; for LN crystals.

4. Conclu

sions

In this work, the temperature stability of the electro-elastic properties for LN single
crystals was investigated with a temperature range from —150 °C to 150 °C. The LN crystals
were reported to possess large dielectric permittivities and low dielectric losses. The LN
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crystals presented a good temperature stability of elastic compliances. Moreover, the tem-
perature dependence of electromechanical coupling factors and piezoelectric coefficients
for LN crystals were studied, where the high coupling factor ki5 measured approximately
61.1-61.9% from —150 °C to 150 °C. The d;5 exhibited the largest piezoelectric response
and a stable variation trend (<10%), and the d»,, d33 and d3; showed an increase over the
tested temperature range.
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