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c E 66 = 1 2 (c E 11 -c E 12 ). c Measured.
the time window chosen is typically set to 250 µs, with a sampling period equal to 5 ns, allowing to observe a few forward and backward traveling waves after reflections at the edges of the plate. Each measured signal is then averaged 30 times to improve the signal-to-noise ratio.

The above settings ensure a sufficiently high Nyquist frequency and accurate resolution of the spectra obtained through fast Fourier transforms (FFT). is more crowded: several eigenmode trajectories coexist in the ω-k 1 space at neighboring points and cannot be easily resolved, after a 2D FFT is performed. To better resolve these separate contributions, we opt for a different method of analysis, by adapting an autoregressive model to two dimensions (AR2D), i.e., to both space and time directions 29 . The results obtained in that manner agree with the corresponding picture obtained by a 2D FFT, without suffering from a wide ω-k 1 peak-character.

III. RESULTS AND DISCUSSION

In what follows, we will focus on three configurations, all of them using inductance loads on the unit cell of the crystal, shown schematically in the left panel of Fig. 3; We note in passing that this zero coupling analysis, already presented in previous works 24,26 , can be employed to visualize the bands of EM origin before hybridization.

When two antiparallel atoms are brought together to form a two-atom unit cell as shown in Fig. 3 becomes shorter (a = 2a 0 ). An additional folding at 317 k 1 a 0 /π = 0.5 of the dispersion plot is dictated and, as a 

to ω ± (k 1 ) = [ω 2 at + 2γ 1 cos k 1 a ± 2γ 2 cos(k 1 a/2)] 1/2 , γ 1 = 327 γ(a), γ 2 = γ(R)
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At Γ point (center of the BZ) the two distinct eigen- 
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At Γ point two distinct eigensolutions are found, one fi- 
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  FIG. 1. (a) Schematic representation of the one-dimensional piezoelectric crystal, extended to infinity along x1-and x2directions coinciding with the transversely isotropic plane of the piezoceramic material, poled across its thickness along the x3 symmetry axis. (b) An image of the fabricated sample with finite dimensions (48 mm × 48 mm × 1.6 mm), used in the experiments; the metallic strips (width w = 0.7 mm and separation gap s = 0.3 mm) aligned along x2-direction are connected at the top edge of the plate to a PCI reader. The structure consists of N = 48 elementary blocks of length a0 = 1 mm. In (c) an elementary block of the structure loaded with electric circuits of impedance Z u (upper plate side) and Z d (lower plate side).

C

  FIG. 2. The experimental setup used for the study of the phononic plate of Fig. 1: (a) schematic representation, and, (b) a view of the device. Excitation takes place at the left end of the plate and loading by external circuits at its remaining part through controlled EBCs.

  FIG. 3. The three configurations with inductive loads under study. Left panel: the unit cell of each crystal with different electric boundary conditions applied at the metallic strips [(a) grounded-inductance two-atom crystal, (b) floating-potentialinductance two-atom crystal, and (c) intercellular adjacent inductance-loaded crystal]. Right panel: schematic representation of the corresponding dispersion relation of the induced LC-origin bands (for L1 = L2, when applicable).

  FIG. 4. (a) Calculated frequency band structure for a monoatomic crystal of lattice constant a = a0 [only the left half part of the unit cell in Fig. 3(a) with L1 = 30 µH is considered] when piezoelectric coupling is switched off. The blue dotted curve spanning the whole BZ indicates the EM resonance band, while the thick red line represents the same band for the diatomic crystal of lattice constant a = 2a0 [unit cell of Fig. 3(a) with L1 = L2 = 30 µH]; the gray lines correspond to Lamb eigenmodes of the phononic plate, labelled following standard notation. The full calculation of the band structures for the diatomic crystal of Fig. 3(a) when piezoelectric coupling is taken into account is shown in (b) for L1 = L2 = 30 µH and (c) for L1 = 30 µH and L2 = 33 µH. Yellow-shaded regions denote absolute frequency gaps. Top panel: Potential field plots within a unit cell for the points labelled in (a).

  318 result, the EM resonant band is thus split into two sepa-319 rate flat minibands, a more dispersive, ω + (k 1 ), extending 320 from 0.839 MHz (k 1 = 0) to 0.732 MHz (k 1 = π/a), and a 321 less dispersive, ω -(k 1 ), extending from 0.708 MHz (k 1 = 322 0) to 0.732 MHz (k 1 = π/a). These bands compare very 323 well (relative error better than ±0.9%) to a tight-binding 324 description 30 with first-neighbour interactions between 325 atomic sites [blue dashed lines in Fig. 4(a)] that leads

  326

  Fig. 4(b). As a first remark, one observes a blue shift for the Lamb guided modes and a red shift for the EM origin resonant bands. And more importantly, the two eigenmode subspaces interact between each other and, in general, one expects the formation of avoided crossings between modes of the same symmetry. The lower in frequency EM resonant band ω -(k 1 ) interacts with both the S 0 branch and the first folded A 0 branch, and similarly the higher in frequency EM band ω + (k 1 ) interacts with both the A 1 branch and the first folded S 0 branch, thus leading to narrow selective absolute gaps (yellow-shaded regions). A slight detuning between L 1 and L 2 lowers further the symmetry of the system (inversion is now invalid) thus resulting in interactions, though very weak, between all bands [see Fig. 4(c)]. Next, we confirm the above predictions, by their experimental verification. We measured the potential signal V (x 1,n , t) along the n = 2, 3, . . . , 48 electrode positions located at the upper side of the plate, and after application of the AR2D model, we obtain the experimental V (ω, k 1 ), whose amplitude is shown in Fig. 5(a), and close to it, in Fig. 5(b), the calculated frequency band structure shown in Fig. 4(b). The different branches are color-indexed with the value of the potential, averaged on the area of the upper-side electrodes: the darker the trajectory, the weaker the electromechanical coupling, that takes place within the plate, is.The experimental dispersion plot mainly reveals the S 0 -like branches of positive slope in the positive part of the 1 st and negative part of the 2 nd BZ, that compare well to the corresponding theoretical curve with effective medium slope of 3013 m s -1 at the long wavelength limit. In addition, one observes some bright spots spanning the frequency region between 0.6 and 0.7 MHz, that could correspond to the localized modes of EM origin in Fig.5(b) at about 0.58 MHz for ω -(k 1 ) and at about 0.67 MHz for ω + (k 1 ). At higher frequencies but below 1 MHz, two more trajectories are experimentally observed, belonging probably to A 1 -like and S 0 -like branches, visible in the positive part of the 1 st and 2 nd BZ, respectively (but also in the negative part of the 2 nd and 1 st BZ). The comparison between theory and experi-
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  FIG. 10. The unit cell of a periodic transmission line describing equivalently (a) the two-atom grounded-L crystal [Fig. 3(a)], (b) the two-atom floating-potential-L crystal [Fig. 3(b)], and (c) the intercellular-L crystal [Fig. 3(c)], when electromechanical coupling is switched off.

  2 , corresponding to a bonding and 695 an antibonding mode; at X point (edges of the BZ) a 696 double degenerate eigenfrequency is found to be ω π = 2 . The width ∆ω ± = |ω ± 0 -698 ω π | of these cos-like resonant bands is finite, and con-699 trolled by L and the internal effective parameters of the 700 model C, C s , C 1 and C 2 . We note that these capacitors 701 do not correspond to real electronic elements in our de-702 vice, but they describe its equivalent behavior. C and C s 703 account for a capacitive effect between electrodes located 704 at the two opposite sides (i.e., along x 3 -direction) and at 705 the same side (i.e., along x 1 -direction) of the plate, re-706 spectively. C 1 and C 2 describe the capacitive interaction 707 between electrodes of the same side at distance a = 2a 0 708 and between electrodes at the opposite sides at distance 709 R = a 2 0 + h 2 , respectively, in one-to-one analogy with 710 the overlapping coefficients γ 1 , γ 2 of the tight-binding 711 model. 712 2. Two-atom floating-potential-L crystal 713 For the case of the two-atom crystal with an alterna-714 tion of floating-potential EBCs and inductance loads -715 its unit cell is given in Fig. 3(b)-we proceed in a similar 716 manner to construct its equivalent circuit [see Fig. 10(b)] 717 that models the two electric resonators. Using the same 718 steps as for the previous case, we obtain, after a rela-719 tively lengthy but straightforward algebra, the following 720 dispersion equation for the two electric bands 721

  FIG. 11. Real (a) and imaginary (b) part of the impedance load Ze used in the external circuits of Fig. 3. Solid and dotted lines represent the real (measured) and modeled [Eq. (B1)] function, respectively; in (b) the impedance of a pure inductance L = 30 µH is also shown (broken line) for comparison.
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TABLE I .

 I Material parameters for PZT (Navy VI), used in the calculations.

	Material Property	Symbol	Value a
	Elastic coefficients c E pq [GPa]	c E 11 c E 12 c E 13 c E 33 c E 44 c E 66 b	114.0 75.7 70.0 (72.4) 107.0 (111.0) 20.0 (26.3) 19.2
	Piezoelectric coefficients eip [C m -2 ]	e15 e31 e33	14.2 (16.2) -2.92 20.3 (23.4)
	Relative permittivity coefficients ǫ S pq	ǫ S 11 ǫ S 33	2120. 1980.
	Mass density [kg m -3 ]	ρ	7510.

c (7780.) a In the parenthesis, we give -if different-the initial values as provided by the manufacturer 28 . b
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The data that support the findings of this study are 

where f is expressed in MHz in the above expressions, 762 and α n and β n are appropriate complex coefficients ob-763 tained by a fitting procedure 764 α 4 = -5.15566 -i 5.18013 × 10 -14 , (B2) α 3 = -6.96706 × 10 -14 + i 22.0970, α 2 = 52.4644 + i 4.78721 × 10 -13 , α 1 = 4.56112 × 10 -13 -i 452.779, α 0 = 56.4767 -i 7.41831 × 10 -13 , β 1 = -7.61040 × 10 -17 -i 0.0790166, β 0 = -2.94215 + i 8.96296 × 10 -18 , and 765