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Phononic crystals (PC) consisting of periodic materials with different acoustic properties have
potential applications in functional devices. To realize more smart functions, it is desirable to
actively control the properties of PC on-demand, ideally within the same fabricated system. Here,
we report a tunable PC made of Bay;Sro3TiO; (BST) ceramics, wherein a 20 K temperature
change near room temperature results in 20% frequency shift in transmission spectra induced
by ferroelectric phase transition. The tunability phenomenon is attributed to the structure-
induced resonant excitation of Ay and A; Lamb modes that exist intrinsically in the uniform BST
plate, while these Lamb modes are sensitive to the elastic properties of plate and can be
modulated by temperature in BST plate around Curie temperature. The study finds new
opportunities for creating tunable PC and enables smart temperature-tuned devices such as

Lamb wave filter or sensor.
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I. Introduction

Phononic crystals (PC) consisting of periodic materials with diverse elastic modulus and
mass density have great advantage in manipulating acoustic wave propagation and energy
flow [1, 2]. By modulating the geometry and/or the constituent materials of the PC, many
interesting phenomena can be realized, including band gap, negative refraction, and localized
defect modes, which are promising for potential applications in cloaks, isolators, waveguides,
sensors and filters. It is highly desirable to be able to tune the responses of PC on-demand
during these applications, without the need to reconfigure the geometry or the constituents of
PC, though large tunability is rather difficult to achieve in practice. To realize more versatile
applications of PC, much of the effort focuses on developing tunable PC using smart
structures [3-7] and materials [8-17], since their properties can be manipulated by external
stimuli such as force, electric field, magnetic field, and temperature. For example, the
mechanically triggered transformations of phononic band gaps is theoretically demonstrated
through applied load [7]. Control of the elastic wave bandgaps in two-dimensional
piezoelectric periodic structures by using different polarized directions is theoretically studied
[8]. Using plane-wave-expansion method, Yeh theoretically investigated the elastic band
structure of a two-dimensional PC made of electrorheological materials, and found that the
electric field has a significant effect on the band gaps [9]. Similarly, through theoretical
calculations, it was demonstrated that the band structure of PC made of magnetostrictive
materials are tunable by external magnetic field [10-12]. Taking the magneto—electro—elastic
coupling into account, the elastic wave propagation in two-dimensional magnetoelectroelastic
PC is tuned by electric and magnetic fields [13, 14]. Tuning and switching the hypersonic
phononic properties is realized through phase transitions of crystallization and melting, which
can be tuned by temperature [15]. Recently, it was suggested that ferroelectric ceramics are
suitable for tunable PC, since their acoustic velocities are sensitive to the temperature across

Curie temperature (7¢) [18-21]. Nevertheless, most of these studies were theoretical in nature,
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and focused on the obvious effects of external stimuli on the band structure of an infinite PC.
Few experimental demonstration of tunable PC has been reported, and the anomalous
properties of the pass band in a finite structure [18], which are much more interesting, have
not been explored.

Ba; S TiO; is a lead-free perovskite ferroelectric material that has been extensively
investigated [22-24], and its 7¢ can be continuously modified by varying Ba/Sr ratio. For
instance, T¢ of Bag7S1y3TiO3; (BST) is around room temperature of 298 K [25], across which
large variations in material properties are observed due to ferroelectric phase transition,
making it attractive for tunable applications. Here, we report a PC plate made of BST ceramic
that is quite effective in exciting Lamb wave. By taking advantage of the acoustic
transmission enhancement induced by Lamb wave in the PC plate [26, 27], thermal tuning of
multi-peak acoustic transmission through the PC plate is demonstrated with 20% tunability in
frequency. The tunability is based on the ferroelectric phase transition of BST that results in
large variation of its acoustic properties across 7¢ [28], allowing us to tune the transmission of
PC via temperature induced ferroelectric phase transition.

II. Experiment Methods

The BST ceramic was fabricated by conventional solid-state reaction technique and
followed by viscous polymer processing (VPP) route. At the first, barium carbonate (BaCOs3,
Aladdin, >99%), strontium carbonate (SrCO;, Aladdin, >99%), and titania (TiO,, Aladdin,
>99%) powders were mixed in the appropriate molar ratios and ground thoroughly by an

agate ball grinding mill for 10 hours. Secondly, the mixtures were calcined at 1100 C for 2

hours in alumina crucibles opened to air after preloaded, and then griding it for another 10
hours. The ground powders were uniformly mixed with appropriate amount of polyvinyl
alcohol (PVA, Sigma) solution (mass concentration: 3%) for granulating. Afterwards, the
produced mixtures were compressed under the uni-axial pressure of 20 MPa into disks of 20

mm in diameter. In order to remove additive polymer, the pelletized were first heated up to
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600 ‘C at a heating rate of 5 ‘C/min. The samples were finally sintered at 1400 ‘C for 4 hours

in alumina crucibles opened to air.

BST ceramic exhibits a dense grain structure with the grain size ranging from 10 um to
30 pum, as seen from the scanning electron microscope (SEM, Nova NanoSEM 450, FEI)
images of surface and cross-section in Fig. 1(a) and Fig. 1(b). X-ray diffraction (XRD, XD-
3A, SHIMADZU) with Cu Ka radiation were used to characterize the phase structures and
chemical component elements. The perovskite phase of the BST with tetragonal space group
P4mm is confirmed by the XRD pattern at 293 K, as shown in Fig. 1(c) (black line), with
which the lattice parameters are determined to be a = b = 3.9853 A and ¢ = 3.9541 A. Only a
slight shift in diffraction peak positions is observed in XRD pattern measured at 313 K (red
line), and the corresponding lattice parameters are determined to be a = b = ¢ = 3.9754 A,
suggesting a tetragonal-cubic phase transition. To investigate the phase transition of BST,
differential scanning calorimetry (DSC) is undertaken under nitrogen atmosphere in

aluminium crucibles at a heating rate of 5 ‘C/min using a DSC Q20 from TA instruments,

revealing an endothermic effect at the temperature of 303 K [Fig. 1(d)]. To verify that the
phase transition is ferroelectric in nature, the temperature dependence of dielectric constant of
BST was measured using a high-precision LCR meter (4282a, Agilent) at 500 Hz—1 MHz

from -160 C to 160 C [Fig. 1(e)], exhibiting three peaks at around 176 K, 225 K and 298 K,

corresponding to consecutive rhombohedral-orthorhombic-tetragonal-cubic phase transitions
that have been well documented in the literature [24, 25]. An increase in dielectric dispersion
with frequency can be observed in the BST ceramic, indicating that BST has diffuse phase
transition owing to the substitution of Sr on the Ba site [26]. The polarization-electric field (P-
E) hysteresis loops of BST ceramic were recorded on a Sawyer-Tower circuit (Precision
Premier II, Radiant Technologies, Inc.) at different temperatures, revealing typical

ferroelectric hysteresis at lower temperatures (Fig. 1(f)). The hysteresis loop gradually



decreases with the increased temperature, and diminishes at 330 K, further confirming the
ferroelectric phase transition of BST.
III. Simulation and Experiment Results

Across ferroelectric phase transition, large variations of material properties are expected,
as exhibited by dielectric constant and ferroelectric hysteresis. Particularly relevant to our
study is the acoustic velocities in BST ceramic, which are measured by ultrasonic techniques,
using the conventional pulse-echo technique with longitudinal and transversal ultrasonic
waves. As shown in Fig. 2(a), the acoustic velocities is a function of temperature for
longitudinal (c;, square solid dots) and transverse (c;, square solid dots) wave velocities in
BST. Large increase in acoustic velocities occurs when the temperature changes from 293 K
to 313 K, and outside of this range they are relatively stable, consistent with the tetragonal-
cubic phase transition of BST in this temperature range. The specific wave velocities of BST
are measured to be ¢; = 5340 m/s, ¢; = 3345 m/s for 293 K, and ¢; = 6163 m/s, ¢; = 4161 m/s
for 313 K, respectively. The density of BST, 5400 kg/m’ as measured by Archimedean
method, is almost constant in the temperature range from 293 K to 313 K.

Furthermore, the dispersion curves of a uniform BST plate with thickness # = 0.5 mm
immersed in water were calculated at temperatures 293 K and 313 K, respectively, as shown
in Fig. 2(b), where A, and S, represent antisymmetric and symmetric Lamb modes
respectively, n (0, 1, ...) characterizes their orders. They clear demonstrate that Lamb modes
in BST plate, which originate from the coupling of longitudinal and transverse waves via
reflection from the finite boundary [29, 30], and are sensitive to the temperature. It is worth
noting that the higher the frequency is, the more sensitive are Ag and Sy modes to the
temperature, while more high order modes there are. Thus, at low frequency it would be
difficult to sensor mode using different temperature since the mode shifts for different
temperature are not obvious. At high frequency it also difficult to sensor a pure mode as many

high modes are generated. At an intermediate frequency, if few of these low order Lamb
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modes can be excited, then the BST can be used as an efficient temperature-tuned Lamb wave
filter or sensor.

In order to excite and modulate Lamb mode in BST, we designed and fabricated a one-
dimension PC plate model (thickness # = 0.5mm) that has one side patterned with periodical
array (period p = 1.0 mm) of rectangular gratings (width w = 0.6 mm and height 2 = 0.3 mm),
as shown in Fig. 3(a). Under the normal incidence of plane acoustic wave from the structured
side, the power transmission coefficients of BST PC plate was measured in water at
temperatures 293 K (blue solid line) and 313 K (red dot line), and compared to those of
uniform BST plate (dash line), were shown in Fig. 3(b). The transmitted signals generated and
received by a computer-controlled pulser-receiver (5800PR, Olympus) and digitized at a
sampling frequency of 100 Msa/s (Octopus 822F, GAGE, Lockport, IL, USA). It is evident
that the transmission for the uniform reference plate is rather low in the considered frequency
range and is insensitive to the temperature change, in spite of large difference in wave
velocities. This is because of the mismatch of momentum between Ay and Sy modes with
water, as well as the mismatch of symmetry of A; mode with respect to the source [31]. These
Lamb modes in uniform BST plate can't be excited by normal incidence [32, 33]. On the other
hand, the spectra of BST PC show large transmission enhancement peaks at 2.40 MHz, 3.33
MHz and 3.55 MHz at 293 K, which change to 2.83 MHz and 3.94 MHz at 313 K. This set of
experiment results thus demonstrates that the designed PC structure is necessary to excite the
Lamb waves in BST [26, 27], and such Lamb wave can be tuned by the temperature change.

To further investigate the tunable transmission peaks, by using a finite-element

analysis and solver software package of COMSOL Multiphysics (http:/www.comsol.com/),

the transmission spectra of BST PC plate and uniform BST plate were simulated at 293 K and
313 K respectively, as shown in Fig. 4(a). These frequencies of transmission peaks agree well
with the experimental spectra of Fig. 3(b), even though there is a size deviation between

experiment sample and designed sample. It is clearly observed that the first remarkable peak
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at frequency of 2.47 MHz shifts to frequency of 2.93 MHz when the temperature is changed
from 293 K to 313 K, corresponding to 18.6% frequency tenability over 20 K temperature
range. Similarly, the second peak of 3.35 MHz at 293 K changes to 4.07 MHz at 313 K, a
frequency shift of 21.5%. While the transmission spectra as a continuous function of
temperature is simulated and shown in Fig. 4(b), which make the trend of thermal tuning more
visually. As expected, the frequency trends of transmission peaks fit into the change of
acoustic velocities with temperature. In addition, these velocity field distributions of five
transmission enhancement peaks in Fig. 4(a) are shown in Fig. 4(c).

By comparing velocity field distribution of each peak at these two temperatures, it is
revealed that the excited modes of 2.47 MHz at 293 K and 2.93 MHz at 313 K are the same,
so are the excited modes of 3.35 MHz at 293 K and 4.07 MHz at 313 K. While the third peak
of 3.55 MHz at 293 K in both experiment and simulation that does not appear at 313 K. As
shown the last field distribution in Fig. 4(c), this peak originates from the coupling of
resonance of water between gratings and Lamb mode in BST PC. Furthermore, compared Fig.
4(a) with Fig. 2(b), these frequencies of the first peak at 293 K and 313 K almost coincide
with these frequencies of Ap mode at k£ = 27/p in a uniform BST plate, while these frequencies
of the second peak at 293 K and 313 K are almost the same with these frequencies of A} mode
at £ = 0 in a uniform BST plate. It can be explained that the Bragg scattering by the gratings
on the BST PC, which folds the Ay mode at k = 2n/p back to £ = 0, as well as changes the
symmetry of A; mode, leading to these two modes matching momentum and symmetry with
respect to the normal incident source[26, 27]. Thus, the first and second peaks at both 293 K
and 313 K originate from the resonant excitation of the Ay and A; modes that exist
intrinsically in the uniform elastic plate respectively, while these Lamb modes can be
effectively modulated around T¢.

In order to investigate the geometrical parameters of BST PC influence on the

existence and trend of the resonant peaks, Fig 5 shows the transmission spectra for
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temperature 293 K and 313 K varying with the thickness ¢ of substrate, width w and height 4
of gratings, respectively, for a series of BST PC samples with other geometrical parameters
identically to the aforementioned. In Fig. 5(a), the dark dash line and the white dash line give
a theoretical prediction of the frequency of Ay mode at k = 2n/p, and A; mode at k = 0 in the
uniform brass plate of thickness ¢, respectively. As shown in Fig. 5 (a), for a small value of ¢,
the difference of the first transmission peak in two temperature is not distinct, which is due to
the corresponding Ao mode in thin plate shifting for different temperatures are not obvious.
For an intermediate value of ¢, as mentioned earlier these positions of the first and the second
transmission peak for both two temperatures agree well with these predicted from the Ay
mode at k= 2n/p and A; mode at £ = 0 in the uniform plate, respectively. For a large value of 7,
multiple transmission peaks are arising and can’t be distinguished effectively in two
temperatures, which is due to high order Lamb modes arising in thick plate. Therefore, it is
reasonable to choose an intermediate value of thickness ¢ as 0.5 mm for the sample of BST PC
substrate in experiment.

In Fig. 5(b), it is clearly shown that the width w of grating influences the frequency
and shape of the first transmission peak. While as shown in Fig. 5(c), the height / of gratings
affects the frequency and shape of the second transmission peak. These phenomena can be
explained from the characteristic of displacement field for the Ay and A; Lamb modes in a
uniform plate [34]. For the Ay mode at k£ = 2n/p, the longitudinal component of displacement
is maximized at the surface of plate, while the transverse component is almost invariant across
the plate thickness, thus the displacement of this mode is sensitive to the longitudinal
displacement component. The A; mode at £ = 0 in the uniform plate is the cut-off mode, while
the product of frequency multiplied by plate thickness is equal to half the transverse wave
velocity, thus the displacement of this mode is pure transverse. For Lamb waves in an
isotropic plate, the longitudinal displacement is parallel to the surface, while the transverse

displacement is normal to the surface. Thus, the Ag mode at £ = 2n/p is more sensitive to the
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perturbation of BST PC on the direction of parallel to the surface, i.e. the width of grating on
BST substrate; The A; mode at £ = 0 is more sensitive to the perturbation of BST PC on the
direction of normal to the surface, i.e. the height of grating on BST substrate. Accordingly,
the first and the second transmission peaks are originated from the structure-induced resonant
excitation of Ay and A; Lamb modes that exist intrinsically in the uniform BST plate, which
are sensitive to the width w and the height 4 of gratings, respectively. After considering the
trends of w and % influence on these two peaks in two temperature, it is reasonable to choose
width as 0.6 mm and height as 0.3 mm for the grating on the surface of BST PC in experiment.
IV. Conclusion

In conclusion, we have fabricated ferroelectric ceramic materials BST with the phase
transition temperature 7¢ at room temperature, across which the acoustical properties show
substantial variation. PC consisting of periodic artificial structure on the surface of BST plate
are found to be suitable for multi-frequency transmission enhancement, where transmission
peaks show large thermal tunability around 20% over 20 K temperature range near room
temperature. The phenomenon is attributed to the structured-induced resonant excitation of Ay
and A; Lamb modes that exist intrinsically in the uniform elastic plate, while these Lamb
modes are sensitive to the elastic properties (longitudinal and transverse wave velocities) of
plate and can be modulated by temperature in BST plate around 7¢. The tunable PC via
ferroelectric phase transition will pave a way to explore acoustic properties of ferroelectric
materials and has promising prospects for tunable smart devices, such as temperature-tuned
Lamb wave filter or sensor.
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FIG. 1. Ferroelectric phase transition of BST. (a) Surface SEM micrographs of BST ceramic.
(b) Cross-section SEM micrographs. (¢) XRD patterns at temperature of 293 K and 313 K. (d)
DSC curve. (e) the variation in the dielectric constant as a function of temperature at the
frequency from 500 Hz to 1 MHz. (f) Ferroelectric hysteresis loops at temperatures above and

below T¢.
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of BST PC as a function of temperature from 289 K to 317 K. (c¢) The simulated velocity field
distribution of one unit cell of BST PC at 2.47 MHz, 3.35 MHz and 3.55 MHz at 293 K, 2.93
MHz and 4.07 MHz at 313 K, both the amplitude field (color variations) and the vector field

(arrows) are provided.
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dark dash line and the white dash line give a theoretical prediction of the frequency of Ay

mode at k = 2n/p, and A| mode at k£ = 0 in the uniform brass plate of thickness #, respectively.

20



