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Abstract

:

We report dual optical and acoustic negative refraction based on a defect-free phoxonic crystal within a triangular lattice. The phoxonic negative refraction is achieved based on abnormal dispersion effect, by intentionally creating convex equal-frequency contours for both photonic and phononic modes. As a potential application, negative refraction imaging for both photonic and phononic modes is also achieved. Numerical simulations based on the finite element method demonstrate the coexistence of negative refraction and the resultant imaging for electromagnetic and acoustic waves. Compared with the defect-based bandgap effects that need low fault tolerance, phoxonic negative refraction relying on passbands has considerable advantages in realizing controllable propagation of waves. The new scheme for the simultaneous control of electromagnetic and acoustic waves provides a potential platform for designing novel phoxonic devices.
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1. Introduction


The synchronous control of electromagnetic (EM) and acoustic waves has recently attracted considerable attention in periodic structures due to the existence of dual photonic and phononic bandgaps, phoxonic bandgaps [1,2,3,4]. The dual bandgaps come from phoxonic crystals (PxCs) [5,6], or optomechanical crystals [7,8,9], in which materials with optical and acoustic parameters are periodically patterned. PxCs have shown great value for phoxonic sensing [10,11], enhanced photomechanical effects [12,13,14,15], slab lenses [16,17,18], superprism [19], as well as the very recent topological phoxonic waveguides that possess the ability of simultaneous guidance of EM and acoustic waves [20,21,22].



Apart from the interest in bandgaps [23], particularly, a new mechanism depending on passbands instead of bandgaps for the control of waves has attracted extensive attention of scholars [24,25]. The passbands can give rise to various fantastic transmission phenomena, including negative refraction [26,27], zero refraction [28,29] and self-collimation [24]. Among them, negative refraction has attracted much attention due to their potential applications in focusing, perfect lens, high directivity antenna, electromagnetic cloak, and so on [30,31], since the concept of negative refraction materials was put forward in 1968 by Veselago [32]. Negative refraction means that the incident waves and the refracted waves are on the same side of the normal direction of the interface between two kinds of medium. Compared with the defect-based bandgap effects that need low fault tolerance, negative refraction relying on passbands has considerable advantages in realizing controllable special wave propagation [19]. However, past researches mainly focused on the achievement of the negative refraction depending on either electromagnetic (EM) waves or acoustic waves seperately [33,34]. The existence of photonic negative refractive does not necessarily suggest that the phononic negative refractive can be simultaneously existed, and vice versa. Synchronous negative refraction will enable multi-mode and multi-frequency synchronous control of sound and light, if appropriate materials are used. Such phoxonic refractive index also provides precise and sensitive optical measurements of mechanical vibrations and a potential platform to study the opto-acoustic interaction.



On this basis, herein, we firstly achieve the negative refraction of the electromagnetic and acoustic waves at the same time, based on a PxC within a triangular lattice. Simultaneous negative refraction effects are further numerically demonstrated. As a potential application, negative refraction imaging for both photonic and phononic modes is also obtained. Our work provides a new scheme to synchronously manipulate photons and phonons, and has potential application in novel phoxonic devices.




2. Principle and Structure Design


Figure 1a shows the schematic diagram of negative refraction, where  α  is the incident angle in air and the normal of the input interface is along the  Γ  M direction. The green and black arrows denote the group velocities of the wave in air and PxC, respectively, and the red arrow is the wave vector for both EM and acoustic waves in the PXC. In isotropic homogeneous media, the directions of the wave vector and the group velocity     v →  g  =  ∇ k  ω   are the same but they are opposite in the negative index medium. Of note, only the negative group velocity resulting from the case that frequencies of the equifrequency contours (EFCs) decrease gradually outward from the center of the Brillouin zone (BZ) could give the opposite direction to the wave vector [35,36,37], as the wave vector starts from the  Γ  point with a positive value. The corresponding EFCs in the BZ is thus convex with higher frequencies near the center of the BZ and lower frequencies close to the boundary of the BZ. To achieve the simultaneous convex EFCs and the resultant simultaneous negative refraction, the designed PxC structure is shown in Figure 1b within a triangular lattice, which is composed of silicon dielectric rods, with air as the base. The rod radius r is 0.4a, and a is the lattice constant. Considering practical applications, a is set to be 461 nm, making the desired wavelength of electromagnetic waves locating in the communication band. The material parameters of silicon are as follows: relative dielectric constant of 12, density  ρ  of 2331 kg/m   3  , and sound speed v of 5360 m/s. In our calculation, the band structures and the numerical simulations are based on the finite element method.




3. Dual Optical and Acoustic Negative Refraction Based on 2D PxC


For the realization of negative refraction, the first step is to analyze the band structure of the PxC. Photonic modes are considered first, and we plot its band structure in Figure 2a, with transverse-electric (TE) and transverse-magnetic (TM) modes colored in blue and red, respectively.The definitions for the TE and TM modes are: TE mode has an H field parallel to the rods, while the TM mode has an E field parallel to the rods. The frequency ranges of the second bands for the two modes are 0.30(c/a)∼0.35(c/a) and 0.22(c/a)∼0.35(c/a) with c being the light speed, respectively. As can be seen, the second bands for the two modes show a negative group velocity and positive wave vector k along the  Γ M and  Γ K directions, which gives the possibility of negative refraction effect. Further, we plot their EFCs with blue and red solid lines denoting the normalized frequencies 0.3263(c/a) (193.55 THz) and 0.2974(c/a) (212.2 THz) for the TE and TM modes, as shown in Figure 2b,c, respectively. The green dotted lines represent the first Brillouin zone (BZ), and the high symmetric points  Γ , M and K are labelled. The locations of the two selected frequencies are indicated by the colored dot-lines in Figure 2a. We further label another two frequencies, one close to the boundary of the BZ, and the another one near the center of the BZ. As can be seen, for the TE modes, the frequency near the boundary of the BZ is 0.3228(c/a) and the frequency near the center of the BZ rises to 0.3362(c/a). Similarly, for the TM modes, the frequency 0.2596(c/a) near the boundary of the BZ is lower than the frequency 0.3209(c/a) near the center of the BZ. One can find that the frequency decreases from the center of the BZ for both the two EM modes, which is the precondition of negative refraction effect, and thus the negative refraction can be expected. To verify this, we simulate the light propagation through the PxC having 9 layers of rods along the  Γ M direction with the selected normalized frequencies 0.3263(c/a) and 0.2974(c/a) for the TE and TM modes, as shown in Figure 2d,e, respectively. We can see that when the EM waves for both TE and TM polarizations are incident from the air to the PxC, refracted waves and incident waves appear on the right side of the normal at the same time, and when the EM waves exit from the PxC to the air, refracted waves and incident waves are both on the left side of the normal. Obviously, the phenomenon of refracted waves and incident waves emerging on the same side of the normal is a typical effect of negative refraction.



For acoustic waves, the band structure is plotted in Figure 3a, and similarly, the second band shows the negative group velocity and positive wave vector along  Γ M and  Γ K directions. Figure 3b shows the EFCs, and the operating frequency with a value of 0.6927(v/a) (515.4 MHz) is denoted by the orange dashed line. A higher frequency 0.7728(v/a) is close to the center of the BZ, and a lower frequency with a value of 0.6328(v/a) is near the boundary of the BZ. Obviously, frequencies decrease gradually away from the center of BZ, which also foretells the effect of phonoic negative refraction. Next, we simulate the transmission behavior of the acoustic waves passing through the PxC from air, with the frequency 0.6927(v/a). Acoustic waves are incident from the top right of the PxC, and the refracted waves propagate to the bottom right of the PxC. Both incident and refracted acoustic waves appear on the right side of the normal direction of the air-PxC interface. The situation is similar when acoustic waves enter air from the PxC, but they are all on the left side of the normal direction of the air-PxC interface. Thus, obvious negative refraction can also be observed for the acoustic waves, as shown in Figure 3c. As a result, we achieve the negative refraction for both EM and acoustic waves, relying the second bands that show the convex EFCs based on the same crystal structure.



Next, we would like to discuss the dependence of negative refraction on incidence angle. To do this, we investigate the relationship between the refraction angle and the incident angle in Figure 4 for both the photonic and phononic modes. For the TE modes at the normalized frequency 0.3263(c/a), when the incidence angle  α  increases from 0   ∘   to 90   ∘  , the refraction angle  β  increases from 0   ∘   to 88   ∘  , as the blue line indicates. Note that the EFCs of the TE mode retain a hexagonal feature [see Figure 2b], and this is different from the EFCs of the TM modes that shows a more circular and isotropic feature [see Figure 2c]. The red solid line represents the  β - α  relationship of TM mode at the normalized frequency 0.2974(c/a). As can be seen, when the incidence angle  α  increases from 0   ∘   to 90   ∘  , the refraction angle increases approximately linearly from 0   ∘   to 81   ∘  . This is because that the EFC of the frequency 0.2974(c/a) of TM modes shown in Figure 2c is closer to the center of BZ than that the EFC of the frequency 0.3263(c/a) of TE modes shown in Figure 2b. Although the refractive index ratio    n p  =  n  a i r   s i n α / s i n β   of the TE mode is closer to −1 when incident angle  α  is close to 90   ∘  , its curve is not linear as a whole, so the imaging effect of the TE modes is slightly inferior to that of the TM modes, as also will be demonstrated in Figure 5 in the next section. For acoustic waves, since the radius of the EFC of the frequency 0.6927(v/a) in the PXC is smaller than that of the EFC in the air, there are no refraction waves in the PxC when the incidence angle  α  is greater than 45   ∘  . This is because when acoustic waves are incident from the air into PxC,   k ‖   (the tangential component of the wave vector k) should be conserved. The closer the EFC gets to the center of the Brillouin zone, the smaller   k ‖   would be in the PxC. This causes range of refraction angles smaller. Nevertheless, the acoustic EFC of this frequency 0.6927(v/a) in the PxC is very close to a circle that shows the isotropic characteristic, as shown in Figure 3b. Hence, the direction of refracted acoustic waves at this frequency will smoothly change with the change of incident angle  α , and the convergence effect is also expected. As a result, negative refraction for EM waves of both TM and TE polarizations can be realized in an arbitrary incident angle, that is, the all-angle negative refraction (AANR), while for acoustic waves the negative refraction can only occur within a range of less than or equal to 45   ∘  .




4. Dual Optical and Acoustic Imaging


Based on the previous analysis of PxC bands and EFCs, we have been able to predict the coexistence of photonic and phononic imaging. It has been a trend to adjust the energy band and EFCs of PxC by adjusting its structure. A 9-layer PxC slab-lens consisting of 100 units per layer is constructed, and the interface normal is along the direction. The continuous wave (CW) point source is placed at a distance 5a below the PxC slab. To avoid reflection interference, absorbing boundary conditions are set around the four sides of the simulation area. Figure 5a depicts a CW magnetic field snapshot, and an image can be found at the position 3.9a above the PxC slab. Although there is a small difference, the simulation results still show a good effect of the slab-lens and the reason is that the refractive index is close to −1. Figure 5b shows a CW electric field snapshot, where an image is observed at a distance 3.4a above the slab. The  β - α  relationship is similar with each other for TE and TM modes, so the location of the images of the two modes are also close. Figure 5c shows the pressure field distribution for the acoustic mode. The image appears at 10a above the slab. Of note, the image of the acoustic modes has a more pronounced distortion and the imaging focus contains some elongation compared with the photonic modes. This is mainly because the incident angle range of the acoustic modes allowed by negative refraction is relatively small compared with the photonic modes.By comparing with the three images of the TE, TM, and acoustic modes, we can find that they share distinct characteristics due to the distinct  β - α  relationship. Specially, the negative refraction of the acoustic mode allows the smallest range of incidence angle  α , so its image is significantly elongated and the results are the least effective. TE mode has reached AANR, but due to its low degree of linearity, the image generated has certain distortion. The  β - α  relationship of the TM mode is closest to the linear tangent of −1, and hence its imaging effect is the best among the three modes.



In addition, we further measure the distribution of the intensity of the images in Figure 6. The full width at half maximum (FWHM) of the images for TE, TM, and acoustic modes are 2.65a, 1.48a, and 0.5a, respectively, which are smaller than their corresponding wavelengths.




5. Conclusions


In conclusion, simultaneous negative refraction and the resultant imaging for both EM and acoustic waves are realized based on a PxC of triangular lattice, which are numerically demonstrated by finite element method. By choosing appropriate geometric parameters, the precondition for the effect of negative refraction, the convex EFCs, can be obtained for both the photonic and phononic modes. In practice, transmission loss caused by the defects and backscattering and the out-of-plane radiation loss have a considerable impact on transmission efficiency. These can be alleviated to some extent by the bound states in continuum (BIC) and topology in photonic/phononic crystals [38,39]. The achievement of simultaneous negative refraction via the PxC demonstrates a new way for simultaneously guiding light and sound transmission based on defect-free structures, which can also be extended to other kinds of PxCs within different lattices.
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Figure 1. (a) Schematic diagram of negative refraction for both EM and acoustic waves in PxC, where green and black lines are EFCs for the same frequency in the air and PxC, respectively. The green arrow represents direction of incident waves and the black arrow denotes the direction of waves in the PxC. The red arrow is wave vector in the PxC. (b) Triangular lattice PxC with r being the radius of the Si rod and a being the lattice constant. 
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Figure 2. (a) Photonic band structure of the PxC with silicon rods in air, with TM and TE modes denoted by the red and blue lines, respectively. The red and blue dashed lines correspond to the normalized frequencies of 0.3263(c/a) and 0.2974(c/a). EFCs of the second band for (b) TE and (c) TM modes. (d) Negative refraction of the TE mode at the frequency of 0.3263(c/a). (e) Negative refraction of the TM mode at the frequency of 0.2974(c/a). 
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Figure 3. (a) Phononic band structure of the PxC, with the orange solid and dashed lines corresponding to the normalized frequency of 0.6927(v/a) in PxC and air, respectively. (b) EFCs of the second band. The orange contours represent the frequency of 0.6927(v/a). (c) Acoustic negative refraction at the frequency of 0.6927(v/a). 
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Figure 4. Dependence of refraction angle  β  on incident angle  α . 
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Figure 5. Slab-lens made of the PxC composed of 9 layers of silicon rods arranged in a triangular lattice and placed in air, based on which the imaging of TE, TM and acoustic modes can be achieved. The CW point source is located at the position below the lens with a distance of 5a, and the imaging point is formed above the upper side of the slab-lens. (a) Hz field patterns at the frequency of 0.3263(c/a) for TE mode. (b) Ez field patterns at the frequency of 0.2974(c/a) for TM mode. (c) The pressure field patterns at the frequency of 0.6927(v/a) for acoustic mode. 
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Figure 6. Intensity distributions of images in the cross-section along the x direction for (a) TE mode, (b) TM mode, and (c) acoustic mode. FWHMs for the three modes are 2.65a, 1.48a, and 0.5a, respectively. 
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