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中  文  摘  要

	当前声子晶体（Sonic Crystal or Phononic Crystal）是个研究热点，发现了各种新奇的现象和物理效应。声子晶体是一种人工周期性复合结构材料，由于周期性的Bragg散射和Mie’s散射的联合作用，形成了声子能带结构。声子带隙的存在给人们提供了控制声波传播的手段，在许多领域具有重要的应用前景。
最近负折射正吸引越来越多人的关注，它带来了许多新奇的效应，并扩展了人类以往对波传播的认识，加深对波传播本性的理解。现今负折射可以分别在左手材料和人工带隙材料中实现。

本论文对声子晶体中声波的传播进行了理论和实验的研究。主要涉及声子晶体中的负折射现象、声子晶体负折射成像、声子晶体双折射等新奇的物理效应和一维声栅中声波的异常透射现象。

1． 系统地研究了声子晶体中复杂的声波负折射现象。通过波矢空间等频线的方法来分析声子晶体中声波的传播。本文详细地讨论了声子晶体第一能带的群速度负折射效应，并研究了声子晶体第二能带的回波负折射效应。仔细地分析了负折射和频率以及入射角的关系及变化规律。

2． 通过四角柱子声子晶体制备了可调谐的声子晶体，通过旋转四方柱子的角度，实现声子晶体的可调谐折射效应。即利用旋转四方柱子，改变波散射截面的大小，从而实现能带和波传播方向的调节。并利用可调谐声子晶体实现了可调谐负折射成像。

3． 系统地研究了声子晶体内部声波传播的相速度和群速度。我们提出了一种新型的测量声子晶体相速度的简单方法，即通过改变声子晶体层数利用稳态相位延迟方法来测量相位信息。利用该方法，我们测量了声子晶体中声波的相速度，并且证实了在第一能带中声波相位的传播是和能流传播方向一致的。而在第二能带中声波相位的传播和能流传播方向相反，从而第一次从根本上证实了声子晶体中第二能带的回波效应。并利用这些相位信息重建了声子晶体的色散关系，和理论计算吻合得很好。

4． 系统地研究了平板声子晶体的超透镜聚焦成像效应。发展了一套修正的有效介质理论。通过对声子晶体进有效介质拟合，得到了和平面波展开算法计算值相符的有效负折射率和有效阻抗，据此提出了声子晶体第二能带能够等效为一个有效的声学双负左手材料。进而提出利用该声子晶体第二能带的回波负折射效应通过相位补偿来放大倏逝声波，实现声子晶体的高清晰成像。我们通过双点源成像的实验证实了声子晶体成像分辨率确实得到了提高。
5． 利用声子晶体中奇异的色散关系实现了单一偏振纵声波的双负折射。由于不同能带的重叠，导致了同一频率的纵声波可以分别处于不同的本征态，按不同的路径传播，从而出现声波的双折射效应。这种双折射效应，可以同时为负折射，也可以同时为正折射，甚至可以一个正折射、一个负折射效应等等，给声子晶体的折射带来更加丰富的物理现象。利用双负折射效应，我们发现了该平板声子晶体独特的成像特征，由于双折射的影响，使得成像出现了奇异的点源双聚焦现象。这些效应相信会给声子晶体、光子晶体的研究，甚至光子晶体中量子光学的研究带来一些新奇的特征。特别是对于仅有纵模式偏振的电子波来说，这种双折射效应相信会有更深刻的意义。

6． 从理论和实验上研究了不存在SPP波的一维声栅的亚波长声波的增强透射效应。第一次用实验证实了带有狭缝的1D金属声栅中存在亚波长的声学异常透射现象的。通过严格的解析计算，我们认为这种亚波长声学异常透射现象是表面衍射波和狭缝波导Fabry-Perot共振模式的耦合导致的。此外通过比较声栅和声子晶体，我们发现随着声栅的层数慢慢增多，声栅慢慢过渡成声子晶体。这种类比，使我们更加深刻地理解了声子晶体能带的形成机制，并为设计新型的声子晶体提供启示。

总之，我们通过理论和实验结合，系统地研究了2D周期性人工声子带隙材料的一些新奇的物理效应和物理现象。周期是这些结构材料共同的本质，也是其新奇物理效应的起源。将声子带隙材料的研究和声学研究的热点问题、声学器件的开发结合起来，无论从理论探索还是实践应用的角度都具有重要的意义，它将是今后研究人工声学带隙材料的一个发展趋势。
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Novel Physical Effects of Sonic Crystals
Lu Minghui 
ABSTRACT
	Recently the sonic crystal (or phononic crystal) is a hot topic in fundamental research, caused by its inherent novel and unique properties and effects. Sonic crystals are a kind of artificial periodic composite materials. In sonic crystals, the strong Bragg scattering due to the periodicity as well as Mie’s scattering from individuals leads to the inhibited band for acoustic waves, named sonic band gap, by which the propagation of acoustic waves can be manipulated. Therefore, sonic crystals have demonstrated great promise in both fundamental physics and acoustic devices applications.

On the other hand, negative refractions have attracted lots of research interests because of the accompanied novel effects. The research on negative refractions has deepen own understanding of waves’ propagation. Now, negative refractions have already been demonstrated in left-handed materials and artificial band-gap materials.

This thesis mainly focuses on studying, both in theory and experiment, the propagation of acoustic waves in sonic crystals, including negative refractions of acoustic waves in sonic crystals, acoustic superlensing effects, acoustic negative bi-refractions and acoustic extraordinary transmission through acoustic gratings.


1. Negative refractions of acoustic waves in sonic crystals have been studied in details. The propagation of acoustic waves in sonic crystals is analyzed by means of acoustic equi-frequency surfaces. In the first band, the negative refraction is the negative refraction of the group velocity; while in the second band, the acoustic backward wave-vector negative refraction is realized. The dependences of negative refractions on frequencies and incident angles have been studied.

2. A tunable sonic crystal has been constructed using square steel rods. Changing the rotation directions of all square rods can effectively manipulate the propagation of acoustic waves, thereby realizing the refraction control. In other words, the rotation of the square rods varies the area of the scattering sections, so that the band structures and the propagation directions of acoustic waves can be controlled. Based on the controllable refractions, moreover, the acoustic tunable superlensing effect has been observed.

3. The phase velocity and the group velocity of acoustic waves inside sonic crystals have been analyzed and measured. An easy but effective method has been proposed to measure the phase velocity of acoustic waves. The phase information can be obtained through the stable phase delay among different layers of sonic crystals. The phase velocity has been retrieved, proving that in the first band, the direction of the phase evolution is the same as that of the energy flux, but in the second band the phase propagation is anti-parallel with the energy flux. Thus, the acoustic backward wave-vector effect in the second band has been firstly directly observed in experiment. The retrieved phase information has been used to reconstruct the acoustic band structures, agreeing well with the theoretical calculations.

4. The acoustic superlensing by a flat sonic crystal slab has been studied in details. A modified effective medium approach has been developed to retrieve the effective parameters of sonic crystals. The effective negative index and the effective impedance have been obtained, in consistence with the calculation using the plane wave expansion method. Therefore, in the second band, sonic crystals can be regarded as an effective acoustic “left-handed material” with double negativities. By means of the backward wave-vector effect, the acoustic evanescent waves can be amplified to realize the imaging beyond the diffraction limited resolution. This resolution enhancement has been demonstrated in the imaging experiment with a double-point source.

5. Negative bi-refractions of longitudinal acoustic waves have been demonstrated by means of the unique dispersion relations of sonic crystals. The overlapping of two different bands results in that the longitudinal acoustic wave can occupy two different eigen-states at a given frequency, thus realize the propagation of acoustic waves along two different directions. This bi-refraction phenomenon is complicated: both of them can be negative or positive simultaneously, or one is negative and the other is positive. With the negative bi-refraction, the double focusing of a point source is demonstrated. These abnormal phenomena will definitely explore the study of sonic crystals, photonic crystals and quantum optics in photonic crystals. The bi-refraction based this energy overlap mechanism should be more interesting for electronic waves in which there exists only the longitudinal polarized mode.

6. Although there is no direct counterpart of surface plasmon polaritons in acoustics, the extraordinary transmission of acoustic waves has still been both experimentally and theoretically studied through a one-dimensional subwavelength acoustic grating. In this thesis, the acoustic enhanced transmission is first observed in a one-dimensional metallic acoustic grating with very narrow apertures. By calculations using rigorous coupled wave analysis, the enhanced transmission is attributed to the coupling between the surface diffracted waves and Fabry-Perot waveguide modes inside the narrow apertures. Furthermore, comparing with sonic crystals, we have found that the acoustic grating can become a sonic crystal with the increase of the number of grating layers. This comparison can not only improve the understanding of formation mechanism of sonic crystals’ band gap, but also provide the clues in designing novel sonic crystals.

Above all, some unique physical effects and phenomena, stemmed from the periodicity of the artificial materials, have been studied experimentally and theoretically in two-dimensional artificial sonic crystals. The combination of the research on sonic crystals and the investigation on acoustic devices will pave a new way to make use of artificial periodic materials, showing great promise in both theoretical explorations and practical applications
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