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Single plasmon spatial and spectral sorting on a crystalline twodimensional plasmonic platform †

In the context of the emerging field of quantum plasmonics, we demonstrate in this manuscript the wavelength-dependent propagation and sorting of single plasmons launched in a two-dimensional crystalline gold flake by a broadband quantum nanoemitter. The stream of single plasmons in the visible is produced by a nanodiamond hosting a single nitrogen-vacancy color center positioned in the near field of the mesoscopic metallic microplatelet. Spatially and spectrally resolved images of the single plasmon propagation in the pristine hexagonal flake, and then in the same structure after insertion of a Bragg mirror, are obtained by filtered image-plane acquisitions on a leakage-radiation microscope. Our work on two-dimensional crystalline structures paves the way to future fundamental studies and applications in quantum plasmonics.

Introduction

When an electromagnetic wave impinges on the interface between a noble metal and a dielectric material under specific conditions, charge density oscillations can be excited 1,2 . These surface waves, known as surface plasmon (SP) polaritons, allow for subwavelength confinement and large field enhancement in the near field. Recently, several groups have extended this field of research in the quantum regime with the observation of quantum signatures in optical systems using plasmons [3][4][5] . These early works can be classified in three different groups depending on the light source considered and the experimental configurations.

First, far-field indistinguishable photons generated, for instance, by semiconductor quantum dots at low temperature can be coupled to SPs. The observation of coalescence 6,7 or anticoalescence 8 phenomena in plasmonic beam splitters has evidenced the Hong-Ou-Mandel effect for two-plasmon interferences. Secondly, far-field entangled photon pairs generated by conservation rules in pumping non-linear crystals can be coupled to thin nanostructured plasmonic metal films 9,10 or stripelike plasmonic guides 11 to investigate the effect of Ohmic losses on the coherence of the system. One key asset of entangled photon-plasmon pairs is to allow quantum sensing experiments with higher sensitivities than conventional approaches [12][13][14] . At last, nanometric single photon sources, such as quantum dots, † Electronic Supplementary Information (ESI) available: See DOI: 00.0000/00000000. molecules or colored centers in nanocrystals, can be directly positioned in the near-field of plasmonic structures where they deliver a stream of single photons. This integrated approach successfully demonstrated the excitation of single plasmons 17,18 and single plasmon interferences 19 . These point-like photon "guns" are sensitive to their direct environment and their photodynamics is driven by the local modification of the field distribution and/or density of available states 15,16 , leading to strategies for density of states mapping to identify the best coupling locations 20,21 . In spite of inherent losses in metallic structures, quantum effects are thus observed in plasmonics devices, which offer a unique route towards on-chip quantum control. A first generation of integrated quantum optical components operated in the single plasmon regime have been successfully demonstrated by coupling a local single photon nanosources to punctual (0D) 4,16 and unidimensional (1D) 4,22,23 SP channels. For instance, the realization of logical operations 24 or the plasmon-mediated coupling between two quantum emitters 25 have been achieved. Yet, these systems do not offer enough spatial degrees of freedom for the design of actual devices. For instance, the optical interconnexion of qbits in planar architectures will require mesoscale multiinputs/outputs 2D platforms.

In this work, we report on the spatial and spectral sorting of single plasmons excited by a quantum emitter on a 2D microscopic crystalline gold flake in the visible range. The broadband optical signal emitted one photon at a time from the embedded Nitrogen-Vacancy (NV) source is transferred by the continuum of available SP modes along the flake, where the spectral sorting is obtained by the damping during propagation and by the interaction with a nanofabricated hole array. This periodic structure reveals the trajectories of the single plasmons and redistributes the optical signal in 2D towards the output ports as a function of wavelength. Our study demonstrates the potential of crystalline gold flakes as multi-inputs/outputs 2D platforms for future developments in quantum plasmonics. This configuration has been obtained by co-deposition of a solution of nanodiamonds (mean size: 80 nm) and a colloidal suspension of micrometric crystalline gold flakes (thickness: 40 nm) on a cross-marked ITO-covered glass substrate (Figure 1(c)) 26 . With this approach, the NDs are preferentially positioned along the edges of the flakes. Such crystalline plasmonic flakes are offering a low scattering loss alternative to amorphous metal films 27,28 . They can be equally patterned on-demand by ion 29 or electron beam lithography 32 as reported in several studies on antenna, waveguides [29][30][31][32] , modal engineering 33 or single photon emission enhancement 34 . In order to obtain a satisfactory compromise between delocalization of the signal and propagation losses, a lateral size in the 3-10 µm range has been targeted.

Results and discussion

We study the nanodiamond-flake system presented in Figure 1(c) by confocal luminescence microscopy coupled to a leakage radiation microscopy detection scheme as sketched in Figure 1(d). A linearly polarized cw excitation laser at λ L =532 nm is focused on the sample with a x100 high numerical aperture immersion objective (NA=1.3). The luminescence from the sample, positioned on a xy piezoscanner, is collected through a dichroic mir-ror centered at λ L =550 nm. For a given position of the excitation spot, the acquisition is performed either on a sensitive EMCCD camera (Andor Ixon 3) with a bandpass filter (λ c =692±40 nm) for the image plane snapshots, or through a 75-µm pinhole on a CCD camera (Andor Newton DU920P-BVF) coupled to spectrometer (Andor Shamrock 303i) with a 300-grooves-per-mm grating and a longpass filter (λ l p =600 nm). For off-axis acquisition, the pinhole can be moved in a conjugated xy plane. In Figure 2(a), the experimental luminescence map shows the bright emission of the nanodiamond in position 1 but also light scattering at the edges of the hexagonal flake with an intensity decreasing with the distance to the photon source. Figure 2(b) shows the normalized spectrum of the signal directly recorded on the nanodiamond at position 1. It corresponds to the broadband emission of a NV -, with a residual luminescence from gold (see SI), which will be used as an internal reference in the following discussion. More interestingly, the edge-scattered signal recorded at remote locations (positions 2 and 3 in Figure 2 to the reference spectrum 2(b). Both spectra are normalized to their maximum intensity. Far from the source, the longest wavelengths clearly outperform the sub-700 nm emission as can be expected from a wavelength-dependent damping during SP propagation at the metal-air interface. As a consequence, a turning point is clearly visible in Figure 2(e) (indicated by the vertical black dashed line). Indeed gold has interband transitions that mainly occur for wavelengths below 600 nm, the imaginary part of the dielectric function thus increases in this spectral window resulting in a stronger absorption at shorter wavelengths. Interestingly, the signal recorded exhibits no polarization-dependance. In Figure 2(e), crosscuts of the luminescence intensity along the perimeter of the flake are shown as a function of the incident polarization. The different curves overlap and do not show any significant intensity redistribution as the polarization of the laser is rotated. This suggests that the transition dipole of the single NV center is oriented along the z axis. Although a z-oriented dipole would hardly be excited by a polarization lying in the xy plane, the high numerical aperture used as well as the local redistribution of the electric field by the edge of the gold microplatelet (see SI) might explain the effective excitation of the NV. In the following, the polarization of the incident beam has therefore been kept at 0 • (along the x-axis).

To compute the energy transfer between the NV center and the gold flake, we have performed numerical simulations of the local electric field above the microplatelet based on the 3D Green Dyadic Method (GDM) as described in earlier reports 35 . We consider that the emitting quantum system behaves like a fluctuating dipole oscillating at the ω 0 frequency:

m NV (t) = µ 12 u cos(ω 0 t) (1) 
where µ 12 is the dipolar electric transition moment oriented along the unit vector u. In turn, this dipole excites the plasmon modes of the gold crystal that can be characterized by the electric field

E(r, t) = 1 2 E(r, ω 0 )e -iω 0 t + c.c. (2) 
with

E(r, ω 0 ) = µ 12 S(r, r , ω).u (3) 
where S(r , r, ω) is the field susceptibility of the sample (gold plate + surface).

The comparison between the experimental wide-field luminescence and simulated maps is presented in Figure 3(a). In our experiments, the collected intensity accumulates the response of the plasmonic platform under the repeated excitation by trains of single photons generated by the broadband single photon NV source. Our simulations support this broadband coupling since the map presented in Figure 3(b) is the incoherent sum of five maps computed at 600, 650, 700, 750 and 800 nm. In addition, each simulated map is the average over three simulated maps for dipolar sources oriented along the x, y and z-axis to account for the uncertainty on the orientation of the NV dipole (the individual maps for each dipole orientation are presented in the SI). Interestingly, the significant intensity of the recorded luminescence shows that such a localized quantum source is powerful enough to drive the classical plasmon mode response in the macroscopic gold flake.

Most of the scattered signal in experimental and simulated maps is observed along the edges of the flake. Similarly, the intensity of the signal vanishes as the distance to the launching point increases. The comparison in Figures 3(a,b) strongly suggests that the remote signal observed in experiments is mediated by SPs. Figure 3 reveals small differences between simulated and acquired maps. Although near-field simulated maps cannot be directly compared to the far-field experimental images, we attribute the main deviations observed in the distribution of the signal to the imperfect mesh model of the structure used in the simulation. Nevertheless, the general good agreement between acquired and simulated maps should be pointed out. In order to reveal the path of the single SPs launched by the quantum emitter, we have carved a hole array in the flake by focused ion beam (FIB). This hole array has the following features: the three periods indicated in the inset are P1=392 nm, P2=500 nm, P3=635 nm, and the 

hole diameter is 150 nm (Figures 3(c)).

A wide-field luminescence image of the redesigned microplatelet is presented in Figure 3(d) with the corresponding simulation in Figure 3(e). The light scattering all along the first lines of holes clearly reveals the interaction between SPs and the hollow scatterers in agreement with the numerical experiment. It confirms that the signal transfer is mediated by SPs. In both cases, the signal is strongly attenuated by the interaction with the holes, and the scattering at the farthest edges is fainted. Moreover, the homogeneity of the signal along the first line of holes indicates that SPs propagate in most of the directions from the source. This behavior is allowed in large flakes by the quasi-continuum of SP modes available. It is notably different from mesoscopic crystalline cavities of intermediate size and hexagonal shape that exhibit discrete high order SP modes in the visible with spatially tailored field distributions 20,33,36 .

The use of a broadband emitter offers interesting perspectives since the investigation of any system can be done in actual hyperspectral experiments. This approach has already been applied to the mapping of density of optical states above a plasmonic 20 or dielectric 37 structures for instance. Here, we further investigate the spectrally-resolved SP propagation in these 2D crystalline microplatelets. While Figures 2(a) and 3(a) presente the luminescence wide-field image of the flake, integrated over the whole spectrum of the NV center, Figure 4 reveals now the discrete spectral decomposition of this image. For this purpose, five narrow bandpass filters centered at λ bp =610, 650, 700, 750 and 800±10 nm respectively, have been used.

The set of images exhibits clear differences between the five wavelengths. For the shortest wavelengths, there is either no sig-nal (λ =610 nm) or a weak scattering (λ =650 nm) from the farthest edges. At λ =650 nm, a significant signal is only observed in the first half of the cavity. On the other hand, a strong remote scattering is observed for the three other wavelengths (700, 750 and 800 nm), emphasizing the propagation of SPs over micrometers. These results are in good agreement with the local spectra shown in Figure 2. A quantitative analysis can be done by comparing the normalized intensities along the perimeter as a function of the wavelength. The corresponding curves are presented in the sub-panel (c) of Figure 4. They unveil a particularly complex intensity pattern along this perimeter with a global rising of the signal as the wavelength increases. In addition, for a given wavelength the weight of the peaks at different locations are different. This clear trend is reinforced when the normalized intensities are plotted at the specific outputs in transmission (3, 4, 5, C1, C2 -second half of the flake with respect to the nanodiamond) as defined in the schematic of Figure 4 (b). It reveals a transfer efficiency going from less than 1 % to up to 3 %, which is lower than the theoretical efficiencies of 26 % and 84 % of the initial intensity at a distance of 8 µm expected on a on a gold film at the two extreme wavelengths λ =610 and 800 nm respectively (it corresponds to propagation lengths L SP =6 µm and 46 µm, respectively). The difference stems from a non-optimized coupling efficiency β SP < 1 that logically leads to smaller values of the transferred signal than expected. Each image has therefore been normalized independently with respect to its maximum intensity measured at the nanodiamond location (position 1). Interestingly, strong differences are observed between the five wavelengths, and we would like to emphasize that the hyperspectral analysis performed here demonstrates that the propagation al- ready acts as a spatial and spectral filter of the single SPs excited by a localized quantum source. Nanoholes deterministically drilled in smaller crystalline platelets of intermediate size 38 modify the spatial distribution of high order plasmonic resonances. In analogy with this modal engineering, and with the aim of pushing a step further the spectral sorting and the redistribution of single SPs in the flake, we have looked at the effect of the hole array introduced in Figure 3 as a function of the wavelength. This hole array has been designed as a Bragg mirror for SPs of wavelength λ SP = 784 nm (excited by photons emitted at λ = 800 nm by the NV center) with the main period P1. We first carry out a numerical experiment where we compare the near-field intensity maps for both configurations (with and without the hole array) for the five wavelengths.

The periodic structure not only acts as a probe of the trajectory of propagating SPs, but it also sets a new wavelength-dependent channel of scattering losses, which is correlated to an intensity redistribution in transmission. It goes along with a marked intensity modification in the first half of the flake, which is the consequence of the reflexion of SPs on the mirror. For instance, aside from λ = 700 nm, the near-field intensity seems to be globally lower in the first half than in the pristine geometry.

These numerical predictions are confirmed by the experimental observations gathered in Figure 6. This figure presents the crossed-comparisons between the intensities measured at several locations in transmission (T) or reflection (R) in the pristine and then reshaped flake as a function of the wavelength (the full set of experimental images for the reshaped flake is available in the SI document). Similarly to Figure 4(d), there is systematically a stronger scattered signal for the longest wavelengths, and more particularly at λ = 800 nm where the plasmonic propagation length is the largest.

The relative evolution of the signal as a function of the wavelength in Figure 6(c) and (d) reveals a clear tendency. In transmission (Figure 6(c)), no difference are observed at λ = 600 and 650 nm. In contrast, the relative transmission gradually increases from λ = 700 nm to 800 nm. It is consistent with with the design of the mirror for which the best efficiency is expected at λ = 800 nm. On the other hand, a wavelength-dependent intensity redistribution is induced by the Bragg mirror in reflection too. Here again, a similar global increases for the longest wavelengths can be inferred from the absolute transmission differences (Figure 6(d)). Interestingly, a positive difference means a lower scattered signal along the edges in the first half of the flake. This observation is in good agreement with the numerical experiments of Figure 5. The rare deviations from the global behavior, observed at λ = 800 nm in position 6 for instance, probably comes from residual dusts or fibrils from the native solution which tends to enhance locally the scattered signal. This analysis highlights both the role played by the Bragg mirror and the intrinsic losses in the metal in the global wavelength-dependent redistribution of the signal (the efficiency of the absorption channel can be tuned by using a different plasmonic metal -see SI).

Thus, this work sets a new concept where two-dimensional crystalline flakes can be used as a basis for the design of versatile and broadband plasmonic devices. They offer a promising delocalization and wavelength-dependent distribution of the signal in two dimensions. Moreover, supplementary degrees of freedom in the control of SPs are allowed by the design of planar optical components as shown here with a Bragg mirror. It could be extended for example to the use of well-known launching gratings 39,40 . The control of the SP wavevector SPs would make possible a better directionality, and a sharper spectral selectivity and rejection from the Bragg mirror. On the other hand, more sophisticated optimization algorithms 41 for coupling and routing at two dimensions might also provide new perspectives in the design of the system.

Conclusions

In conclusion, the propagation, the spatial and the spectral sorting of single surface plasmons has been studied at room temperature in micrometric crystalline gold flakes as a function of the wavelength. We have demonstrated by the mean of hyperspectral luminescence measurements and numerical GDM simulations in the spectral window of the quantum source (600-800 nm), that both the inherent absorption in the metal and the coherent interaction of single quanta with a periodic hole array lead to a clear wavelength-dependent redistribution and separation of the single plasmon signal. Such spectral decomposition of the signal is allowed by the significant number of single photons successively coupled to the plamon modes at each wavelength by the localized quantum source. This study demonstrates the potential of crystalline gold flakes as multi-inputs/outputs 2D platform in quantum plasmonics, with lower radiative losses and beyond usual 1D channels. Our work may find some application in the design of plasmonic devices operating at several wavelengths in parallel in the single quanta regime.
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Fig. 1 (

 1 Fig. 1 (a) Artistic view of a single photon emitter coupled to a twodimensional gold flake. (b) Second-order correlation function of a NV - center hosted by the nanodiamond coupled to the gold flake. (c) SEM image of the crystalline micrometric gold flake before the cleaning step. The inset shows a magnified SEM image of the nanodiamond hosting the single NV center presented in (b). (d) Scheme of the confocal luminescence microscope with an excitation wavelength at λ =532 nm (BP: Bandpass filter; PH: Pinhole).

Figure 1 (

 1 Figure 1(a) shows a quantum emitter located at the edge of an 8µm diameter hexagonal gold crystalline flake. The second-order correlation function (g (2) (τ)) of the nanodiamond targeted in this work is presented in Figure 1(b). It is characteristic of a single NV -in diamond with a clear signature of photon antibunching at zero delay below 0.5, ensuring the emission of a single photon per cycle.This configuration has been obtained by co-deposition of a solution of nanodiamonds (mean size: 80 nm) and a colloidal suspension of micrometric crystalline gold flakes (thickness: 40 nm) on a cross-marked ITO-covered glass substrate (Figure1(c))26 . With this approach, the NDs are preferentially positioned along the edges of the flakes. Such crystalline plasmonic flakes are offering a low scattering loss alternative to amorphous metal films27,28 . They can be equally patterned on-demand by ion29 or electron beam lithography32 as reported in several studies on antenna, waveguides[29][30][31][32] , modal engineering33 or single photon emission enhancement34 . In order to obtain a satisfactory compromise between delocalization of the signal and propagation losses, a lateral size in the 3-10 µm range has been targeted.We study the nanodiamond-flake system presented in Figure1(c) by confocal luminescence microscopy coupled to a leakage radiation microscopy detection scheme as sketched in Figure1(d). A linearly polarized cw excitation laser at λ L =532 nm is focused on the sample with a x100 high numerical aperture immersion objective (NA=1.3). The luminescence from the sample, positioned on a xy piezoscanner, is collected through a dichroic mir-

Fig. 2 (

 2 Fig. 2 (a) Leakage luminescence image of the SP signal propagation in two-dimensional gold flake integrated over the entire NV -spectrum. (b-d) Luminescence spectra from the NV -center acquired (b) directly on the nanodiamond in position 1, (c) at the corner labeled 2 in (a), (d) at a second corner labeled 3 in (a). The spectra are normalized with respect to their maximum slightly below 700 nm. (e) Difference between the normalized spectra in 3 and 1 (reference) as a function of the wavelength emphasizing the spectral redistribution of the signal after propagation. (f) Luminescence signal along the perimeter of the gold flake as a function of the incident polarization. A zoom (x40) of the signal in the central region is shown in inset, where the positions 1,2 and 3 are indicated too.

  (a)), micrometers away from the nanodiamond source, retains the signature of the NV -with lower amplitude, a redshift of the peak position (∆λ ≈ 15 nm) and a slightly altered global shape (Figure 2(c) and (d)). The evolution of the intensity is highlighted in Figure 2(e) where the spectrum acquired in position 3 is subtracted

Fig. 3

 3 Fig. 3 Experimental (a) and simulated (b) SP signal transfer maps in the two-dimensional gold flake integrated over the entire NV -spectral window. In the simulated map, the position of the dipolar emitter is indicated by a red dot. (c) SEM image of the gold flake after cleaning and FIB milling of a hole array. The red square indicates the position of the nanodiamond under study. The relevant geometrical parameters of the array are shown in inset, which corresponds to the white rectangle in the main image. (d)-(e) Same as (a) and (b) for the structure with the hole array displayed in (c).
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 4 Fig. 4 (a) Serie of wide-field luminescence images acquired at five different wavelentghs on the pristine flake. From left to right: bandpass filters are centered at λ BP = 610, 650, 700, 750 and 800 nm. The white arrow indicates the laser polarization at 0 • . (b) Schematic of the flake with the input/output nomenclature considered in this work. (1) indicates the input, (2-6) the output locations at the corners, and (C1-C3) the output locations in the middle of the edges. (c) Normalized luminescence signal along the perimeter of the pristine gold flake as a function of the wavelength. A comparison between the luminescence spectrum from the reference and the signal intensity recorded in position 1 for each wavelength is shown in inset. (d) Normalized transmission intensity as a function of the wavelength for the farthest output locations.

Fig. 5

 5 Fig. 5 Comparison of simulated signal transfer maps in the two-dimensional gold flake (a) without and (b) with the hole array (indicated by the black dashed outline in the first map) at the five different wavelengths (from left to right: λ = 610, 650, 700, 750 and 800 nm). The position of the dipolar emitter is indicated by a red dot. Each map is the incoherent sum of three maps computed for the three orientations of the dipole (along x, y and z).

Fig. 6 (

 6 Fig. 6 (a) Comparison of the normalized intensity in the second half of the structure before (green dots) and after (blue dots) FIB reshaping (transmission (T) -C1, C2, 3, 4, 5). (b) Similar to (a) for the first half of the flake (reflection (R) -positions C3, 6, 2). The luminescence image from where the data at λ =800 nm are extracted is shown in inset. (c) Absolute normalized intensity difference between the two configurations (with and without the hole array) in the second half of the structure as a function of the wavelength. (d) Same as (c) for the first half of the flake.
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