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INTRODUCTION

We recently showed, that the material caused attenuation of elastic waves in seemingly homogeneous samples can significantly deviate from thermo-elastic theory at GHz frequencies [START_REF] Grünsteidl | Measurement of the attenuation of elastic waves at GHz frequencies using resonant thickness modes[END_REF]. For the development of micro-acoustic devices, for example surface-or bulk acoustic wave filters, precise knowledge of the mechanical properties of the materials used is of advantage. We therefore attempt to experimentally determine the attenuation. Material caused attenuation of elastic waves in the frequency range of interest around 2 GHz is poorly documented, and its measurement challenging. Published methods have either been demonstrated in a too low [START_REF] Ryzy | Measurement of coherent surface acoustic wave attenuation in polycrystalline aluminum[END_REF], [START_REF] Aussel | Measurement of ultrasound attenuation by laser ultrasonics[END_REF] or to high [START_REF] Maznev | Lifetime of high-order thickness resonances of thin silicon membranes[END_REF], [START_REF] Cuffe | Lifetimes of Confined Acoustic Phonons in Ultrathin Silicon Membranes[END_REF] frequency range.

Our approach is based on ZGV Lamb waves, which are locally resonant modes of vibration in plates. It has been shown that these modes can be accessed extraordinary well using LUS and many application for non-destructive testing have been developed [START_REF] Clorennec | Local and noncontact measurements of bulk acoustic wave velocities in thin isotropic plates and shells using zero group velocity Lamb modes[END_REF]- [START_REF] Mezil | Investigation of interfacial stiffnesses of a tri-layer using Zero-Group Velocity Lamb modes[END_REF]. Balogun, Murray and Prada demonstrated the laser-based measurement of ZGV resonances around 700 MHz in 4 μm thick tungsten samples. This inspired us to test the feasibility of a LUS response measurement with thinner samples. We found that ZGV resonances can be excited and detected with high SNR and a resolution down to 1 Hz up to ~4 GHz.

LASER-ULTRASOUND SETUP

For the plate response measurements we adapted a LUS setup consisting of a stabilized Michelson interferometer and an intensity modulated excitation laser to work in the GHz regime. The combination of intensity modulated sources and low-noise narrow-band detection [START_REF] Ryzy | Measurement of coherent surface acoustic wave attenuation in polycrystalline aluminum[END_REF], [START_REF] Murray | High-sensitivity laser-based acoustic microscopy using a modulated excitation source[END_REF], [START_REF] Grünsteidl | Spatial and temporal frequency domain laser-ultrasound applied in the direct measurement of dispersion relations of surface acoustic waves[END_REF] showed to achieve high SNR at low excitation intensities, which is beneficial when investigating delicate micro-scale samples. The setup is shown in Fig. 1. For the detection laser (beam path shown in green) a 532nm cw-laser is used. The excitation (1550 nm, shown in red) is achieved with an electroabsorptive modulated laser diode (EML) amplified by an erbium doped fiber amplifier (EDFE). The principle of the setup is described in detail elsewhere [13], [START_REF] Grünsteidl | Effects and applications associated with zero group velocity Lamb waves[END_REF]. To achieve the high bandwidth we selected an according photo-detector (Alphalas UDP-50-SP), amplifier (Miteq AFS4-00100600-13-10P-4) and used an 8 GHz vectornetwork-analyzer (Rhode&Schwarz ZNB8) in transmission mode, replacing the lock-in-amplifier and the signal generator from previous setups. A moving knifeedge technique was used to ensure that the excitation and detection spot were co-aligned and focused in the sample plane. Both spots had a full-width half maximum diameter below 3μm in the focal plane. The samples we investigated are micro-scale tungsten (W) plates. They were produced by photo-lithographic methods, similar as applied in the production processes of micro-acoustic devices. The dimensions are ~1.095μm x 500μm x100μm, the micro-plate is sustained on two opposite edges as shown in Fig. 1. To accurately position the confocal detection and excitation spots on the sample, we implemented a microscope in the setup, which allowed us to view sample and laser spots from the top (see Fig. 1). 

RESPONSE OF THIN PLATES

The left side of Figure 2 shows two typical response spectra recorded with the setup of Fig. 1 and processed as explained below. The red curve corresponds to a 1.095 μm W sample. It features a dominant peak at ~2.1 GHz. This peak is due to the ZGV resonance and corresponds to a local minimum in the dispersion curves shown on the right side, which we calculated for a thickness h=1.095 μm, longitudinal sound velocity cL=4972.2 m/s, Poisson's ratio ν=0.31 and mass density ρ=19300 kg/m³. Another (much smaller) peak shows at ~3.55 GHz. It also corresponds a ZGV resonance which is hardly visible as a minimum in the dispersion curves. As a comparison, we also show the response and dispersion curves for an aluminum sample (blue curves, h=1.389 μm, cL=6420 m/s, ν=0.363, ρ=2700 kg/m³). It features a ZGV peak around 2 GHz and additionally a significant peak corresponding to the thickness-stretch mode, which we evaluated recently for a range of aluminum samples [START_REF] Grünsteidl | Measurement of the attenuation of elastic waves at GHz frequencies using resonant thickness modes[END_REF]. Evaluating the L1 peak has the advantage of directly resulting in a Q value for longitudinal waves (and not a Q value of the ZGV mode, composed of normal and shear strains). However, the L1 peak in W shows only as a tiny hump in the response and cannot be evaluated practically. We hypothesize that this is a result of the thermal properties of the materials and we plan to clarify this in future work. To evaluate W, for now we focus on the dominant ZGV mode. Here the transient signals cause a peak immediately after excitation at t=0 before they propagate away from the detection spot. If we discard this section and backtransform only the signal for t>t0 (show as red), we obtain a spectrum which is not offset from zero and comes close to a pure ZGV resonance (see red curve in top row of Fig. 3). We applied this "time-gating" to obtain the responses shown in Fig. 2, which provides a clearer picture of the resonance peaks for tungsten and aluminum. The temporal decay of ZGV modes was described by Prada et al. [START_REF] Prada | Power law decay of zero group velocity Lamb modes[END_REF] and Laurent et al. [START_REF] Laurent | Temporal behavior of laser induced elastic plate resonances[END_REF]. They showed that ,

Where uZ is the out-of-plane displacement of the surface at the point of excitation, fZGV is the frequency of the ZGV resonance and α is accounting for material caused attenuation. In order to obtain α we divide the time-gated signal by . The resulting time-and frequency domain signals are shown as orange curves in Fig. 3. The resulting signal uZ' is an exponentially decaying harmonic oscillation: ,

We fitted Eq. 3 to the complex values spectral response. The magnitude of the resulting fit is shown as a dashed purple line in Fig. 3 (top). For the fit we omitted the right flank of the peak, as we see ripples in the measurement in the range, which we think are due to standing waves emerging from reflections off the edge of the sample.

The fit shows excellent agreement to the experimental data for the left flank of the peak, yielding αfit = 1.6442 10 6 /s, which is equivalent to Q = 638.6.

CHALLENGES AND OUTLOOK

We currently work on 3D finite element simulations reproducing the response, including the ripples on the right flank of the peak, which trouble the evaluation process. The simulations will be used to estimate the maximum error introduced by the ripples, depending on the used fit range and to confirm measures to avoid them. We think the ripples are interferences from other modes, standing across the sample width. Thus, using larger samples, such that the waves decay beyond detectability on their way to the edge and back, would be a simple solution for future experiments.

To obtain frequency trend of the Q values, we investigate a range of sample thicknesses, tailored to provide resonances in a range of frequencies. To obtain Q values for pure longitudinal and transversal waves, as opposed to a Q value for the ZGV mode, we attempt to extend our investigation to additional resonances (see peak at 3.55 GHz in Fig. 2). However, disentangling the different attenuations of different resonances into primary attenuation coefficients, is still a challenge.
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 1 Figure 1. LUS setup and sample geometry. Components are labeled as λ/2 -half wave plate, λ/4 -quarter wave
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 23 Figure 2. Left side: Response-spectra obtained for tungsten (red) and aluminum samples; Right side: Corresponding dispersion curves. While aluminum shows a significant L1 peak, the expected peak in tungsten is buried within the ZGV peak
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 3 Figure 3. Recorded and processed response of 1.095 μm thick tungsten sample in the frequency (top) and time (bottom) domain.
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