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Abstract

:

Controlling directionality of optical emitters is of utmost importance for their application in communication and biosensing devices. Metallic nanoantennas have been proven to affect both excitation and emission properties of nearby emitters, including the directionality of their emission. In this regard, optical directional nanoantennas based on a Yagi–Uda design have been demonstrated in the visible range. Despite this impressive proof of concept, their overall size (~λ2/4) and considerable number of elements represent obstacles for the exploitation of these antennas in nanophotonic applications and for their incorporation onto photonic chips. In order to address these challenges, we investigate an alternative design. In particular, we numerically study the performance of a recently demonstrated “ultracompact” optical antenna based on two parallel gold nanorods arranged as a side-to-side dimer. Our results confirm that the excitation of the antiphase mode of the antenna by a nanoemitter placed in its near-field can lead to directional emission. Furthermore, in order to verify the feasibility of this design and maximize the functionality, we study the effect on the directionality of several parameters, such as the shape of the nanorods, possible defects in the dimer assembly, and different positions and orientations of the nanoemitter. We conclude that this design is robust to structural variations, making it suitable for experimental upscaling.
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1. Introduction


Microscopic light emitters, such as atoms, molecules, or quantum dots, hold great promise for quantum information applications [1] and photonic chips [2]. However, to achieve this, not only ultrabright [3] but also directional photon sources [4,5] are required. Optical nanoantennas act as effective transducers between the near- and far-field regions of these nanoemitters, and as such they have been widely applied for manipulating the interaction between light and matter [6]. To date, several schemes have been used to engineer the emitter properties, including tuning excitation [7], decay rate [8], polarization [9], frequency conversion [10,11], spectral modulation [12], nonlinear processes [13] and emission direction [14,15]. The most commonly used design for directional emission is based on the Yagi–Uda geometry [14,15,16,17] inspired by radiofrequency devices. There are also other designs proposed to achieve directional emission or scattering in the visible range, ranging from a pair of bimetallic nanodisks [18,19], or V-antennas [20,21], to trimers [22] and a nanorod standing on a disk [23]. However, the large size of these metal antennas may introduce high absorption losses, and the accompanying Joule heating causes dysfunction of nearby temperature-dependent devices [24]. For example, the Yagi–Uda antenna is based on the far-field interference between the electromagnetic waves produced by a feed, a reflector and several directors, spanning an area in the order of λ2/4, due to the number of elements and the specific gaps between them [25]. Furthermore, these geometric constraints, including the precise emitter positioning, requires demanding and serial top-down fabrication techniques, such as electron or ion beam lithography [16,26], which are not accessible to common chemical laboratories.



All these shortcomings call for an alternative compact antenna design allowing the integration of directional nanoemitters into photonic chips. Pakizeh and Käll have theoretically proposed an ultracompact antenna design that is based on a stacked gold nanodisk dimer [27]. In this case, directionality is achieved by exciting the antiphase plasmon mode through a localized emitter [28]. Similarly, Shen et al. used nanostrip dimers embedded on a dielectric material to induce directionality [29] and achieved a compact plasmonic-diamond hybrid nanostructure [30]. On the other hand, Bonod et al. have proposed a different design, composed by two coupled nanospheres [31]. Both structures achieve directionality by adjusting phase differences introduced by mode hybridization and optical path difference, respectively. At the same time, other theoretical proposals, based on dielectric or hybrid nanostructures [32,33,34], phase-change materials [35] or plasmonic structures supporting magnetic modes [36], are predicted to achieve directional emission by using the far-field superposition of electric and magnetic dipoles implementing the Kerker condition [37]. Still, to date experimental studies on compact directional optical antennas addressing single emitters are limited.



Recently, we have realized experimentally, for the first time, the directional ultracompact antenna design originally proposed by Pakizeh and Käll [38]. Here, we present a numerical study of the performance of these antennas using Finite Element Method (FEM) simulations on gold nanorods (AuNRs) of sizes and shapes in accordance with our experimental samples. In order to analyze the robustness and versatility of this design, and maximize the directionality, we take several factors into consideration, e.g., common fabrication limitations like nanoparticles with commercially available dimensions, simplicity (reducing the number of needed elements), coupling to emitters and optimization of footprint. We also considered the effect of geometrical parameters such as the gap size between AuNRs or the position and orientation of the nanoemitter. By converting far-field signals to back focal plane (BFP) images, we quantified the directionality of the antennas with a forward to backward power ratio (F/B). Finally, we used an analytical two-dipole model to explain the mechanism behind the numerical results and quantified the phase difference between the fields at both AuNRs. Overall, our numerical results indicate that the ultracompact antennas show excellent and robust directionality, with a F/B value that can be as large as 14.2 dB.




2. Materials and Methods


A frequency domain solver based on FEM in CST Studio Suite was used for the 3D full-wave simulation.



For the model without a substrate, the boundaries were set to open (add space) in the six faces. In the presence of a substrate, the boundaries were also open except for the plane wave input surface for simulating semi-infinite substrate. The refractive index (n) of air, water and glass were set to n = 1, 1.33 and 1.5, respectively. The dielectric function of gold corresponded to the fitting data from Johnson and Christy [39].



In the far-field simulations with substrate, the size of the glass was 1000 × 1000 × 500 nm (length × width × thickness). A discrete port with 5000 ohms combined with a Hertzian dipole (point dipole) was simulated as a single nanoemitter.



For calculating the scattering spectra of AuNR with a glass substrate, the size of the substrate was reduced to 400 × 400 × 150 nm. The whole model was used to calculate the total electric field and the magnetic field, and the model without AuNRs was used to calculate the background electric and magnetic fields. The final scattering fields obtained by subtracting the background field from the total field were used to obtain the scattered power and cross–section. The scattering spectra were averaged from the results obtained under excitation by two plane waves with orthogonal polarization at normal incidence.



For calculating the orientation average of the nanoemitter and the sum of radiated power at different wavelengths, the radiated power of the antennas was first normalized by their accepted power (sum of radiated power and nonradiated power) and then the arithmetic mean was taken.



According to Gauss’ law, the surface charge density can be obtained by ρ = ε0(n∙E) = ε0(nxEx + nyEy + nzEz) [40]. Then, the dipole moments distribution of AuNRs along the x axis can be calculated by    p i  ( x ,   λ ) =    ∬  N  R i  ( x ,   λ )    ρ ( x ,   y ,   z ,   λ )    y   d y d z   and total dipole moments of AuNRs can be calculated by    P i  ( λ ) =    ∫  N  R i  ( λ )     p i  ( x ,   λ )      d x  . Notice that dipole moments are complex values here [20]. Consequently, after discretization, we observe that     ∑ x      p i      ≠    P i     .




3. Results


The main parameters considered in the analysis of the ultracompact antenna performance are depicted in Figure 1. Two parallel AuNRs form a dimer in a side-to-side configuration. A nanoemitter, modelled as a point-dipole light source operating at a wavelength λ, is positioned above the tip of one of the AuNRs at a distance gap1, while the two AuNRs are separated by a distance gap2. These two AuNRs make up the ultracompact nanorod dimer antenna (NRDA) studied in this work, where directional emission can be obtained under near-field excitation by the nanoemitter. For comparison, we also study a single AuNR coupled to a nanoemitter placed at its tip (i.e., without the right AuNR in Figure 1a). This structure is hereafter referred to as a nanorod monomer antenna (NRMA). Both the NRDA and NRMA are placed on the top of a glass substrate, in agreement with typical experimental conditions. The distance from the AuNRs to the glass surface is gap3, as shown in Figure 1b.



For the initial FEM far-field simulations, we choose AuNRs with commercially available sizes and similar to the experiments in Ref. [38]: 40 nm diameter (2R), 68 nm length (L) and ideal semi-sphere caps. Distances gap1 and gap2 are set to 5 nm. The gap3 is also set to 5 nm to account for eventual functionalization of the substrate or the AuNRs. The background medium employed is vacuum (n = 1), however, an exemplary simulation including the effect of the ligands for self-assembly such as DNA are included in Figure S6. Unless specified otherwise, these are the parameters for all FEM simulations. The results show that the radiation pattern of the NRDA is asymmetric within a specific wavelength range around 570 nm (see Figure 1c), with the main emission lobe occurring at the side of the antenna where the emitter is placed. As will be discussed later, the wavelength range where directionality occurs corresponds to the antiphase plasmon mode of the NRDA.



For better visualization, and to mimic experimental observations, we translate this 3D far-field emission pattern into 2D BFP images. This is performed by projecting every θ component of the far-field radiation in object space (spherical coordinates) into a ρ component (cylindrical coordinates) in the BFP [14,41], as depicted in Figure 2a.



To quantify the directionality of the antennas from the obtained BFP images, we calculate the F/B ratio. Different definitions can be used to calculate it (see description in the SI and comparison in Figure S1a). Here, we use the following:


   F / B  = 10   log   10        ∫   θ 1  −  δ 1     θ 1  +  δ 1        ∫   φ 1  −  δ 2     φ 1  +  δ 2     S ( θ ,   φ ) sin θ   d θ d φ            ∫   θ 2  −  δ 1     θ 2  +  δ 1        ∫   φ 2  −  δ 2     φ 2  +  δ 2     S ( θ ,   φ ) sin θ   d θ d φ         ( dB ) ,  



(1)




where S (θ, φ) represents the power radiated by the antenna in a given direction (θ, φ) per unit solid angle. Considering the distribution of the signal, we calculate the ratio of radiated power in two broad angular ranges ((θ1 − δ1→θ1 + δ1, φ1 − δ2→φ1 + δ2) and (θ2 − δ1→θ2 + δ1, φ2 − δ2→φ2 + δ2)) to quantify the F/B ratio from Equation (1). Here, (θ1, φ1) corresponds to the angular position of the maximum lobe in the range 90° < φ < 270°, whereas (θ2, φ2) is the direction of maximum signal in φ ≥ 270° or φ ≤ 90°. If there is no lobe in that second angular region, then φ2 = φ1 + π. Considering the angular extent of the signal in the simulated BFP images, we chose δ1 = 10°, δ2 = 50°. The area enclosed within these values, used for the calculation of the antennas’ F/B ratio, is marked with red sectors in Figure 2a. Using this definition, we calculate the F/B ratio as a function of wavelength for the NRDAs. Moreover, since directivity is a key factor in the description of antennas in radio wave applications [42,43], we also take this parameter into account (see comparison with F/B values in Figure S1a):


  D i  r  max   =   4 π  S  max   ( θ ,   φ )      ∫ 0  2 π       ∫ 0 π   S ( θ ,   φ ) sin θ d θ d φ         ,  



(2)




where Dirmax represents the ratio of maximum radiated power per unit solid angle Smax (θ, φ) to the average radiated power in a 4π direction.



A comparison of these two parameters (F/B and Dirmax) as a function of wavelength between NRMAs and NRDAs is shown in Figure 2b. For the case of the NRMA, the directivity is around Dirmax ≈ 7 (or Dirmax ≈ 1.5 in the absence of a substrate, see Figure S2c, as expected for an infinitesimal dipole antenna [42]) and the F/B ratio is nearly 0 dB, showing no preferential emission direction. Conversely, for the NRDA, both Dirmax and F/B ratio show a peak at λ = 570 nm. To gain insight into the origin of the spectral peak in both magnitudes, we calculate the NRMA and NRDA scattering spectra under plane wave excitation (see Figure S2a). Since the transverse mode of the AuNRs is weaker than the longitudinal one, and both are spectrally close due to the small aspect ratio of AuNRs (1.7), only one scattering peak is observed. Due to mode hybridization [44,45,46], the longitudinal plasmon in the NRMA splits into two bands in the dimer spectrum: One at a short wavelength, the so-called antibonding mode, that emerges at higher energy than the monomer peak and is bright, as the fields along both AuNRs are in in-phase. Another one at a longer wavelength, the bonding mode, that is lower in energy and dark, as the fields along the AuNRs are in antiphase [47,48]. The latter does not show up in the scattering spectra due to the side-to-side symmetry of the dimer when excited by a plane wave. However, in the case of the asymmetrical near-field excitation produced by a nanoemitter placed at the tip of one AuNR, this constraint is removed, and the antiphase mode becomes apparent in the radiated power spectrum, as shown in Figure S3. Similarly to Pakizeh and Käll [27], we observe the maximum directivity near this antiphase mode. A peak in the F/B ratio appears at λ = 570 nm, which is redshifted with respect to the longitudinal mode of the NRMA, and therefore can then be attributed to the dimer antiphase mode. We also calculate the radiation efficiency, defined as the ratio between radiated power and accepted power, of both NRMA and NRDA (for a near-field dipole excitation at the AuNR tip), and found that latter presents a lower radiation efficiency (see Figure S2b). We associate this effect to the dark character of the antiphase mode that governs the response of the NRDA under this particular excitation. The spectral dependence of both the F/B ratio and the radiation efficiency, explain why in the experimental conditions [38] the bandpass filter and fluorescence band of the nanoemitter are matched with the antiphase mode of the NRDA. Otherwise, the maximum directionality would be reduced (see Figure S4).



Another way to visualize the radiation pattern of the ultracompact antennas is to use polar plots. Figure 2c shows the azimuthal polar plot (φ = 0 to 360°) in the direction of maximum emission (θ = 138°) for both NRMAs and NRDAs. Conversely, Figure 2d displays the altitudinal polar plot (θ = 0 to 180°) at the direction of maximum emission (φ = 356° for NRMAs and 189° for NRDAs). Due to the near-field interaction between the glass surface and the localized surface plasmon of the AuNRs, most of the evanescent field is radiated into the direction corresponding to the critical angle [49,50,51,52] of air–glass interface, θc ≈ 42°.



In order to optimize directionality under realistic experimental conditions, we tune several parameters for the dimer antenna. As it is well known, it is hard to controllably orient the dipole moment of emitters, such as fluorescent dyes [53,54,55]. Thus, we first study the effect of the emitter orientation, described as a point dipole. Models of NRDAs with three possible orthogonal dipole orientations are shown in Figure S5a, together with their corresponding BFP images at λ = 570 nm (antiphase mode). By computing the radiation efficiency for each case, we observe that the emitter is not quenched only when it is oriented along the axial direction of the AuNRs (“Orientation 1”, see Figure S5b). For the two other orientations, the radiation power accounts for less than 1% of the power averaged over dipole orientations. Therefore, the average F/B ratio detectable on the far-field is determined by “Orientation 1”, see Figure S5c.



Unlike NRMAs, NRDAs are more prone to exhibit deviations from the designed geometry under realistic fabrication conditions. This has an effect on the localized surface plasmon resonances they support too [46]. Therefore, we study the influence of the different geometrical parameters in their optical properties: gap1 plays an important role in the interaction between the AuNRs and the nanoemitter; gap2 controls the extent of the hybridization between the resonant fields sustained by both AuNRs; and gap3 determines the coupling between the antenna and the substrate. According to Figure 3, variations of gap1 (see Figure 3a) and gap3 (see Figure 3c) in the ~10 nm range barely affect the NRDA directionality, showing the robustness of the design with respect to these two parameters. Conversely, reducing gap2 causes a stronger hybridization between the two AuNRs, which gives rise to a redshift of the antiphase NRDA mode. This yields a significant improvement in the F/B ratio, as shown in Figure 3b,d. Directionality is reduced but not fully lost even for the largest gap considered. We also notice that decreasing gap1 causes a significant non-radiative loss due to higher energy transfer and ohmic dissipation in the AuNRs, an effect that is not affected by changes in gap2 and gap3.



Other geometrical effects whose experimental control, through synthesis or fabrication, are challenging are: translocation of one AuNR (see Figure 4a), out of plane (x-z) movement of the nanoemitter away from the tip center (see Figure 4b and Figure S7b), rotation of one AuNR (see Figure 4c) and size mismatch between both AuNRs (see Figure 4d). Figure 4 shows that, despite these geometrical changes, most non-optimal dimers still display emission directionality. The F/B ratio varies only in 0.5 dB when the second AuNR is displaced along the y-direction, from 0 to 30 nm, see Figure 4a. On the contrary, when this second AuNR is moved down along the y-direction, the F/B ratio goes to 0 dB, and emission direction is even reversed, whereas the radiation efficiency of the antenna increases (see Figure S7a). On the other hand, the F/B ratio increases when the nanoemitter is displaced towards the second AuNR along the x-direction, presents a maximum and then decreases, vanishing at the top center of the gap between the AuNRs due to symmetry constraints (see Figure 4b). This result is different from those reported for two stacked nanodisks [27], which showed that directionality increased when the nanoemitter is located far away from the gap region between the nanodisks. We attribute this difference to the dissimilar inhomogeneous charge density distribution in the nanoparticles, with their particular shape in each case. Note that the distribution of the induced charges in the AuNRs is barely affected when the nanoemitter is moved along the z-direction (see Figure S7b).



According to Figure 4c, tilting one of the AuNRs has a noticeable effect on both the magnitude of the directionality as well as on the wavelength of the antiphase mode, effects that are always detrimental for the maximum F/B ratio attainable. Enlarging the length of the NRMA leads to a redshift of the longitudinal mode, and so it does for the antiphase mode of the dimer [46]. Moreover, Figure 4d shows that the F/B ratio gets significantly increased in such a case. The radiation efficiency at the wavelength of maximum directionality did not change significantly (see Figure S7d), which guarantees detection in experimental conditions. Interestingly, the radiation efficiency spectrum shows a dip at lower wavelengths that is related to enhanced coupling strength and to a larger energy split between the in-phase and antiphase modes in the dimer. Besides, if only one of the AuNRs becomes longer, the maximum F/B ratio changes only slightly, as shown in Figure 4d.



Finally, the last geometrical parameter that we analyze is the curvature of the AuNR tips, which produces different local electric fields and severely influences interaction with the nearby nanoemitter [56]. We simulate the curvature of an AuNR by adding semi-spherical caps that have a radius of T = 20 nm. Then, we modify the tip curvature by changing the length of the protrusion (T) and compressing the caps into a semi-ellipsoid shape while keeping the AuNR total length constant (68 nm). We find that not only the longitudinal antiphase mode shifts from 570 nm to 610 nm, but also directionality changes from 3.6 dB to 7.5 dB, as shown in Figure 5a. Moreover, the radiation efficiency at the wavelength of maximum F/B increases by 13% (see Figure 5b).




4. Discussion


Thanks to the strong plasmon hybridization between both AuNRs, the phase delay taking place at the nanometric gap of the NRDA is large enough to replace the larger gaps necessary in Yagi–Uda antennas (required to achieve far-field constructive and destructive interference effects), as illustrated in Figure 6a. In order to explore the mechanism behind this phenomenon in further detail, we utilize a two-dipole analytical model [20] to quantify this phase difference between AuNRs. Once energy has been transferred from the nanoemitter to the NRDA in the near-field, photons are emitted through localized surface plasmons, which are collective oscillations of conduction electrons in the AuNRs. Here, we treat these localized resonances as radiating electric point dipoles. Due to the asymmetric position of the nanoemitter in the NRDA, each AuNR sustains a different electric dipole moment. Thus, the overall system can be described by a dipole moment ratio (|P1|/|P2|), a phase delay originating from plasmon hybridization (∆φ) and a phase delay at the gap (kd, k = 2πn/λ, with n being the refractive index of the surrounding medium). The gap here is the distance between the location of the AuNR dipole moments, and not gap2, the physical distance between the surfaces of both AuNRs. With these parameters, we asses directionality through the ratio between the intensity of the dipole fields at both sides (left and right) of the dimer:


     I L     I R    = 10   log   10          P 1  +  P 2  exp ( + i k d )    2         P 1  +  P 2  exp ( − i k d )    2    ( dB ) ,  



(3)







According to the simulated surface charge density distribution at the NRDA antiphase mode (λ = 570 nm) shown in Figure 6b, the dipole moments induced at the resonant fields at the two AuNRs present different phases and amplitudes, in clear contrast with the symmetric excitation by a plane wave, see Figure S8a. Induced charge distributions at other wavelengths are also shown in Figure S8. In order to evaluate phase delay kd and ∆φ, we calculate the dipole moment (p) as a function of the position x along the NRDA from the surface charge density distribution in the two AuNRs (see Methods for details). For the NRDA, the gap between the center of both dipole moment distributions is around 35.4 nm, shorter than the distance between the geometric center of the AuNRs (45 nm). This can be linked to inhomogeneous charge distribution on the AuNRs surface, as shown in Figure 6c. The phase in the second AuNR starts to reverse at a wavelength (λ = 550 nm) that corresponds to the hybridized antiphase mode of the dimer. Considering the contributions of the total phase difference and dipole moment ratio, the optimal directionality is at λ = 570 nm, where (kd − ∆φ) = 1.43π and |P1|/|P2| = 2.16, see Figure 6d. These IL/IR results, obtained from our two-dipole model, are in agreement with FEM simulations, F/B and Fπ/B0, the latter corresponding to simulated radiated power ratio at φ = π and φ = 0. Therefore, we can conclude that the directionality of the dimer antenna stems from the antiphase mode under asymmetric near-field excitation by the nanoemitter.



As in the case of the FEM simulations, using the two-dipole model we can analyze the influence of the different geometrical parameters on the behavior of the system. For longer AuNRs (L = 92 nm, see Figure S9), the ratio between both dipole moments (|P1|/|P2|) is closer to 1 (1.06) and (kd − ∆φ) = 1.23π. Hence, the antenna shows a much higher directionality at the resonant wavelength, in agreement with FEM simulations: the F/B ratio goes from 3.6 dB (L = 68 nm) to 14.2 dB (L = 92 nm). To some extent, hybridization in a dimer of longer AuNRs is stronger and induces more pronounced interference effects in NRDA emission. As shown in Figures S10-S13, changes in other parameters, such as the tip curvature, the glass substrate or the surrounding medium also show good agreement between FEM simulations and the analytical two-dipole model. Our results indicate that the proposed ultracompact NRDA shows a higher F/B ratio when the ratio between both dipole moments (|P1|/|P2|) is closer to 1 and (kd − ∆φ) is closer to π at the antiphase mode, which requires a strong mode hybridization across the gap of the dimer.




5. Conclusions


In summary, we have investigated theoretically the experimental feasibility of ultracompact antennas based on two parallel AuNRs, a design that has been recently realized experimentally [38]. We have shown that this design displays robust and excellent directionality within tolerable deviation from the target configuration. Furthermore, the stronger the hybridization between both AuNRs is, the higher the directionality of the antenna, which requires a sufficiently small gap of nanorod dimer. The most crucial aspect of this ultracompact antenna geometry is the precise placement of the single nanoemitter in the near-field of one of the AuNRs, which is indispensable for asymmetric excitation of the anti-phase mode. Our results show that, in contrast to the original design by Pakizeh and Käll [27], the maximum F/B ratio is achieved when the nanoemitter is not positioned on top of one of the nanorods but rather shifted towards the center of the antennas. This level of nanometer positioning control can be achieved, for example, via soft template assembly techniques such as DNA origami [57,58], as recently demonstrated [38]. Overall, the ultracompact nanorod dimer design analyzed here provides some guidelines in optimizing directionality of antennas and provides a new possibility to further study antenna-assisted directional single-photon sources for integrated photonic chips.
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Figure 1. (a,b) Sketches of the ultracompact nanoantenna based on two AuNRs and a single dipolar nanoemitter (red arrow) on a glass substrate operating at a wavelength λ. (c) Corresponding radiation pattern when gap1, gap2 and gap3 are set to 5 nm and at λ = 570 nm. Color scale represents intensity. 
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Figure 2. (a) NRDA radiation on a hemispherical surface and its projection on the back focal plane (left), back focal plane images of NRMA and NRDA at λ = 570 nm (wavelength of maximum directivity) (right top and right bottom insets respectively). (b) F/B ratio and Dirmax of NRMA and NRDA on air–glass interface. (c,d) Azimuthal and polar radiation patterns of NRMA and NRDA with fixed theta (c) and phi (d) at λ = 570 nm. 
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Figure 3. Impact of the gap1, gap2 and gap3 on the F/B ratio, peak position and radiation efficiency of NRDAs. (a) Variation of gap1 (3, 5, 8, 10 nm). (b) Variation of gap2 (3, 5, 10, 15 nm). (c) Variation of gap3 (0, 5, 10 nm). (d) Spectral dependency of the F/B ratio for variation of gap2. 
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Figure 4. Impact of different configurations on the F/B ratio of NRDAs. (a) The second AuNR moving along y direction. (b) F/B ratio and radiation efficiency at λ = 570 nm when the nanoemitter is moved along the x direction. Origin point (x = 0) is at the tip center of the first AuNR and x = 22.5 nm corresponds to the top center of the gap between the AuNRs. (c) Rotation of one of the AuNRs. Positive (negative) α indicates that the second AuNR is rotated anticlockwise (clockwise). (d) Variation of the AuNR lengths. The two numbers in the legend represent the length of the first and the second AuNR, respectively, in nanometers. 
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Figure 5. Effect of the AuNR tip curvature on directionality (a) and radiated efficiency (b) of NRDA. Insets indicate the cap of the AuNR. The total length of the AuNR is kept constant, compressing hemisphere to semi-ellipsoid to control the length of protruding tip (T). Units of T are in nanometers. 
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Figure 6. Two-dipole model. (a) Schematic representation of the directional emission. Red and green lines represent the electric fields produced by the AuNR close to the dipole nanoemitter and by the second AuNR, respectively. Constructive and destructive interference happen on left and right sides, respectively. (b) Surface charge density distribution of model at λ = 570 nm (inset shows the dipole nanoemitter). (c) Dipole moment distributions of AuNRs along x direction at λ = 570 nm (see Methods). Black and red dashed lines correspond to average center of dipole moment in the first (left AuNR) and the second (right AuNR) dipole. (d) F/B calculated by: simulation (black line), two-dipole model (red line) and simulated intensity ratio (blue line) at φ = π and φ = 0 (top), ratio of the magnitude of total dipole moment in both AuNRs (middle) and phase difference (bottom). 
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