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ABSTRACT. Electric and magnetic optical fields carry the same amount of energy. Nevertheless, the efficiency with which matter interacts with electric optical fields is commonly accepted to be at least 4 orders of magnitude higher than with magnetic optical fields. Here, we experimentally demonstrate that properly designed photonic nanoantennas can selectively manipulate the magnetic versus electric emission of luminescent nanocrystals.

In particular, we show selective enhancement of magnetic emission from trivalent europiumdoped nanoparticles in the vicinity of a nanoantenna tailored to exhibit a magnetic resonance. Specifically, by controlling the spatial coupling between emitters and an individual nanoresonator located at the edge of a near field optical scanning tip, we record with nanoscale precision local distributions of both magnetic and electric radiative local densities of states (LDOS). The map of the radiative LDOS reveals the modification of both the magnetic and electric quantum environments induced by the presence of the nanoantenna. This manipulation and enhancement of magnetic light-matter interaction by means of nanoantennas opens up new possibilities for the research fields of opto-electronics, chiral optics, nonlinear&nano-optics, spintronics and metamaterials, amongst others. KEYWORDS: Dielectric and plasmonic nanoantennas, magnetic and electric LDOS, magnetic dipoles, magnetic light, near field optical microscopy.

TEXT. Landau postulated that the oscillation of light in the visible range was too fast to consider the influence of the optical magnetic field on the electrons, [START_REF] Landau | Electrodynamics of continuous media[END_REF] justifying the magnetic permeability approximation for macroscopic materials. Nevertheless, at the quantum level, the interaction between light and a quantum emitter is represented by a multipolar expansion of the interaction Hamiltonian: 2

Hint= -p•E(t) -m•B(t) -[Q ]•E(t) -…(1)
where p and m correspond to electric and magnetic dipoles, E and B to the electric and magnetic fields, and Q to the electric quadrupole. In here, if allowed by the selection rules, the term p•E(t) is orders of magnitude higher than any other term of equation 1, and this is why efforts have been made to mostly control, manipulate and enhance the emission of electric dipole sources. This has been achieved by means of interfaces, [START_REF] Chance | [END_REF] cavities, 4 photonic crystals, 5 μ(ω) = μ 0 ∇ and more recently by using plasmonic 6,7 and dielectric nanoantennas. [8][9][10][11] Although the electric interaction is significantly stronger than its magnetic counterpart, controlling the magnetic component of light-matter interactions remains little explored and could add a completely new degree of freedom in photonics and optoelectronics.

Recently, a series of experimental studies have demonstrated the detection [12][13][14][15][16] and manipulation of magnetic dipole transitions in lanthanide ions by means of metallic and dielectric interfaces in the visible range [17][18][19][20] and by plasmonic cavities in the near infrared. 21 In addition, in the past few years, theoretical studies have predicted the extraordinary properties of a certain class of photonic nanostructures, 22 in particular low loss dielectric resonators [23][24][25][26][27][28][29][30][31][32][33][34][35] and plasmonic nanoantennas, [36][37][38][39] to strongly enhance the optical magnetic field together with the spontaneous emission of magnetic dipoles, 26,28,31,32,35,37,39,40 making them ideal to open new avenues in the emerging field of magneto-nanophotonics. Although several interesting studies have aimed at detecting and studying the magnetic component of light, [41][42][43][44] no experimental demonstration of the manipulation of magnetic spontaneous emission by means of nanoantennas has been reported so far at visible wavelengths. In here, we exploit the ability of photonic nanoantennas to interact with either the magnetic or the electric radiative local density of states (LDOS), to experimentally manipulate independently the magnetic and electric emission of luminescent emitters in the visible range. We demonstrate that coupling to a well-designed optical nanoantenna can increase either the magnetic or electric emission of trivalent europium doped nanoparticles, as predicted theoretically. 31,35,45 Finally, placing the nanoantenna at the extremity of an optical scanning tip provides full control over near-field interactions and the ability to record nanoscale maps of the relative electric and magnetic radiative LDOS (EMLDOS) around resonant nanostructures.

Manipulation of the emission of a nanoparticle containing magnetic dipolar (MD) and electric dipolar (ED) transitions in the near field, requires deterministic positioning of a well-defined magnetic or electric antenna in close proximity to the emitter. To this end, we combined top down focused-ion beam nanostructuring of a thin material (silicon and aluminum) and nearfield scanning optical microscopy (NSOM) for control and manipulation at the nanoscale with nanometer precision. Here, two types of nanostructures are chosen: a magnetic cylindrical antenna (MCA) (Figure 1a) made of silicon and known to enhance the magnetic field 31,33,35 (Figure 1c), and an aluminum electric monopole antenna (EMA) (Figure 1b) to enhance the electric field 46,47 (Figure 1d)(See Figure S1 in Supporting Information for the corresponding electric and magnetic field intensities of each antenna). As sketched in Figure 1a,b, the presence of the optical nanoantenna in close proximity to a crystal containing MD and ED transitions (drawn as a purple particle) modifies the luminescence of the emitter by either enhancing the magnetic (green) or electric (red) emission. Experimentally, we use colloidal nanoparticles (50-70 nm in size) of YVO4 doped with 20% Eu 3+ (Figure S2 in Supporting Information). As shown in the partial band diagram of Figure 1e, trivalent europium ions feature MD ( 5 D0 -> 7 F1, 590 nm) and ED ( 5 D0 -> 7 F2, 610 nm) transitions (Figure 1f). Their emission spectrum can be therefore tailored by manipulating the EMLDOS with nanostructures. In this study, all other decay channels from 5 D0 to the ground state are considered as losses. Antenna dimensions are set to feature a magnetic dipolar (MCA) and an electric monopolar (EMA) resonance in the visible range (Figure 1f and Figure S3 in the Supporting Information), and chosen to differentially cover two different parts of the spectrum so that each antenna mostly affects one transition: the magnetic resonance of the MCA is set to overlap with the MD transition and the electric resonance of the EMA with the ED transition of Eu 3+ (black curve in Figure 1f). Although the resonances appear broad and overlap with both transitions, the magnetic resonance of the MCA will preferentially interact with the magnetic transition of europium and, likewise, for the electric resonance of the EMA. 26 Furthermore, Figure 1f provides the spectral evolution of electric and magnetic field intensities simulated 10 nm below the centre of the MCA and the EMA, respectively (dashed curves): both field intensities are actually inhibited with respect to vacuum (lower than 1) by the nanoantenna and should therefore inhibit electric and magnetic spontaneous emission, respectively, by reciprocity. [START_REF] Novotny | Principles of nano-optics[END_REF] Figure 2a,f display the scanning electron microscope (SEM) images of the MCA and EMA nanofabricated at the end of two different tapered optical fibers (See Figure S4 in the Supporting Information for a fabrication description). To reveal the ability of both nanostructures to manipulate the emission of the Eu 3+ doped particle, we performed near field scans of 50-70 nm colloidal europium doped particles, deposited on a glass slide, with both types of antennas. The sample is excited at 465 nm, and the particle luminescence is collected through a high numerical aperture objective, with a dichroic mirror and a set of filters (See Figure S6 in the Supporting Information for technical details). This leads to the images displayed in Figure 2. in near or far field), which happen at the transition 7 F0-> 5 D2 of Eu 3+ . As observed, the collected signals corresponding to electric and magnetic emission are significantly modified when coupling a MCA or EMA to the luminescent nanoparticles. In fact, while it is possible to distinguish emission in the case of the MCA in both electric and magnetic channels, in the case of the EMA, the luminescence intensity in the magnetic channel for single particles is negligible. Qualitatively, this can be better appreciated in Figure 2e,j where combined pictures are obtained by normalizing the two channels with their respective maxima and by colorcoding the magnetic signal in green and the electric one in red. The contrast is striking. In Figure 2e, corresponding to the MCA coupled to the particle, both magnetic and electrical signals are detected without spatial overlapping, implying that the maxima of the magnetic and electric radiative LDOS are spatially separated. In contrast, in the particles-EMA case (Figure 2j), the signal is clearly dominated by electric spontaneous emission. To quantitatively retrieve the influence of each nanoantenna on the magneto-electric emission of the nanocrystals, we introduce the branching ratios, which represent the relative weights of the two competing magnetic and electric transitions, and are defined by: 18

β ant m = I lum m I lum total = Γ m Γ m + Γ e ( 2 
)
β ant e = 1 -β ant m = I lum e I lum total = Γ e Γ m + Γ e ( 3 
)
where and stand for the luminescence intensity collected either through the magnetic or electric channel after noise reduction, respectively, and is the total collected luminescence intensity. and magnetic (EMA) branching ratios). As expected from Figure 2, we observe two different trends: in the case of the MCA a clear gradient, going from a dominant magnetic to a dominant electric signal, is seen in the nanoscale variations of ; while in the case of the EMA, a constant and essentially electric emission is collected. These trends demonstrate two major effects: first, the EMA is clearly an electric antenna favoring electric emission only.

Second, the MCA has a dual property; it can strongly enhance the magnetic emission at given spatial positions, but it can also have an effect on the electric emission when the particle probes other spatial regions of the antenna.

To provide further insight on the nanoscale photonic properties of these resonators, Figure 3c and d provide experimental and theoretical line scans of and for each antenna (inset of Figure 3a,b and Figure S8 and 9 in the Supporting Information), demonstrating a relatively good agreement. From these line scans, we estimate a 2x average enhancement of the relative signal emanating from the MD transition when introducing the MCA and a 1.3x increase of the relative ED with the EMA with respect to the confocal case (i.e. without antennas, Figure S10 in the Supporting Information). These increases correspond to about 4x (MCA) and 80x

(EMA) enhancements of respectively the magnetic ( ) and electric ( ) relative radiative decay rate (Figure S11 in the Supporting Information).

To further validate the ability of the MCA to enhance magnetic spontaneous emission and as a negative control, we performed a complementary experiment consisting in scanning in its near-field, and in the exact same conditions, fluorescent emitters that only feature electric dipolar transitions (Figure S12 in the Supporting Information). This complementary experiment demonstrates the unaffected behavior, by any other possible experimental bias, of the fluorescence emission when electric emitters are coupled to the MCA, confirming that the results observed in Figure 3a are due to nanoscale modifications of the magnetic LDOS. In addition, it should be mentioned that although the MCA antenna has a cylindrical symmetry, this symmetry is not observed in the branching ratio distributions displayed in Figure 3a. This is explained by a shape asymmetry of the fabricated antenna in the longitudinal direction, at final rim of the cylinder, as observed in Figure 2a: one side of the antenna is lower than the other inducing this asymmetry in the measured signal, as demonstrated below and described in Figure S13. As well, a possible tilt of the tip with respect to the sample during the experiment might increase this asymmetry.

Importantly, since both magnetic and electric transitions are related to the same excited state, the relative weight of each transition given by the branching ratios is directly related to the increase (or decrease) of the radiative magnetic and electric LDOS induced by the antenna: 18 where represents the magnetic and the electric branching ratios without the photonic antennas (i.e. far field excitation) (Figure 3c and Figure S10 in the Supporting Information), and is the magnetic and the electric radiative LDOS. Note that here, the strength of each magnetic and electric transition (their relative weight) is estimated to be equal to the branching ratios without the antennas (i.e. and ).

From equations 4 and 5 we therefore introduce the relative radiative magnetic and electric LDOS 18 as: and which represent the relative influence of the antennas on their electric and magnetic quantum environment. Figure 4a,b display the spatial distributions of and around the MCA.

Although Figure 4a,b seem similar to Figure 3a and Figure S8, they actually hold extra information. Indeed, while and describe the relative strengths of two competing transitions, and quantify the effect of the environment on MD and ED transitions, at a given wavelength and independently of the emitter. Figure 4a,b are thus 2D maps of the

β ant m = β conf m . ρ m β conf m . ρ m + β conf e
. ρ e (4) As mentioned above, the distribution of magnetic and electric relative radiative LDOS does not hold a cylindrical symmetric shape but instead features a gradient from preferentially magnetic to electric. To understand this behavior, numerical simulations were performed using an asymmetric MCA antenna (Figure S13 in the Supporting Information), based on the dimensions observed in the SEM image of Figure 2a. Figure 4d,e show plots of the normalized theoretical magnetic (Figure 4d) and electric (Figure 4e) field intensities in a transversal plane positioned 20 nm away from the antenna. We clearly observe an asymmetric behavior of those intensities, which translates in a spatial displacement between electric and magnetic signals once computing a combined picture of those intensities (Figure 4f), in good qualitative agreement with the corresponding experimental combined image displayed in Figure 2e and Figure 4c. The remaining discrepancy is probably due to the convolution of the spatial magnetic and electric LDOS distributions by the non-spherical luminescent europiumdoped nanoparticle that is scanned below the MCA. Moreover, the difference in sizes between the combined spots in Figure 4c and f can also be explained by the dimensions of the nanoparticles used experimentally (diameters typically ranging between 50 nm and 70 nm, Figure S2), which contributes to a convolution effect with the MCA that exhibits a slightly larger diameter (140 nm).

β ant e = 1 -β ant m (5)
Finally, in order to fully express the influence of the antennas on their quantum environment in terms of the relative modification of the magnetic and electric LDOS, we define the degree of magnetic emission (DME) as:

Following equation 8, Figure 5a,b, display the 2D maps of DME for both antennas. Values of DME lower than 0 describe radiative electric LDOS enhancement (where electric emission is enhanced) and above 0, magnetic LDOS increase (where magnetic emission is increased). As expected, the DME in the case of the EMA is everywhere close to -1 (Figure 5b).

Interestingly, a large area of about 90x120 nm 2 features an increase of magnetic emission for the case of the MCA, in good agreement with Figure 4f (See Figure S7d-f for more examples). To be more quantitative, Figure 5c,d respectively plot the distribution of DME for each pixel displayed in Figure 5a,b, when each antenna is scanning a single particle. We observe a broad distribution in the case of the MCA (Figure 5c), with in particular many antenna positions (number of pixels) giving a positive DME, and a very narrow distribution in the case of the EMA (Figure 5d), with only negative values and mainly shifted towards -1.

These results unambiguously demonstrate an enhancement of magnetic spontaneous emission by means of a photonic nanoantenna ( i.e. the MCA). In summary, we experimentally demonstrated, for the first time, altogether manipulation, enhancement and control of the MD and ED transitions of quantum emitters using photonic nanoantennas, in good agreement with numerical simulations. First, manipulation by allowing the deterministic positioning of a Eu 3+ doped nanoparticle in close proximity to the nanostructures. Second, average enhancement of respectively 2 and 1.3 times of the relative magnetic and electric emission intensities with respect to far field illumination altogether with respectively 4 and 80 times enhancement of magnetic (respectively, electric) over electric (respectively, magnetic) radiative decay rates and third, control by designing nanostructures featuring specifically magnetic or electric resonances. Furthermore, we mapped the spatial distributions of the magnetic and electric relative radiative LDOS surrounding these antennas and the degree of magnetic emission, allowing for a unique insight on how the nanostructures influence their environment at the optical quantum level.

DME = ρm -ρe ρm + ρe (8) 
These findings represent a turning point in light-matter interactions, by demonstrating that magnetic spontaneous emission can be dominant over its electric counterpart, thanks to optically resonant nanostructures. In particular, the boost of magnetic light and matter interactions by magnetic nanoantennas opens new paradigms in various research fields involving magnetoelectric couplings such as spintronics, metamaterials, opto-electronics or chiral science. The latter, which is central in modern biochemistry and the evolution of life, would for instance directly benefit from this emerging research, as the magnetic component of light is crucial in light and chiral-matter interactions. [START_REF] Tang | [END_REF][50][51][START_REF] Valev | Advanced Optical Materials[END_REF] ASSOCIATED CONTENT Supporting Information.

Numerical simulations of the nanoantennas behavior. SEM image of the doped nanoparticles. 

Figure 1 .

 1 Figure 1. Principle of the experiment. Two types of photonic antennas are carved by a focused-ion beam (FIB) at the extremity of a near field tip. (a) A magnetic cylindrical antenna (MCA) made of silicon and (b) an electric monopole antenna (EMA) made of aluminum are brought in close proximity to a nanocrystal (purple particle) doped with trivalent europium ions featuring both magnetic and electric dipolar transitions. The magnetic emission is denoted in green color and the electric emission in red. (c) and (d) Numerical simulations of the normalized magnetic and electric field intensities in a transversal plane (xy) positioned 10 nm away from the MCA and the EMA respectively (calculated for a 590 nm excitation in the case of the MCA and 610 nm in the case of the EMA), the white circles represent the antennas contours. (e) Partial band diagram of Eu 3+ describing the magnetic ( 5 D0 -> 7 F1, green) and electric ( 5 D0 -> 7 F2, red) dipolar transitions; Γm is the magnetic and Γe the electric radiative transition rates. (f) Theoretical magnetic and electric intensity spectral responses, normalized by their respective intensities in vacuum, of the MCA (green continuous and dashed curves) and the EMA (red continuous and dashed curves), calculated 10 nm below the centre of each antenna. The luminescence spectrum of the Eu 3+ doped nanoparticle is displayed in black (see the Supporting Information for the particles synthesis). The purple line is the spectral position of the dichroic mirror that splits the magnetic and electric luminescence signals while the green and red bands represent the narrow bandpass filters used for each collection channel (see Figure S6 in the Supporting Information).

  Figure 2b-e correspond to the collected signal when the MCA is scanned over a single nanoparticle, while Figure 2g-j show the luminescence measured during the scan of the EMA over a few single particles and a cluster. Figure 2b,g depict the total intensity collected, while Figure 2c,h and Figure 2d,i respectively, provide the signal collected solely in the magnetic (590 nm) and electric (610 nm) channels. Note that these signals arise from the same excited state ( 5 D0) and therefore are independent of the excitation channel (i.e.

Figure 2 .

 2 Figure 2. Near field coupling. SEM images of (a), the MCA and (f) the EMA, carved at the extremity of a near-field fibre probe. Luminescence intensity distributions monitored when scanning isolated Eu 3+ doped nanoparticles in the near-field of a MCA (b-e), or an EMA (g-j): total collected intensity (b,g); collected magnetic emission (c,h); collected electric emission (d,i) and combined images (e,j) obtained by normalizing each detection channel to their maximum and color-coding the magnetic signal in green and the electric counterpart in red, before overlaying.

Figure 3a ,Figure 2 (

 3a2 Figure 3a,b display the spatial distributions of in the case of the MCA (Figure 3a, and Figure S7 for more examples) and in the case of the EMA (Figure 3b), calculated from Figure 2 (see Figure S8 in the Supporting Information for the corresponding electric (MCA)

ΓFigure 3 .

 3 Figure 3. Magnetic and electric branching ratios. (a), Magnetic and (b) electric branching ratio distributions for the MCA and the EMA, respectively. In order to facilitate the visualization of these distributions, masks have been applied to render black all branching ratios corresponding to photoluminescence signals lower than 7.8 counts/ms in the case of the MCA (Figure 2b) and 9.2 counts/ms in the case of the EMA (Figure 2g); signals that would otherwise generate noise and would display unphysical values. (c) Experimental line scans of the branching ratios represented by the black lines seen in the insets in (a,b) and in FigureS8; in here, 0 represents the starting point and the arrow the direction of the scan. In (c) green corresponds to the magnetic branching ratio and red, to the electric branching ratios, the confocal constant lines represent the magnetic and electric relative signals detected without the presence of the antennas (FigureS10). The dashed and continuous lines stand for the EMA and MCA, respectively. The error bars represent the standard deviations. (d) Numerical counterpart of (c) where an isotropic MD and ED is scanned over a transverse plane along the MCA and the EMA at a distance of 10 nm below each antenna. For each position of the dipoles with respect to the nanoantennas, their radiative decay rates are calculated by integrating the full power emitted in far-field (see FigureS9for more details on the procedure used for simulations).The slight discrepancy in distance between experiments and simulations is explained by the fact that numerical simulations consider a single isotropic point source, whereas the luminescent particles have typical dimensions ranging from 50 nm to 70 nm, convoluting the detected signal.

  electric and magnetic quantum environment surrounding the silicon nanostructured antenna (see FigureS14in the Supporting Information for the EMA case).

Figure 4 .

 4 Figure 4. Relative radiative LDOS mapping. (a), magnetic and (b) electric relative radiative LDOS surrounding the MCA, (c) combined LDOS pictures from (a) and (b). In here, the same mask has been applied as in the case of Figure 3a. Normalized magnetic (d) and electric (e) field intensities in a transversal plane (xy) 20 nm below an asymmetric MCA (defined in Figure S13 of the Supporting Information). (f) Combined picture of (d) an e. The circles represent the outside rim of the MCA.

Figure 5 .

 5 Figure 5. Degree of magnetic emission. DME 2D maps in the case of (a), the MCA and (b) the EMA. In here, the same masks have been applied as in the case of Figure 3a and b.(c) and (d) DME distribution obtained over every pixel of respectively (a) and (b)when a single particle is scanned by each antenna (indicated by an arrow), discarding noise pixels.

  Figure 4a and b.
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