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We theoretically demonstrate the possibility of obtaining nanosources through an original schema based on the generation of the radially polarized surface plasmon mode of a cylindrical metallic tip. This mode has no cutoff radius and can propagate along the tip walls until its nanometric-sized apex. Instead of radiating from the tip end, the guided mode will give rise to a nanospotlight via the well-known antenna effect. 3D calculations demonstrate that both surface plasmon-guided mode and antenna effect are directly involved in the light confinement. Near-field optical microscopy can benefit significantly from this kind of probe because the sample does not need to be directly illuminated.

Introduction

As it is well admitted now, the scanning near-field optical microscope (SNOM) leads to images that are very hard to be interpreted [START_REF] Hecht | Facts and artifacts in near-field optical microscopy[END_REF][START_REF] Hecht | Influence of detection conditions on near-field optical imaging[END_REF]. However, the use of such microscope keeps growing during the last 10 years especially due to its ability to make very local detection of the light distribution surrounding very small samples. Thus, quantum dots [START_REF] Chavez-Pirson | Near-field optical spectroscopy and imaging of single ingaas/algaas quantum dots[END_REF][START_REF] Ono | Time-resolved emission from self-assembled single quantum dots using scanning near-field optical microscope[END_REF][START_REF] Vohnsen | Second-harmonic scanning optical microscopy of semiconductor quantum dots[END_REF][START_REF] Kawazoe | Demonstration of nanophotonic not gate using near-field optically coupled quantum dots[END_REF], photonic crystals [START_REF] Phillips | Near-field optical microscopy of thin photonic crystal films[END_REF][START_REF] Koenderink | Near-field optics and control of photonic crystals[END_REF][START_REF] Bernal | Lithium niobate photonic crystal waveguides, far field and near field characterisation[END_REF][START_REF] Martin | Evidence of bloch wave propagation within photonic crystal waveguides[END_REF][11][START_REF] Lalouat | Near-field interactions between a subwavelength tip and a small-volume photonic-crystal nanocavity[END_REF][START_REF] Sandtke | Novel instrument for surface plasmon polariton tracking in space and time[END_REF], or nonlinear materials (Raman, fluorescence, ...) [START_REF] Sandoghdar | Prospects of apertureless snom with active probes[END_REF][START_REF] Hayazawa | Metallized tip amplification of near-field raman scattering[END_REF][START_REF] Kramer | Optical near-field enhancement at a metal tip probed by a single fluorophore[END_REF][START_REF] Laurent | Raman scattering images and spectra on gold ring arrays[END_REF] are currently characterized thanks to optical near-field microscopes working with conventional tips (coated or uncoated tapered optical fibers). Apertureless nearfield optical microscopes are often used by exploiting the tip effect, also named the "antenna effect", that leads to a large light confinement at the tip apex (see [START_REF] Kawata | Advances in nano-optics and nano-photonics[END_REF] and references therein). In that case, the confinement is generated by directly illuminating the end part of the probe with a linearly polarized optical beam having an electric field with nonzero component along the tip axis. Thus, the sample is also illuminated over a very large area. Consequently, parasitical optical reflections could contaminate the recorded local optical signal.

To enhance the resolution of the optical near-field microscope, it is necessary to decrease the size of the active zone of the used probe. By active zone, we mean the effective part of the tip that is involved in the detection (for the collection mode) or the illumination (when the tip is used as a local source) processes. Several ideas were proposed [START_REF] Kramer | The coaxial tip as a nano-antenna for scannng near-field microwave transmission microscopy[END_REF][START_REF] Leinhos | Coaxial probes for scanning near-field microscopy[END_REF][START_REF] Sqalli | Improved tip performance for scanning near-field optical microscopy by the attachment of a single gold nanoparticle[END_REF][START_REF] Keilmann | Vibrational-infrared near-field microscopy[END_REF] to enhance this resolution. In most of the cases, a resonance is used to locally enhance the collected or the emitted signals.

Recently, nanostructured probes were proposed and theoretically studied. In [START_REF] Antosiewicz | Corrugated metal coated tapered tip for scanning near field optical microscope[END_REF], corrugations (semicircular or oval shape) are made on the inner dielectric-metal interface of the fiber before the metal coating. It is demonstrated that gain of transmission depends on the position of the corrugation with respect to the tip end. Let us mention that 2D-FDTD numerical simulations are performed in that paper.

In [START_REF] Ding | Internal excitation and superfocusing of surface plasmon polaritons on a silvercoated optical fiber tip[END_REF], Ding et al. demonstrated a superfocusing phenomenon that is obtained thanks to a Surface plasmon polariton (SPP) excitation. This latter is generated by modifying the geometry of the apertureless tip end. By this way, the overlap between the radially polarized guided mode of the fiber and the radially polarized SPP is enhanced. The originality of that study is the use of the TM 01 -guided mode of the optical fiber for the excitation of the SPP. This latter has no cutoff and can propagate whatever is the value of the metal cylinder radius. A complete study on the excitation, the propagation, and the radiation of this SPP mode is presented in that paper.

A similar study was also presented by Chen et al. in a recent paper [START_REF] Chen | Numerical study of an apertureless near field scanning optical microscope probe under radial polarization illumination[END_REF], where the radially polarized SPP mode of a coated tapered optical fiber is used to obtain a highly confined electric field. Another interesting experimental study is presented in [START_REF] Ropers | Grating-coupling of surface plasmons onto metallic tips: a nanoconfined light source[END_REF], where only the half of the tip is structured (over one side) with a semicircular grating. Experimental demonstration of the SPP generation and propagation toward the probe apex is clearly shown in that paper.

We present here another alternative to get high powered nanosources based on light confinement at the apex of an apertureless metallic tip. For this purpose, we combine two effects: the excitation and the propagation of the radially polarized SPP mode that has no cutoff together with the well-known antenna effect appearing at the tip apex. As in [START_REF] Issa | Optical nanofocusing on tapered metallic waveguides[END_REF], where the finite element method (FEM) is used to simulate the propagation of surface plasmon polariton tip mode as it travels toward the taper of a conventional metallic tip, we perform 3D calculations using the body-ofrevolution finite time difference domain (BOR-FDTD) in the case of a structured tip illuminated by a radially polarized beam.

The antenna effect

This phenomenon has been widely theoretically studied and experimentally used during the last decade. Exhaustive bibliography can be found in the book of Shalaev and Kawata [START_REF] Kawata | Advances in nano-optics and nano-photonics[END_REF]. For the theoretical studies, 2D calculations have been done leading to the consideration of a prismatic tip instead of the 3D conical one [START_REF] H'dhili | Near-field optics: direct observation of the field enhancement below an apertureless probe using a photosensitive polymer[END_REF][START_REF] Fikri | Modeling recent experiments of apertureless nearfield optical microscopy using 2d finite element method[END_REF][START_REF] Bachelot | Apertureless near-field optical microscopy: a study of the local tip field enhancement using photosensitive azobenzene-containing films[END_REF]. Other works are based on 3D calculations but, according to us and in most of them, the tip description is questionable. In fact, modest tips (smaller than 1 µm length) are often considered and they are supposed to be illuminated by a plane wave [START_REF] Bohn | Field enhancement in apertureless near-field scanning optical microscopy[END_REF][START_REF] Calander | Theory of surface-plasmon resonance optical-field enhancement at prolate spheroids[END_REF][START_REF] Krug | Design of near-field optical probes with optimal field enhancement by finite difference time domain electromagnetic simulation[END_REF][START_REF] Renger | Evanescent wave scattering and local electric field enhancement at ellipsoidal silver particles in the vicinity of a glass surface[END_REF][START_REF] Roth | Resonant-plasmon field enhancement from asymmetrically illuminated conical metallic-probe tips[END_REF][START_REF] Cui | Tuning the resonance frequency of ag-coated dielectric tips[END_REF]. Consequently, it is clear that the "upper" nonphysical ending of the tip will contaminate the signal at its apex. Some other studies, qualified by a nonrigorous, are based on semianalytical models such as the quasi-static approach [START_REF] Denk | Near-field optics: microscopy with nanometer-size fields[END_REF][START_REF] Demming | Calculation of the field enhancement on laserilluminated scanning probe tips by the boundary element method[END_REF] and give a very clear insight on this phenomenon.

In all cases, it is demonstrated that the antenna effect can be induced with the axial component (along the tip axis) of the illuminating electric field. In order to optimize this effect and keep the axial symmetry for the illumination, it is clear that a radially polarized beam is perfectly adapted. In addition, after shaping (through conventional optical components) and converging towards its axis of symmetry, this conical light beam turns into Bessel beam that only presents axial electric field at its center [START_REF] Grosjean | Conical optics: the solution to confine light[END_REF]. So, the apex of the tip must be placed at this peculiar location to get efficient excitation of the antenna effect.

Our aim here is not to study the antenna effect itself but to point out the conditions to fulfill in order to get benefit from it and to clarify the origin of the expected confinement of the radially polarized surface plasmonguided mode. Thus, we do not present an extensive study of this effect but only a spectral study that demonstrates the occurring of this effect at the apex of our considered tip.

Consequently, our first study is limited to the determination of the light distribution surrounding the apex of a metallic tip illuminated by a beam having a nonzero axial component of the electric field. For this purpose, we use a home-made BOR-FDTD code. The cylindrical symmetry of the structure is fully exploited [START_REF] Davidson | Body-of-revolution finite-difference time-domain modeling of space-time focusing by a three-dimensional lens[END_REF] leading to 2D calculations instead of 3D ones [START_REF] Parent | Theoretical study of transient phenomena in near-field optics[END_REF][START_REF] Baida | Body-ofrevolution FDTD simulations of improved tip performance for scanning near-field optical microscopes[END_REF]. Thanks to a nonuniform mesh grid, a calculation window of 60 × 9 µm 2 is considered allowing to take into account a very long and realistic tip (52 µm length and 10 • for the half-cone angle).

For this purpose, the structure is meshed with a spatial resolution varying from δ r = δ z = 1 nm around the apex (small features) to r = z = 15 nm elsewhere. One note here that the transition between the two areas must be meshed gradually (over 400 spatial nodes) in order to cancel parasitical numerical reflections. On the other hand, the dispersion of gold is described by a Drude-Lorentz model [START_REF] Vial | Improved analytical fit of gold dispersion: application to the modeling of extinction spectra with a finitedifference time-domain method[END_REF] that was especially adapted and implemented into the BOR-FDTD algorithm in addition to the perfectly matched layers technique for the absorbing boundary conditions.

The tip apex has a semispherical shape of radius R. A radially polarized Bessel beam is supposed to illuminate the end part of the metallic thin tip at normal incidence (see Fig. 1a). It consists on a temporally Gaussian pulse centered on λ = 580 nm and having enough small duration to cover all the spectral range from 400 to 2,000 nm. Its spatial shape is also Gaussian with 10 µm beam-waist centered on the tip apex. This kind of beams can directly be generated with a classical optical fiber [START_REF] Grosjean | An all-fiber device for generating radially and other polarized light beams[END_REF]. In order to be more realistic, we present in Fig. 1b a possible way to generate such an illumination: the TM 01 -guided mode of an optical fiber is sent through an axicon. By means of an elliptical mirror, the exit light is directed and focused on the tip. At this stage, one can think that this theoretical scheme is very complex and needs a very high accuracy for the alignment. However, a quite similar scheme was already experimentally built and used as demonstrated in [START_REF] Bainier | Comparison of test images obtained from various configurations of scanning near-field optical microscopes[END_REF] (see Figure 6c of that paper).

The confinement χ is defined as the electric field amplitude measured at a fixed point in front of the tip (here at 5 nm) divided by the same quantity calculated without the tip. Figure 2 presents the obtained spectra Fig. 2 Spectral responses of the enhancement factor χ for different tip radii (varying from5to50nmbystepof 5 nm) and for different metals: perfect conductor in (a), gold in (b), and silver in (c). d Three responses at a fixed radius value (R = 5 nm) in addition to the one obtained for a tip made in glass. In all cases, the cone angle of the tip is set to α = 10 • and the illumination is centered on the tip apex when the radius of the apex grows from R = 5 nm to R = 50 nm for tips made in perfect conductor (a), in gold (b), and in silver (c). For all cases, the evolution of the spectral responses is qualitatively similar except the fact that it almost presents a linear behavior in the case of perfect conductor. The case of silver seems to be more adapted to the visible region because it allows large value of χ for small tip radius.

It is clear form Fig. 2 that the antenna effect exists in the two cases of perfect or real metal. In the case of a perfect conductor, the confinement grows almost linearly with the wavelength and it increases when the apex radius decreases. For gold, the antenna effect is also obtained but only for wavelengths larger than 600 nm. As for perfect conductor, the field enhancement has the same behavior with the apex radius except the presence of small oscillations appearing for large values of the wavelength.

The results of Fig. 2 are in good agreement with the electrostatic approach made in [START_REF] Demming | Calculation of the field enhancement on laserilluminated scanning probe tips by the boundary element method[END_REF]. In fact, the key parameter is the ratio R/λ that has to be very small in order to fulfill the electrostatic approach. For the visible range and in order to get valuable confinement coefficients (large than 10), the radius has to be smaller than 10 nm (see Fig. 2d). Consequently, we have fixed the tip radius to 5 nm.

Note here that the results of Fig. 2 are obtained with a spatially finite illumination and by considering a very large tip length. So, these calculations are rather original because they are based on a modeling which almost respects faithfully the experimental parameters. This study of the antenna effect can be completed by determining the influence of, the cone angle, the spatial extension of the illumination and/or the metal nature in order to maximize the enhancement factor.

Study of the structured tip

In order to generate the radially polarized surface plasmon-guided mode, we proposed to corrugate the metallic tip at 10µm far from its end. In fact, and in addition to what is proposed in [START_REF] Ropers | Grating-coupling of surface plasmons onto metallic tips: a nanoconfined light source[END_REF], our idea consists not only on the excitation of the SP mode but also on the use of such a guided mode to induce the antenna effect without the direct illumination of the tip apex. So, the incident beam directly illuminates corrugations (simple groove or conical grating) that are introduced on the walls of the metallic tip. The role of these features is to generate, by light diffraction, surface-guided modes on the conical face of the tip. As described in [START_REF] Ding | Internal excitation and superfocusing of surface plasmon polaritons on a silvercoated optical fiber tip[END_REF], a real metallic cylinder (with losses) has a radially polarized guided mode without cutoff. This means that when generated, this mode can, propagate along the tip walls whatever is the value of the radius, reach the apex and induce the antenna effect because the associated electric field presents a nonzero axial component.

In order to confirm these assumptions, we consider a conical metallic tip with an apex radius of R = 5 nm and a half-cone angle of α = 10 • . The corrugations consist, first, of a simple annular groove of 150-nm width and 200-nm depth located at L 1 = 27.5 µmfrom t heapex( s eeFig.3a). The width of the groove is chos e nt ob es m a l l e rt h a nλ min /2 (λ min = 400 nm being the smaller value of the wavelength for the considered spectral domain, i.e., [400 nm; 2,000 nm]) in order to get evanescent diffracted waves that can excite the SPP mode. The incident beam is centered at the groove and the detector is placed in front of the tip at 5 nm from the apex. In order to quantify the light enhancement at the apex we calculate the parameter τ which is the ratio of the electric field amplitude recorded by the detector by the same quantity measured at the center of the incident field (the Bessel Beam center that is at L 1 from the apex).

Calculations are performed for gold and silver metals. For tip made in gold, two Drude-Lorentz models were used to simulate the dispersion of this metal according to the experimental data of [START_REF] Palik | Handbook of optical constants of solids[END_REF][START_REF] Johnson | Optical constants of the noble metals[END_REF]. The calculated spectral responses are presented in Fig. 4.It is clearly shown that, the enhancement depends on the antenna effect obtained with the same metal. In fact, for gold metal, efficient enhancements are only obtained for wavelengths larger than 600 nm due to the antenna effect that is prohibited below this value as shown in Fig. 2.

A flat response is obtained over λ ∈[1,000; 1,500] nm for gold and λ ∈[500; 1,500] nm for silver. This broadband results from the compensation of two opposite phenomena: the antenna effect and the diffraction efficiency. The first one increases almost linearly while the second decreases exponentially when the wavelength increases. Beyond this plateau, the diffraction dominates and the amplitude falls down. Besides these two parameters, the decay length of the SPP intervenes on the enhancement factor because it depends on the wavelength value through the dispersion properties of the metal.

Figure 4 clearly shows that, with the considered geometry, it is only possible to get valuable enhancement in the visible range with the silver tip. For applications in nanooptics, the geometry must ideally enable the plateau obtained in Fig. 4, but over the visible region. This could be possible by modifying the metal nature and/or the probe cone angle.

For some other applications (SERS, Raman, or SHG), it is useful if the tip exhibits a spectral selectivity instead of a flat spectral response. This selectivity can be obtained by the use of a grating that enables the generation of the SPP around a desired wavelength value. So, we consider a finite grating of grooves (depth is fixed to h = 200 nm) with a spatial extension limited to L 0 = 9.5 µm from the tip apex (cf. Fig. 3a). The total spatial length of the grating is L = 36.5 µm. As in the case of the single groove, the incident beam imping the grating at normal incidence and it is located at 27.5 µm from the tip apex. Because of the axial symmetry, the interaction of light with the grating leads to diffracted orders with the same cylindrical symmetry. The propagation direction of each one is quantified through the usual grating formula:

k d // -k i // = 2mπ p // (1) 
where m is an integer, k i // and k d // are tangential (along the tip wall) components of the incident and diffracted wavevectors and p // is the grating period along the tangential direction ( p // = p/ cos α). The SPP excitation occurs for diffracted wavevector k d // that matches the one of the surface plasmon mode (k SPP ). This latter is given by:

k SSP = 2π λ ε m (λ) ε m (λ) + 1 (2)
in the case of a tip surrounded by vacuum. This last equation corresponds to an SPP that is excited on a flat metallic interface not on a conical one. It still is valid because of the perfect cylindrical symmetry of both the object (tip with corrugations) and the illumination (the radially polarized beam).

According to these two equations (Eqs. 1 and 2), it is clear that the metal permittivity plays a key role in the determination of the SPP resonance. For a perfect conductor, where the permittivity tends to infinity, the SPP excitation occurs for k d // = ω c which corresponds to the Rayleigh anomaly. In the visible range, the metal permittivity becomes finite with very big real part comparing to its imaginary part. The SPP tangential wave-vector component, that is given by Eq. 2, becomes larger than ω c . So, as it is well-known, it consists on an evanescent wave. By injecting Eq. 2 into Eq. 1, one can write:

λ SPP = p m cos α ε m (λ) ε m (λ) + 1 -sin α (3) 
λ SPP is here the wavelength for which the SPP is excited though diffraction by the grating and ε m is the dielectric permittivity of the metal. By using the Drude-Lorentz model given in [START_REF] Vial | Improved analytical fit of gold dispersion: application to the modeling of extinction spectra with a finitedifference time-domain method[END_REF], we can calculate λ SPP for different period values (see Table 1).

We performed FDTD simulations with different period values and we calculated the enhancement factor χ in front of a gold tip. The obtained normalized spectra (the normalization is done as in Fig. 4) are presented in Fig. 5. They are recorded at 5 nm in front of a gold tip. Except the period value that is varied from 770 to 1,130 nm, the geometrical parameters of the tips are fixed as indicated in Fig. 3.O n ec a ns e et h a t the spectra become thinner then those of Fig. 4 and the position of their maxima greatly depends on the period value. Consequently, the grating is playing its basic and fundamental role of a spectral filter based on the generation of the guided SPP mode of the tip.

The electromagnetic field that is confined in front of the tip apex (given by the χ factor value) is then great enough to induce nonlinear effects [START_REF] Bouhelier | Near-field second-harmonic generation induced by local field enhancement[END_REF][START_REF] Laroche | Threedimensional finite-difference time-domain study of enhanced second-harmonic generation at the end of a apertureless scanning near-field optical microscope metal tip[END_REF]a n d can be used as a very focused and localized source in optical characterization of nanophotonic devices and to generate multiphoton electron emission [START_REF] Ropers | Localized multiphoton emission of femtosecond electron pulses from metal nanotips[END_REF].

Let us notice here that theoretical values of λ SPP given in Table 1 (second line) do not correspond exactly to the maxima of the spectra of Fig. 5 given in the third line of the same table. This discrepancy is probably due to the influence of the spectral response of the antenna effect (see Fig. 2) and could induce a small blue shift on the global spectral response of the tip only for small values of the period ( p < 1, 000 nm). In addition and because of the spatial discretization used in the FDTD algorithm, the period value is defined with an uncertainty equal to the half of the spatial step value used to describe the grating (here 15/2 = 7.5 nm). Consequently, the spectra are somewhat widened and the peak positions are slightly modified. In order to get more precise results, it is necessary to decrease the spatial mesh step and, accordingly, to make an arduous calculations that cannot be supported by our own computers.

Let us mention here that the spectral responses plotted in Figure 3 of [START_REF] Ropers | Grating-coupling of surface plasmons onto metallic tips: a nanoconfined light source[END_REF] are in good agreement with spectra of Fig. 4. The intense local light spot, obtained in that study, is not only due to the excitation of the SPP-guided mode but also thanks to the antenna effect.

To end this prospective study, we present in Fig. 6 the light distributions for two different values of the wavelength corresponding to a gold tip with (at λ = 756 nm) and without (for λ = 1, 400 nm) SPP excitation. The period is set to p = 900 nm and the apex radius is R = 5 nm. In (a) and (c), the SPP is excited at λ = 765 nm leading to a large enhancement factor while this last almost disappears at λ = 1, 400 nm in (b) and (d). Because of the large spatial confinement of the electric field in (a) and (c), the fifth root of the square The third line gives the position of the maxima of the spectra presented in Fig. 5 and calculated by FDTD Fig. 5 Calculated enhancement factor spectra for the 13 values of the grating period of Table 1.

The considered tip is made in gold and its geometry is completely defined in 

Conclusion

In summary, we have proposed and theoretically demonstrated a new configuration based on a conical metallic tip exhibiting a very high confinement of light. A super-focusing effect is obtained at the tip end even if this last one is not enlightened. This was possible thanks to the combination of two phenomena: the excitation of a guided SPP mode at a rather big distance from the tip apex with the antenna effect. The major and important point to be noted is that this SPP mode can reach the apex because it has no cutoff. Thus, if other modes are generated (due to misalignment in the experience), they cannot affect the tip end and will give rise to radiative waves. The next step of this work consists on the experimental fabrication and characterization of such a probe. Works are in progress to fabricate such tips in gold or silver through the focused ion beam etching technique.
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 1 Fig. 1 Theoretical model of the structured tip in (a)and the proposed experimental setup to obtain the used peculiar illumination in (b)

Fig. 3

 3 Fig. 3 Theoretical model of the structured tip with a groove (a)orwithafinite grating (b)

Fig. 4

 4 Fig.[START_REF] Ono | Time-resolved emission from self-assembled single quantum dots using scanning near-field optical microscope[END_REF] Enhancement factor of the electric field amplitude in the case of an annular groove of 150-nm width and 200-nm depth

  Fig.[START_REF] Vohnsen | Second-harmonic scanning optical microscopy of semiconductor quantum dots[END_REF] Calculated enhancement factor spectra for the 13 values of the grating period of Table1. The considered tip is made in gold and its geometry is completely defined in Fig.3bwithanapexradiusR = 5 nm

Fig. 6

 6 Fig. 6 Light intensity distributions in color level (fifth root of the square modulus of the electric field). a, b For the whole calculation domain, c, d are zoom-in made around the tip apex on (a)and(b), respectively. The SPP is excited in (a)and(c) at λ = 756 nm while it disappears in (b)and(d)at λ = 1,400 nm. The grating period is set to p = 900 nm

Table 1

 1 Theoretical values of the wavelengths that correspond to the excitation of the SPP with respect to the corrugation period value calculated from Eq. 3

	p(nm)	770	800	830	860 890	920	950	980	1,010	1,040	1,070	1,100	1,130
	λ SPP (nm)	674.2 697.16 720.5 744 767.8 791.75 815.85 840.1	864.4	888.8	913.3	927.84	962.44
	λ FDTD SPP (nm) 668	694	718	741 764	788	808	834	862	879	915	936	961
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