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Abstract:



All-dielectric metamaterials are a promising platform for the development of integrated photonics applications. In this work, we investigate the mutual coupling and interaction of an ensemble of anapole states in silicon nanoparticles. Anapoles are intriguing non-radiating states originated by the superposition of internal multipole components which cancel each other in the far-field. While the properties of anapole states in single nanoparticles have been extensively studied, the mutual interaction and coupling of several anapole states have not been characterized. By combining first-principles simulations and analytical results, we demonstrate the transferring of anapole states across an ensemble of nanoparticles, opening to the development of advanced integrated devices and robust waveguides relying on non-radiating modes.
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1. Introduction


Dielectric nanostructures at optical frequencies are characterized by an extremely complex landscape of interacting resonant states. By finely tuning the material and geometrical properties of the nanostructures, it is possible to engineer advanced functionalities and applications such as, e.g., anti-reflection surfaces [1] and integrated waveguides based on chains of nanoparticles [2]. One of the most fascinating manifestations of multi-mode interaction in dielectric nanoparticles is the formation of radiationless states known as anapoles. These states have recently been demonstrated in silicon nanoparticles [3]. Anapoles are characterized by a strong reduction of the scattering from the nanoparticle at the anapole wavelength, which acquires the character of a fully-cloaked structure [4,5]. The mechanism underlying the formation of anapole states is the superposition of internal multi-mode components of the nanoparticle, which cancel each other in the far-field and which produce a radiation pattern confined to the near-field. As a result, anapole states are not the result of any resonant process (as in the case of dark resonances), but their origin lies entirely in modal competition and superposition [6]. While the theoretical description of anapole states in single dielectric nanoparticles is well established, the mutual coupling and interaction along a chain of anapole nanoparticles have yet to be investigated. Arrays of nanoparticles have been the subject of intense study, starting from the remarkable guiding properties demonstrated in plasmonic nanochains [7,8]. To mitigate the effect of metal losses, researchers have focused on all-dielectric solutions based on high refractive index nanoparticles [9]. As discussed in [10], the guiding properties of nanoparticle arrays can be strongly enhanced by minimizing the electromagnetic scattering from each nanoparticle in the array. As a result, anapole states could represent—in principle—a perfect candidate for efficient integrated waveguides based on silicon nanoparticles. However, due to their intrinsic non-resonant nature, anapoles should not manifest mutual coupling (as would be expected in the case of standard resonant states). Therefore, it should not be possible to transfer radiationless states among closely-packed dielectric structures. As recently demonstrated in two-dimensional cylinders, however, anapole states can be re-interpreted as the result of Fano interference between two or more, overlapping resonant states in the proximity of the anapole wavelength [11]. If such analysis could be extended to the three-dimensional case, it would be possible to describe and tailor the mutual coupling of an ensemble of invisible nanostructures. In this work, we address this problem by combining first-principles simulations and analytical theory, showing how the anapole state can be effectively transferred among distinct nanoparticles. Our results play a key role in the development of integrated optical circuitry based on non-radiating states (e.g., anapole-based wave-guides). Due to the near-field confinement produced by the anapole excitation and the suppression of the scattered field, wave-guides based on non-radiating states are extremely robust against physical bending and splitting, opening to the realization of high-density optical circuitry entirely based on silicon.




2. Results


2.1. Ab-Initio Analysis of Multiple Anapole Systems


We performed finite-differences time-domain (FDTD) analysis by considering an ensemble of three-dimensional anapole nanoparticles, each composed of a silicon nanodisk of radius [image: there is no content] nm and height [image: there is no content] nm. Each nanodisk is aligned with the z-axis, and it is illuminated by an [image: there is no content] polarized plane wave propagating along the cylinder axis. In order to characterize the mutual coupling of closely-packed anapole nanoparticles, we consider a system of two slightly displaced nanodisks (see Figure 1a). The relative displacement of the identical nanoparticles is described by a centre-to-centre distance d and by a rotation angle [image: there is no content] measured from the x-axis (Figure 1a-inset).


Figure 1. Mutual coupling of non-radiating anapole states. (a) Near-field coupling between two silicon nanodisks ([image: there is no content]) excited at the anapole wavelength [image: there is no content] nm. (inset) The dielectric resonators are mutually displaced by a centre-to-centre distance d and by an angle [image: there is no content]; (b) Scattering cross-section [image: there is no content] (blue line) and internal electric energy (orange dotted line) as a function of the incident wavelength [image: there is no content]. The anapole state (green-dashed line) is characterized by the simultaneous suppression of the scattering cross-section, and by a strong enhancement of the internal field intensity; (c) Coupled electric energy as a function of the rotation angle [image: there is no content] ([image: there is no content] nm). The mutual coupling is maximum at [image: there is no content] and negligible at [image: there is no content]; (d) Coupled electric energy as a function of the mutual distance d. The results correspond to the angular condition of maximum scattering [image: there is no content].
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The anapole wavelength [image: there is no content] is identified by analysing the scattering cross-section [image: there is no content] of the isolated structures, as reported in Figure 1b (blue line). In the proposed configuration, the anapole state corresponds to [image: there is no content] nm (green dashed line). Despite the strong reduction of the scattering cross-section, the anapole state is associated with a strong enhancement of the electric field inside the nanodisk. The field enhancement is measured by integrating the electric intensity inside the resonator (Figure 2b, dashed orange line), which exhibits a strong peak at the anapole wavelength [image: there is no content]. The strong field enhancement associated to the anapole state is a counter-intuitive feature of the non-radiating state, and it has recently been exploited to amplify light–matter processes in semiconductor nanostructures [12,13]. To characterize the mutual coupling between anapole states, we performed a set of simulations for different rotation angles [image: there is no content] and distances d, whose results are reported in Figure 1c,d. In our numerical experiments, we selectively excited one of the two nanoparticles at the anapole wavelength [image: there is no content], and we measured the steady-state electric field intensity [image: there is no content] in the second resonator. In terms of angular displacement [image: there is no content], the anapole coupling is characterized by a symmetric dipolar profile (Figure 1c). The near-field coupling is maximum in the direction of the three-lobe profile of the anapole state ([image: there is no content]), while it is negligible in the orthogonal direction ([image: there is no content]). Conversely, in terms of the mutual distance d, the anapole coupling exhibits a more complex profile, with a sharp [image: there is no content] reduction in less than 150 nm total displacement (Figure 1d). Interestingly, the spatial decay of the anapole coupling does not follow a power law decay, as would be expected from near-field dipolar states. To verify this, we compared the anapole coupling distribution from Figure 1c,d to the scattered field of an isolated nanoparticle (see Supplementary Figure S1). Even in the case of an isolated nanoparticle, the scattered field is mostly dipolar, as multipole-components are negligible at the anapole wavelength [3]. The dipolar angular distribution—associated with a complex decay profile—can be considered as a first signature of a complex modal interaction between closely-packed anapole nanoparticles.


Figure 2. Local density of states and interacting resonant modes. (a,b) Local density of state for the (a) [image: there is no content] and (b) [image: there is no content] field components, corresponding to the transverse electric (TE) and transverse magnetic (TM) modes of the silicon nanostructure, respectively. The resonant wavelengths (vertical dashed lines) in both configurations are computed by means of Equation (4).
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2.2. Fano–Feshbach Analysis of the Internal Modes


The counter-intuitive coupling properties of anapole–anapole systems can be explained by analysing the internal resonances of the system. The resonant properties of the single nanostructures can be extracted from the integrated density of states (DOS) [image: there is no content], which can be directly computed from FDTD simulations [14]. The integrated DOS is defined as:


ρ(λ)=∫dxρ(x,λ)



(1)




where [image: there is no content] is the local DOS, which is a function of the spatial position inside the resonator. In the FDTD framework, the local DOS corresponds to the spectral response to a single pulse excitation, and it can be defined separately for each component of the electromagnetic fields. For a generic component [image: there is no content] of the electric field, as an example, the integrated DOS reads:


ρEj(ω)=∫dxFEj(x,t)2,



(2)




where [image: there is no content] stands for Fourier transform and [image: there is no content] is the electric field along the j-th direction ([image: there is no content]). An analogue definition holds for the magnetic field components [image: there is no content].



As can be easily verified by solving Maxwell’s equations in cylindrical coordinates [image: there is no content], the response from the anapole resonator can be fully represented in terms of the [image: there is no content] and [image: there is no content] field components [15]. In Figure 2, we report the integrated DOS for the (a) [image: there is no content] and (b) [image: there is no content] field components. The integrated DOS are computed by considering a single pulse excitation centred at [image: there is no content] nm, and the spectral responses are normalized to the source spectrum. Interestingly, the transverse electric (TE) spectrum exhibits a strong peak exactly at the anapole wavelength (red vertical line), while the transverse magnetic (TM) spectrum shows only a slight enhancement at the anapole frequency (Figure 2b).



Further insights on the resonant properties of the anapole state can be obtained by decomposing the electromagnetic fields into a set of orthogonal eigenmodes. By definition, however, the silicon resonator represents an open cavity, and the definition of a set of orthogonal resonator modes is a challenging task [16,17]. As recently shown in [11], a possible way to circumvent such difficulties is the introduction of a Fano–Feshbach partitioning of the system [18]. In a nutshell, the Fano–Feshbach partitioning consists of the mathematical splitting of the total system into two orthogonal eigenspaces, corresponding to the resonator and environment regions. Maxwell’s equations are rewritten in the partitioned subspaces, providing a rigorous description of light–matter interaction in open resonators. For a cylinder aligned along the z-axis, the Fano–Feshbach internal resonances for the fields [image: there is no content] and [image: there is no content] correspond to the TE and TM modes of a perfect electric conductor (PEC) cavity [19]. They are expressed as:


[image: there is no content]



(3)




where [image: there is no content] is a Bessel function of the first-kind of order m; [image: there is no content] are normalization constants; and where [image: there is no content] denote the p-th zero of the Bessel function [image: there is no content] and its derivative [image: there is no content], respectively. The resonance frequencies of the internal modes are defined as:


{ωmpq2=c2n2qπhn2+χmp′RTEmodes,ωmpq2=c2n2qπhn2+χmpRTMmodes.



(4)







The choice of PEC boundary conditions for the internal modes is not fixed, as it is only dictated by the mathematical partitioning scheme adopted. As thoroughly discussed in [11,18,20], they can be easily exchanged with perfect magnetic conductor (PMC) boundary conditions, which are usually employed to analyse high refractive index nanoparticles [21,22]. A preliminary analysis of the system in terms of Fano–Feshbach internal resonances allows us to unveil some fundamental properties of the anapole excitation. By solving Equation (4), we computed the Fano–Feshbach resonant frequencies [image: there is no content] of the system, which are reported as sets of dashed vertical lines on Figure 2. Interestingly, the anapole state is generated in the proximity of a few orthogonal resonances. Among all the available candidates, the characteristic three-lobes mode profile of the anapole state can be obtained by superimposing two TM modes (Figure 3): a cylindrically symmetric [image: there is no content] and a quadrupolar [image: there is no content]. Remarkably, these modes constitute the three-dimensional version of the eigenmodes composing the anapole state in two-dimensional cylinders (cfr. Figure 3 of [11]).


Figure 3.  Fano–Feshbach partitioning of the anapole state. The characteristic mode-profile of the anapole state is originated by the superposition of a cylindrically symmetric [image: there is no content] and a quadrupolar [image: there is no content].
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3. Discussion and Conclusions


By combining FDTD simulations and analytical theory, we have shown how anapole states can be coupled and transferred among closely-packed nanoparticles. This result—which recalls the coupling properties of standard resonant modes—is at first counter-intuitive due to the non-resonant character of the anapole state. However, as can be demonstrated by performing a Fano–Feshbach partitioning of the anapole resonator, the three-dimensional state is characterized by the superposition of several distinct resonances of the system, which collectively produce a scattering-suppression state at the anapole wavelength and which mutually couple among the ensemble of nanoparticles. The Fano–Feshbach analysis of three-dimensional anapole states—including a detailed analysis of the scattered fields—goes beyond the scope of this work, and it will be the subject of a future specialized work on the topic.



The ability to control and transfer non-radiating states along optical circuitry, however, opens to intriguing possibilities in the development of advanced integrated photonics platforms. As shown in Figure 4, anapole nanoparticles can in fact be arranged in a compact nanochain with remarkable guiding properties. Due to the efficient near-field coupling between adjacent nanoparticles, the nanochain can support guided modes which propagate without radiative losses at distances of several [image: there is no content]m. In these simulations, we selectively excited the first anapole state in the nanochain (not shown in the figure) and we characterized the propagation of energy along the chain. Such excitation can be achieved experimentally, as single anapole nanoparticles can be excited by means of a near-field scanning optical microscopy (NSOM) setup [3]. As an appealing alternative, anapole-based waveguides could be combined with integrated nanolasers emitting at the anapole frequency [13].


Figure 4. Anapole nanochain. Steady-state electromagnetic energy distribution along a chain of anapole nanoparticles. The centre-to-centre distance is [image: there is no content] nm. The external excitation is restricted to the first anapole of the chain (not included in the panel).
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As the anapole states are tightly confined in the near-field, optical nano-circuitry based on non-radiating modes is extremely robust to bending and splitting, as shown in Figure 5. In standard photonics applications, wave-guide deformation produces significant radiation losses, in particular when considering 90-degree bends and turns [23]. Conversely, in the case of an anapole nanochain, the near-field properties of the non-radiating state allow for efficient transmission of the guided mode across deformations and bends, such as in the case of wave-guide splitting (Figure 5a) or 90-degree bending and re-routing (Figure 5b). These illustrative examples strongly suggest the possibility of integrating anapole nanoparticles with state-of-the-art integrated photonics applications.


Figure 5. Robust sub-wavelength guiding via near-field transfer of anapole states. Due to the near-field confinement produced by the anapole state, the anapole nanochain is robust against bending and splitting of the integrated wave-guide. This opens to the realization of (a) integrated splitters and (b) 90-degree bends without introducing radiation losses.
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4. Materials and Methods


4.1. FDTD Simulations


We performed fully-dispersive three-dimensional FDTD simulations using our home-made simulator NANOCPP [24,25,26,27,28,29]. In our simulations, the computational domain was organized as follows: the z-aligned nanodisks were placed at the centre of a 2μm×2μm×1μm box, with uniaxial perfectly matched layer (UPML) boundary conditions emulating an open system [30]. The numerical resolution was set as [image: there is no content] nm, corresponding to 81 points per internal wavelength at the anapole frequency [image: there is no content]. The system was illuminated by plane wave, implemented according to the total-field scattered-field (TFSF) formalism [31]. The scattering cross-section (Figure 1b) was computed by integrating the Poynting vector along a three-dimensional surface surrounding the objects and entirely placed in the scattered-field region of the TFSF. In order to characterize the anapole coupling among distinct nanoparticles, we included one of the resonators in the total-field region of the TFSF, while the other resonators were placed in the scattered-field region.









Supplementary Materials


The following are available online at http://www.mdpi.com/2076-3417/7/6/542/s1, Figure S1: Scattered field from an isolated anapole state.
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The following abbreviations are used in this manuscript:





	FDTD
	Finite-Differences Time-Domain



	DOS
	Density Of States



	UPML
	Uniaxial Perfectly Matched Layer



	TFSF
	Total-Field Scattered-field



	TM
	Transverse Magnetic



	TE
	Transverse Electric



	PEC
	Perfect Electric Conductor



	PMC
	Perfect Magnetic Conductor



	NSOM
	Near-field scanning optical microscopy
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