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Focal Point: Imaging Optical Near-field in Plasmonic Nanostructures

Over the past five years, new developments in the field of plasmonics have emerged with the desire to finely tune a variety of metallic nanostructures to enable a desired function. The use of plasmonics in spectroscopy is of course of great interest due to large local enhancements in the optical near-field confined in the vicinity of a metal nanostructure. For a given metal, such enhancements are dependent on the shape of the structure as well as the optical parameters (wavelength, phase, polarization) of the impinging light, offering a large degree of control over the optical and spatial localization of the plasmon resonance. In this focal point, we highlight recent work that aims at revealing the spatial position of the localized plasmon resonances using a variety of optical and non-optical methods.

INTRODUCTION

Metallic nanostructures have enabled critical advances in a variety of applications ranging from metatronics devices to perform a specific logical function, [START_REF] Caglayan | Near-infrared metatronic nanocircuits by design[END_REF] medical research to better target tumors for further localized photothermal treatment, [START_REF] Cole | Photothermal efficiencies of nanoshells and nanorods for clinical therapeutic applications[END_REF][START_REF] Huanga | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] surface-driven catalytical reactions, [START_REF] Sun | A novel application of plasmonics: plasmon-driven surface-catalyzed reactions[END_REF] solar cells technology [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF][START_REF] Kamat | Nanotechnology for next generation solar cells[END_REF] to high sensitivity optical sensors and spectroscopic analysis of biochemicals and chemicals. [START_REF] Brolo | Plasmonics for future biosensors[END_REF][START_REF] Liu | Plasmonic biosensors: Know your molecules[END_REF][START_REF] Kawata | Plasmonics for nanoimaging and nanospectroscopy[END_REF][START_REF] Valsecchi | Periodic metallic nanostructures as plasmonic chemical sensors[END_REF] The electromagnetic field confined in the vicinity of a single metallic nanoparticle or an ensemble of interacting particles, displays resonances and localizations that are dependent not only on the considered metal but also on the opto-geometric properties of the nanostructure. The control of localized surface plasmon (LSPR) resulting from the interaction between an electromagnetic field and a metallic surface is therefore critical for the development of applications that yet have to be explored. [START_REF] Alonso-González | Resolving the electromagnetic mechanism of surface-enhanced light scattering at single hot spots[END_REF] The specific use of engineered plasmonic platforms or plasmonic tips in the field of Raman spectroscopy is noteworthy and a re-birth of surface-enhanced spectroscopy 40 years after its discovery has led to a variety of applications ranging from pollutant monitoring, [START_REF] Wang | Transparent Raman-enhancing substrates for microbiological monitoring and in-situ pollutant detection[END_REF] molecular recognition in microfluidics devices, [START_REF] Galarreta | Microfluidic channel with embedded SERS 2D platform for the aptamer detection of ochratoxin A[END_REF] cell biology, [START_REF] Huefner | Intracellular SERS nanoprobes for distinction of different neuronal cell types[END_REF] ultrasensitive measurements in the biomedical field, [START_REF] Zhao | Monitoring methotrexate in clinical samples from cancer patients during chemotherapy with a LSPR-based competitive sensor[END_REF] to high spatial resolution vibrational spectroscopy benefiting from tipenhanced effect. [START_REF] Berweger | Light on the tip of a needle: plasmonic nanofocusing for spectroscopy on the nanoscale[END_REF][START_REF] Klingsporn | Intramolecular insight into adsorbate-substrate interactions via lowtemperature, ultra-high vaccum tip-enhanced Raman spectroscopy[END_REF][START_REF] Kazemi-Zanjani | Label-free mapping of osteopontin adsorption to calcium oxalate crystals by tip-enhanced Raman spectroscopy[END_REF] To tailor LSPR for a particular application, the design and the fabrication method are ultimately the two factors that critically define the response of the structure to the impinging field. [START_REF] Maier | Plasmonics: fundamentals and applications[END_REF] For example, gold nanostructures with submicron sizes will have resonances in the visible spectrum opening applications in surface-enhanced Raman spectroscopy (SERS) [START_REF] Guieu | Ultrasharp optical-fiber nanoprobe array for Raman local-enhancement imaging[END_REF][START_REF] Correia-Ledo | Assessing the Location of Surface Plasmons Over Nanotriangle and Nanohole Arrays of Different Size and Periodicity[END_REF][START_REF] Sharma | High performance SERS substrates: advances and challenges[END_REF] while structures with the same geometry but with dimensions of several microns will have resonances in the mid-infrared spectral range opening surface enhanced infrared spectroscopy applications (SEIRS). [START_REF] Hoffmann | Low-cost infrared resonant structures for surface-enhanced infrared absorption spectroscopy in the fingerprint region from 3 to 13 μm[END_REF][START_REF] Aroca | Surface-enhanced infrared spectroscopy[END_REF] The use of plasmonic platforms in surface enhanced fluorescence (SEF) are also promising yielding higher spatial resolution, shorter acquisition time or smaller irradiance. [START_REF] Fayyaz | Surface-enhanced fluorescence: mapping individual hot spots in silica-protected 2D gold nanotriangle arrays[END_REF] For general surface enhanced spectroscopy, the spectral matching between the input wavelength and the LSPR is not very critical since the spectral width of the LSPR is generally large enough so that resonances and subsequent enhancements are effective even if resonance conditions are not perfectly met. However, for other applications where a perfect matching and a high degree of confinement are necessary, such as in high resolution imaging, the experimental spectral and spatial characterization of the LSPR is of particular interest.

In the present focal point, we report on recent work where various techniques are used to map localized surface plasmon in the vicinity of metallic nanostructures. Several reviews have already been written on this topic, [START_REF] Okamoto | Visualizing the optical field structures in metal nanostructures[END_REF][START_REF] Kociak | Mapping plasmons at the nanometer scale in an electron microscope[END_REF][START_REF] Vogelgesang | Real-space imaging of nanoplasmonic resonances[END_REF][START_REF] Douillard | High-resolution microscopy of plasmon field distributions by scanning tunneling luminescence and photoemission electron microscopies[END_REF] yet recent progress in the field has been evolving rapidly as well as the multiple approaches to manipulate surface plasmon. Optical measurements are naturally primarily used in various combinations using near-field scanning methods or far-field microscopies to probe a variety of linear or nonlinear optical processes.

From a pure spectroscopy aspect, if a majority of recently published work focuses on plasmon mediated SERS, recent work on nonlinear optical applications of plasmonic structures are making use of resonances with incoming short pulse of light highlighting new potentials in nanophotonics. [START_REF] Kauranen | Nonlinear plasmonics[END_REF] Of great interest, advanced electronic microscopy methods with electronic excitation and/or electron emission methods are reviewed and show clearly the localization of resonance for given energies with unprecedented spatial resolution. Last, indirect methods involving surface deformation of a photosensitive material, or thermal effects are also described. The use of an atomic force microscope probe to sense weak local forces (down to 10 -15 Newton) from the confined optical field is also an elegant approach evidenced by recently published work.

OPTICAL NEAR-FIELD MICROSCOPY

Since plasmonic nanostructures are commonly used for optical applications, it appears logical to use optical techniques for the study of their near-field properties. Nevertheless, the spatial resolution of optical microscopy measurements is diffraction limited and the expected spatial resolution is typically half of the effective optical wavelength as described by Abbe's criterion. This resolution, typically a few hundred nanometers, is much larger than the typical size of the evanescent field confined in the vicinity of metallic nanostructures, which is limited to a few nanometers. It is therefore necessary to surpass this diffraction limit to reach a better spatial resolution of the optical measurement. In this context, optical near-field microscopy is a technique of choice and is based on an optical probe with a dimension much lower than the wavelength that is used to convert the non-propagative optical near-field signal into a measurable far-field contribution. Using a scanning near-field optical microscope (SNOM) it is thus possible to map the optical properties of plasmonic nanoparticles with a spatial resolution in the ~10 nm range. SNOM can be conducted on a variety of samples with distinct optical schemes such as collection or illumination modes. The near-field mapping can be performed with a large choice of excitation sources limited only by the current laser tunability range. As a consequence, SNOM experiments on plasmonic structures are often performed by changing the geometrical parameters of the nanostructure rather than changing the photon energy. A comprehensive description of near-field optical microscopy and the interpretation of the collected images can be found elsewhere. [START_REF] Courjon | Near-field microscopy and near-field optics[END_REF][START_REF] Novotny | The history of near-field optics[END_REF][START_REF] Novotny | Principles of nano-optics[END_REF] The critical factor in SNOM relies on the optical probe: its dimension must be small enough to obtain a high spatial resolution and it must be extremely efficient for the conversion of the optical near-field into a measurable far-field signal. In addition, the probe must be localized in the near-field of the sample, typically a few nanometers from the surface in order to convert the evanescent waves into propagative waves. A critical issue is the role of the probe that perturbs the optical near-field, yielding images that can be complex to analyze. [START_REF] Esslinger | Reciprocity theory of apertureless scanning near-field optical microscopy with point-dipole probes[END_REF][START_REF] García-Etxarri | Influence of the tip in near-field imaging of nanoparticles plasmonic modes: weak and strong coupling regimes[END_REF][START_REF] Sun | Strong tip effects in near-field scanning optical tomography[END_REF] In addition, the mechanical interaction between the probe and the sample can also induce artifacts in the image that must be carefully considered. [START_REF] Hecht | Facts and artifacts in near-field optical microscopy[END_REF] Based on the nature of the probe, SNOM techniques can be classified in the "aperture" and "apertureless" categories as depicted in Fig. 1(A). Herein we describe both techniques and elaborate on how they can be used to map the near-field of metallic nanostructures. 
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cal fiber wit sually) and electromagn AFM) probe ements. [START_REF] Celebrano | Hollow-pyramid based scanning near-field optical microscope coupled to femtosecond pulses: a tool for nonlinear optics at the nanoscale[END_REF] T sured with a respectively The a y the detection) is passing through the aperture, the excitation (or detection) is qualified of "near-field" while the detection (respectively the excitation) is performed in the "far-field". Different configurations of near and far-field excitation and detection can be performed. For the study of plasmonic nanostructures, a variety of optical signals can be measured using SNOM (Fluorescence, Luminescence, elastically or inelastically light scattered, second or third harmonic generation,…). In most of SNOM studies, the elastically scattered light is generally measured as well as other advanced measurements such as fluorescence, [START_REF] Taminiau | λ/4 resonance of an optical monopole antenna probed by single molecule fluorescence[END_REF] two-photon induced luminescence (using near infrared and ultrashort laser pulses) [START_REF] Imura | Near-field two-photon-induced photoluminescence from single gold nanorods and imaging of plasmon modes[END_REF][START_REF] Imura | Optical field imaging of elongated rectangular nanovoids in gold thin film[END_REF][START_REF] Kim | Confined optical fields in nanovoid chain structures directly visulaized by near-field optical imaging[END_REF] or second harmonic generation. [START_REF] Kazemi-Zanjani | Label-free mapping of osteopontin adsorption to calcium oxalate crystals by tip-enhanced Raman spectroscopy[END_REF][START_REF] Celebrano | Hollow-pyramid based scanning near-field optical microscope coupled to femtosecond pulses: a tool for nonlinear optics at the nanoscale[END_REF][START_REF] Zavelani-Rossi | Near-field second-harmonic generation in single gold nanoparticles[END_REF] Each technique can bring specific information about the studied sample and the combined use of different measurements for a complete analysis of both the scattering response and local field distribution has already been pointed out. [START_REF] Duò | Recent developments in linear and nonlinear near-field microscopy on single plasmonic nanoparticles[END_REF] In addition aperture SNOM offer the possibility to perform near-field polarimetric measurements. [START_REF] Shcherbakov | Near-field optical polarimetry of plasmonic nanowires[END_REF] The main issue of a-SNOM setups is the limited collection or detection efficiency. Also, large input power of the excitation light can cause irreversible thermal damages to the tip. In addition if we assume that transmission in a metallic aperture is proportional to a 4 (with a being the diameter of the aperture) a decrease of this size by an order of magnitude will decrease the signal intensity by 10 4 . As a consequence, a-SNOM is limited to very efficient optical processes that can be collected using reasonable acquisition time to avoid possible mechanical drift of the positioning stage. Often, a compromise must be found between resolution, requiring a small aperture diameter, and signal intensity. In most a-SNOM studies the typical diameter of the aperture is around 50 nm. Typical near-field images of metallic nanostructures obtained with a-SNOM can be seen in Fig. 2(A,B). [START_REF] Zhou | Direct near-field optical imaging of UV bowtie nanoantennas[END_REF][START_REF] Lin | Direct near-field optical imaging of plasmonic resonances in metal nanoparticles pairs[END_REF] A good agreement between the experimental near-field measurement and the modeling of the optical near-field is shown in Fig. 2(A) as long as the limited resolution of SNOM measurements is taken into account. Experimental developments have highlighted that a-SNOM can be combined with femtosecond laser excitation to visualize the ultrafast response of plasmonic nanostructures. [START_REF] Wu | Sub-20-fs time-resolved measurements in an apertured near-field optical microscope combined with a pulse-shaping technique[END_REF] A-SNOM has a rather limited spatial resolution (typically a few 10 nanometers in the ideal conditions) and is not well suited for the study of nanostructures with smaller dimensions. To improve this resolution, photon scanning tunneling microscope (PSTM, or Scanning Tunneling Optical Microscope STOM) has been developed. Bottom illumination induces total internal reflection in the sample. The evanescent field at the surface is converted in a far-field signal by a dielectric nano-aperture. Since there is no metallic coating at the surface of the probe, the confinement of the electromagnetic fields at the apex is higher and the expected resolution is better. [START_REF] Drezet | Surface plasmon mediated near-field imaging and optical addressing in nanoscience[END_REF] This technique has been used for the study of plasmonic nanostructures. [START_REF] Krenn | Squeezing the optical near-field zone by plasmon coupling of metallic nanoparticles[END_REF][START_REF] Seal | Growth, morphology, optical and electrical properties of semicontinuous metallic films[END_REF] It must be noticed that aperture SNOM can also be used to measure near-field magnetic properties of plasmonic nanostructures. 54

Fig. 2. (A) (a) UV (364 nm) aperture near-field images of an aluminum bowtie nanoantenna. The "hot-spot" in the gap is clearly visible. (b) and (c) are corresponding FDTD simulations. The calculated image (c) takes into account the limited resolution of a-SNOM. (Adapted with permission from ref. 48) (B) Aperture near-field mapping of a gold nanoparticles (diameter=50 nm) pair. The image is recorded for two perpendicular laser (532 nm) polarizations. (Adapted with permission from ref. 49) (C) (a) Schematic of a s-SNOM experiment. The tip is made of silicon and second harmonic demodulation is used. The topography (b), near-field image (c) and simulation (d) of a gold nanostructure are reported. (Reprinted with permission from ref. 56, Copyright 2012, AIP Publishing LLC) (D)Topography (left) and apertureless IR (9.6 m) near-field images of a metallic triangle. The optical image is obtained using interferometric detection, dielectric tips, higher harmonic demodulation and residual background subtraction. With this configuration both amplitude and phase images can be acquired. (Adapted from ref. 60 with permission of American

Chemical Society, Copyright 2010)
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Apertureless SNOM (s-SNOM). In many examples, the spatial resolution of aperture SNOM is not sufficient to probe accurately the optical near-field confined in the vicinity of plasmonic nanostructures. As an alternative, s-SNOM has been proposed. [START_REF] Patanè | Apertureless near-field optical microscopy[END_REF] As shown in Fig. 1(A), the optical probe is a metallic or metallized tip playing the role of a nanoantenna to convert the near-field information into a far-field and measurable signal. [START_REF] Chen | Direct mapping of plasmonic coupling between a triangular gold island pair[END_REF] Some studies have proven that in such a configuration, the spatial resolution can be very high and suitable for the study of plasmonic nanostructures. [START_REF] Bek | Apertureless scanning near-field optical microscope with sub 10 nm resolution[END_REF][START_REF] Grefe | Near-field spatial mapping of strongly interacting multiple plasmonic infrared antennas[END_REF] Different configurations of optical excitation and collection have been developed offering a variety of control over the input/output polarization, the incidence angle, the optical collection and finally the transparency of the sample or substrate. Usually two main configurations are used: side-illumination and/or collection and bottom-illumination and/or collection.

For side-illumination the optical collection is usually weak for technical reasons. It is much higher with bottom illumination but it requires a transparent substrate. Other optical configurations have also been proposed for specific measurements. [START_REF] Apuzzo | Observation of near-field dipolar interactions involved in a metal nanoparticle chain waveguide[END_REF] It must be noticed that s-SNOM can be performed in a wide range of excitation wavelengths including the infrared spectral region. [START_REF] Schnell | Amplitude-and phase-resolved near-field mapping of infrared antenna modes by transmission-mode scattering-type near-field microscopy[END_REF] Some typical images of plasmonic nanostructures obtained with this technique are reported in Figs. 2(C) and 2(D). [START_REF] Chen | Direct mapping of plasmonic coupling between a triangular gold island pair[END_REF][START_REF] Schnell | Amplitude-and phase-resolved near-field mapping of infrared antenna modes by transmission-mode scattering-type near-field microscopy[END_REF] The efficiency of the tip and the reproducibility of its fabrication are both critical parameters for s-SNOM measurements. Advanced nanofabrication methods are aiming at producing photonic-plasmonic tips designed for specific applications such as Raman SERS measurements providing high sensitivity as well as high spatial resolution. [START_REF] De Angelis | Nanoscale chemical mapping using three-dimensional adiabatic compression of surface plasmon polaritons[END_REF] In most cases the nature of the optical interaction between the tip and the sample is not clearly understood and it is absolutely necessary to be extremely cautious in the analysis of the obtained images. In this context, numerical modeling such as finite difference time domain (FDTD) and discrete dipole approximation (DDA) are valuable tools for a fine interpretation of the images. Different kind of tips can be used for s-SNOM studies of metallic nanostructures. Fluorescent functionalized tip are used to probe the near-field enhancement through an increase of the fluorescence induced by the plasmonic structure. In such experiments, the distance between the fluorescent tip and the metal surface must be well controlled to prevent quenching effects. [START_REF] Aigouy | Field distribution on metallic and dielectric nanoparticles observed with a fluorescent near-field optical probe[END_REF][START_REF] Cuche | Fluorescent oxide nanoparticles adapted to active tips for near-field optics[END_REF][START_REF] Krachmalnicoff | Towards a full characterization of a plasmonic nanostructure with a fluorescent near-field probe[END_REF][START_REF] Sonnefraud | Near-field optical imaging with a CdSe single nanocrystal-based active tip[END_REF] A mapping of the sample with the tip finally gives the distribution of optical hot-spots. However the spatial resolution obtained with such functionalized tip is usually less than non-functionalized AFM tips. To improve the resolution of s-SNOM, metallic tips made of gold or silver were used to interact with the near-field of plasmonic nanostructures. Elastically scattered light due to tip-sample interaction is measured and improvement of the resolution can be done by inscribing a grating on the tip to optimize the coupling of the input light with the nanoantenna. [START_REF] Sadiq | Adiabatic nanofocussing scattering-type optical nanoscopy of individual gold nanoparticles[END_REF] A major issue with such metallic tip is the presence of a strongly enhanced electromagnetic field at its apex. The interaction between the tip-enhanced field and the field from the plasmonic nanostructures can be rather complex as shown by numerical simulations and the final mapping is a snapshot of this interaction. As possible alternatives the use of semi-conducting tips such as silicon, [START_REF] Breit | Near-field second harmonic generation by using uncoated silicon tips[END_REF] nanotubes, [START_REF] Hillenbrand | Coherent imaging of nanoscale plasmon patterns with a carbon nanotube probe[END_REF] and carbon [START_REF] Apuzzo | Observation of near-field dipolar interactions involved in a metal nanoparticle chain waveguide[END_REF] has been proposed to reduce tip-sample interaction.

In any case, the collected signal is often noisy with a strong background signal coming from all the collected light not related to the field scattered by the tip. To improve this major drawback two different approaches have been proposed. The first one is based on an oscillating tip (Non-contact or tapping AFM modes) combined with a lock-in detection: only scattered light modulated at higher harmonics of the tip frequency oscillation is measured, removing the entire background signal. The use of this method in SNOM for the reduction of noise has already been demonstrated. [START_REF] Gucciardi | Far-field background supression in tip-modulated apertureless near-field optical microscopy[END_REF][START_REF] Longo | Optical super resolution using higher harmonics and different acquisition modes in an aperture tapping SNOM[END_REF][START_REF] Maghelli | Optical near-field harmonic demodulation in apertureless microscopy[END_REF] Usually second harmonic [START_REF] Breit | Near-field second harmonic generation by using uncoated silicon tips[END_REF] or third harmonic 72 detection is used. Higher harmonics detection makes the near-field contribution [START_REF] Keilmann | Near-field microscopy by elastic light scattering from a tip[END_REF] sharper at the cost of a weaker signal. In addition, it is absolutely necessary to check that the detected anharmonic signal does not come from pure mechanical artifacts (tip touching the surface in tapping mode, non-harmonic tip surface interaction). [START_REF] Kohlgraf-Owens | Optical-force-induced artifacts in scanning probe microscopy[END_REF] The second method for background suppression is based on the use of an interferometric scheme. It has been shown that in a-SNOM the final image is the result of a subtle combination of various interferometric signals. [START_REF] Aubert | Analysis of the interferometric effect of the background light in apertureless scanning near-field optical microscopy[END_REF] Such feature can be used for background suppression: a frequency shifted reference beam is used to make interferences with the tip scattered light. In such heterodyne detection the background signal can be significantly removed using lock-in detection. The advantages of this method compared to non-interferometric has been discussed in several articles. [START_REF] Esteban | Apertureless near-field optical microscopy: differences between heterodyne interferometric and non-interferometric images[END_REF][START_REF] Gomez | Apertureless scanning near-field optical microscopy: a comparison between homodyne and heterodyne approaches[END_REF] In addition to field intensity, heterodyne detection enables phase-contrast images which bring a valuable set of informations (Fig. 2(D)). [START_REF] Schnell | Amplitude-and phase-resolved near-field mapping of infrared antenna modes by transmission-mode scattering-type near-field microscopy[END_REF] Added to this configuration the use of a cross-polarization side illumination and detection enhance the signal-to-noise ratio. [START_REF] Esslinger | Background-free imaging of plasmonic structures with cross-polarized apertureless scanning near-field optical microscopy[END_REF] This last point is the major drawback of SNOM: the exact role of the near-field probe remains unclear. Essingler et al. have recently indicated that the final measured signal is directly proportional to the field of the coupled tip-sample system. [START_REF] Esslinger | Reciprocity theory of apertureless scanning near-field optical microscopy with point-dipole probes[END_REF] A post treatment deconvolution is thus required to get only the field from the sample. It is then necessary to know exactly the optical properties of the probe which remains an experimental challenge.

In conclusion, optical near-field microscopy can be very efficient for the study of plasmonic modes in metallic nanostructures. Nevertheless it should be clearly emphasized that the final interpretation of the images strongly depends on the nature of the probe-sample interaction. ocal inform ted to collec giving rise ervation mo l density of formation ab uctures. In ed using eit ally a few na nsmission m ted and its ntage is tha the prepar beam milli and condu microscop monic nanos ements: cat as depicted
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mation on pl ctive electro to a detect ode, [START_REF] García De Abajo | Optical excitations in electron microscopy[END_REF] Cathodoluminescence. When a sample is illuminated with an electron beam it can emit light. In the case of semiconducting materials, this light is a result of an electron-hole recombination process. For metallic nanostructures the electron beam excite the oscillating plasmons giving rise to a detectable radiation. Thus the wavelength, intensity and polarization of this radiation all depend on the plasmonic properties of the sample. The electron beam is scanned over the whole plasmonic nanostructures and simultaneously the emitted light is detected. Two informations can therefore be recorded: (i) a spectral information: at a given point of the structure, the spectral properties of the emitted light are measured. Such spectrum gives information on the spectral positions of plasmonic modes for the observed nanostructures. The spectral resolution of CL is very high and typically of 1 meV in the visible range. [START_REF] Gomez-Medina | Mapping plasmons in nanoantennas via cathodoluminescence[END_REF] The polarization of emitted light can also be studied using a polarizer placed in front of the optical detector. (ii) a spatial information: for a given emission wavelength, the radiation intensity is scanned over the sample. The final map gives a spatial distribution of the near-field properties of the metallic nanostructures. Both measurements can be performed using either a SEM or a TEM microscope. With a SEM the acceleration voltage is typically a few 10 kV while it is significantly higher with a TEM (200-300 kV). Usually, the background CL signal can be quite high and sometimes require a post treatment analysis in the obtained images. It is therefore beneficial to use a substrate with a low CL signal (silicon wafer for example) in the spectral range of interest. To increase the signal intensity from the sample the electron beam is usually focalized with a rather large spot size (typically 5-10 nm) thus decreasing the spatial resolution. An example of CL mapping performed on aluminum nanorod antennas prepared by lithography can be seen in Fig. 3(A). [START_REF] Knight | Aluminum plasmonic nanoantennas[END_REF] The influence of the aspect ratio is clearly evidenced and is directly associated to the plasmonic properties of such antennas. For the 100 nm rod a strong dipolar mode is observed whereas for the longest nanostructure, quadrupolar modes are clearly visible. The authors estimated their spatial resolution to be better than 20 nm.

V (left) field erican d for scale bar is 50 nm. (Adapted from ref. 92 with permission of American Chemical Society, Copyright 2011) (C) Comparison between experimental EELS mapping, calculated EELS signal and optical FDTD simulations for two orthogonal polarizations. The measurements and simulation are performed on a silver bent nanowire (length: 1034 nm). (Reprinted with permission from ref. 89, Copyright (2013) by the American Physical Society (D) Above and middle: PINEM images of

As for any electron-plasmons interaction processes the interpretation of the obtained images is not straightforward. Usually optical modelling of the electromagnetic field using various methods (FDTD, boundary element method….) is required to yield a clearcut interpretation of the mapping. However, the agreement between simulation and experimental measurements is sometimes poor. [START_REF] Gomez-Medina | Mapping plasmons in nanoantennas via cathodoluminescence[END_REF] It has been clearly shown that electronic microscopy give a different information compared to pure light processes. Dark modes (i.e. plasmonic modes that cannot be observed using pure optical measurements) can be detected using CL. [START_REF] Barnard | Imaging the hidden modes of ultrathin plasmonic strip antennas by cathodoluminescence[END_REF] It is admitted that the final mapping gives the electromagnetic local density of states (EM-LDOS). In addition, electron beam is more capable of exciting out-of-plane modes of the nanostructures. [START_REF] Chaturvedi | Imaging of plasmonic modes of silver nanoparticles using high-resolution cathodoluminescence spectroscopy[END_REF] This is a real challenge for the detection of hot-spots between interacting plasmonic features. Such hot-spots play a key role in surface enhanced spectroscopies and can be observed between dimers [START_REF] Halas | Plasmons in strongly coupled metallic nanostructures[END_REF] giving rise to very intense in-plane electric field. With electronic excitation it is hardly possible to detect this field.

The spatial resolution of CL is not as high compared to usual electronic microscopy. As previously mentioned the electron beam is quite large, but this is not the only factor decreasing the resolution: the CL emission can occur even when the electron passes near the material without actually going through it. [START_REF] Yamamoto | Photon emission from silver particles induced by a high-energy electron beam[END_REF][START_REF] Yamamoto | Light emission from surfaces thin films and particles induced by high-energy electron beam[END_REF] It is generally assumed that this resolution is typically around 10-20 nm. The resolution is slightly higher with a TEM than with a SEM, but the complexity of TEM observations added to the use of high acceleration voltage that can damage the plasmonic nanostructures make the advantages of transmission microscopy for CL measurements not trivial.

Electron energy loss spectroscopy (EELS).

EELS is based on a pure electronic mechanism and it can be performed only with a transmission microscope. The EELS signal is related to the energy lost by an electron through its interaction with a given sample. For metallic nanostructures it has been shown that this energy loss is related to the excitation of plasmonic modes. Similar to CL, EELS provides spectral and spatial informations of the plasmonic modes. For spectral analysis, EELS is not so efficient compared to CL for two reasons. On one hand, it is limited to rather high energy modes (typically higher than 1.5 eV which correspond to wavelengths lower than 830 nm) because of the very intense beam (usually called the zero-loss or Rayleigh beam) of the elastically transmitted electron beam. This point can be improved using energy filtering TEM (EF-TEM). [START_REF] Reimer | Energy-filtering transmission electron microscopy[END_REF] Technical developments are moving forward and some recent studies have reported measurements down to much lower energy, typically 0.5 eV (2500 nm). [START_REF] Rossouw | Multipolar plasmonic resonances in silver nanowire antennas[END_REF] On the other hand, the intrinsic spectral resolution of EELS is lower compared to CL: even with a monochromatic source it is difficult to have a resolution better than 100 meV, [START_REF] Rossouw | Plasmonic response of bent silver nanowires for nanophotonic subwavelength waveguiding[END_REF] this value can be compared to the 1 meV resolution expected with CL measurements. In addition such a high resolution is reached by the cost of decreasing signal intensity. The mapping can be performed using transmission microscope in scanning mode. The spatial mapping in EELS provides the EM-LDOS mainly in the direction along the electron beam axis similarly to CL measurements. Dark plasmonic modes can thus be detected by EELS. [START_REF] Koh | Electron energy-loss spectroscopy silver nanoparticles and dimers: influence of beam damage and mapping of dark modes[END_REF] Compared to CL, EELS signal is very intense. As a consequence it is possible to work with rather low electron current to avoid any damage on the sample. In addition it is not necessary to enlarge the electron beam to measure a detectable signal and the spatial resolution can thus be improved.

Once again the beam diameter is not the only parameter influencing the final spatial resolution: the range of effective interaction with the sample can be much larger. For a 100 keV electron beam this range can reach 10 nm, a value much higher than the typical size of the electron beam. Further technical developments will help improving this value but some factors such as radiation damage, delocalization of inelastic scattering and beam broadening in the sample will remain as experimental limitations. [START_REF] Egerton | Limits to the spatial, energy and momentun resolution of electron energy-loss spectroscopy[END_REF] Typical mapping using EELS signal can be seen in Figs. 3(B,C). In the first study gold triangular bowtie nanostructures were prepared using high resolution electron beam lithography (Fig. 3(B)). [START_REF] Koh | High-resolution mapping of electron-beam-excited plasmon modes in lithographically defined gold nanostructures[END_REF] The mapping was obtained by integrating EELS signal intensity over various energy ranges. The authors clearly indicate that even if these maps do not represent the exact photonic density of state, they are yet strongly related to the plasmonic modes of such nanostructures. The second EELS study is performed on a bent silver nanowire (Fig. 3(C)). [START_REF] Rossouw | Plasmonic response of bent silver nanowires for nanophotonic subwavelength waveguiding[END_REF] Different modes are clearly evidenced and compared to calculated EELS signal and FDTD simulations. It must be noticed that since EELS is a pure electronic process, the control over the input or output polarization is not possible. This makes the comparison with pure optical images rather complicated. It must be pointed out that there is no clear theory linking EELS and optics and the final interpretation of EELS mapping of plasmonic nanostructures is still a field of intense research. [START_REF] García De Abajo | Probing the photonic local density of states with electron energy loss spectroscopy[END_REF][START_REF] Hohenester | Electron-energy loss spectra of plasmonic nanoparticles[END_REF] In Fig. 3(C) it should be noticed that calculated EELS signal and optical FDTD simulations do not give exactly the same images. This confirms that the relation between optical properties and electronic measurements is not straightforward.

Recent developments in electron microscopy.

To improve the compromise between spectral and spatial resolution, new methods based on transmission electron microscopy are currently under development. They can be more or less seen as a variation of EELS measurements. The approach is based on the combination of high spectral resolution of optical probes with high spatial resolution of electrons beam. [START_REF] Yurtsever | Subparticle ultrafast spectrum imaging in 4D electron microscopy[END_REF] The development of time resolved electron microscopy appears as extremely promising for the study of plasmonic nanostructures. [START_REF] Batson | Plasmonic modes revealed[END_REF] In this context, photon-induced near-field electron microscopy (PINEM) [START_REF] Barwick | Photon-induced near-field electron microscopy[END_REF] is a promising technique. In PINEM, the metallic nanoparticle is excited with a photon coming from a femtosecond laser and, simultaneously, an ultrashort electron pulse images the near-field induced by the optical excitation. An example of an image obtained with this technique can be seen in Fig. 3(D). [START_REF] Yurtsever | Direct visualization of near-fields in nanoplasmonics and nanophotonics[END_REF] Different modes from close packed silver circular nanoparticles are thus evidenced. A very important advantage of PINEM over EELS is that it is possible to control the polarization of the optical excitation. Similar to CL and EELS, the recorded field is the component along the direction of the electron beam. The major drawback is that it requires a rather sophisticated TEM equipped with a femtosecond laser system and a post-column energy spectrometer.

As a conclusion for electron microscopy techniques used to map the near-field properties of plasmonic nanostructures, EELS and CL appear as extremely promising and complementary: CL offers a very good spectral resolution whereas EELS offers a very good spatial resolution. Ultimately, the best solution is to have access to both methods, which is technically possible but requires a very sophisticated and thus costly microscope. In addition the necessity for the sample to be transparent to electron beam is a major drawback for the use of a TEM for the study of plasmonic nanostructures. The final information given by these techniques is still under discussion even if it appears that it is strongly related to the out-of-plane EM-LDOS. Some dark modes can thus be observed but hot-spot with very intense in plane electric field can hardly be detected. Electron microscopy techniques are thus perfectly complementary to optical techniques.

PHOTOEMISSION ELECTRON MICROSCOPY

Photoemission electron microscopy (PEEM) methods have been used to probe the resonances in the vicinity of metallic nanostructures by collecting the electron emission induced by the irradiation with a far-field source such as tunable femtosecond laser pulse (Fig. 1(C)). The brightness of the collected image corresponds to the area with larger photo-emitted electron flux. [START_REF] Awada | Experimental study of hot spots in gold/glass nanocomposite films by photoemission spectroscopy[END_REF][100][101] The source of electron emission results from a cascade photo absorption process due to the formation of electron-hole pairs within several femtosecond upon excitation. Such hole-pair formation is confined in the nearfield vicinity of the metallic structure, and provides a direct evidence of the plasmon enhancement with a resolution limited by the electron optics (i.e. in the range of 20-40 nm). Nevertheless other mechanisms may interfere with the electron emission such as field-emission, photoemission, thermo-ionic emission and other nonlinear optical processes. The measure must be carefully analyzed to provide unambiguous information on the localized surface plasmon. For possible nonlinear optical phenomena, measurements as a function of the input laser power shall be conducted to estimate the power dependence of the emitted electron flux. The interest of using short pulses and high repetition rate lasers opens the possibility to localize the plasmon modes and study their coupling with the metallic structure, to excite them with a selected polarization 102,103 as well as to study their dynamics. 104 In the work of Hrelescu et al., 102 selective excitation at the tips of gold nanostars was performed by tuning the polarization and the wavelength of a femtosecond Ti:sapphire laser under grazing incidence angle (75 degree with respect to the surface normal). The femtosecond excitation source was tunable in the 720-940 nm range and its polarization adjusted at selected angles with respect to the p-polarization. The imaging of the photoemitted electron was performed using a combination of PEEM , low energy emission (LEEM) and SEM. The nanostars have dimensions in the range of 100-200 nm as imaged by SEM (Fig. 4(A(a))) and are deposited onto an ITO substrate.

PEEM imaging of an individual nanostar under selected polarization and excitation wavelengths yields a composite image where the tips of the single nanostar can be selectively excited and superimposed with the SEM image (Fig. 4(A(b,c))). For a given excitation wavelength set at 860 nm, the hotspot can be selectively excited by switching the input polarization from p to p-72 as shown in Figs. 4(A(d,e)). Changing the excitation wavelength to 760 nm allows to excite another individual tip of the nanostar (Fig. 4(A(f))) while combination of wavelength and polarization can yield to the excitation of several hot-spots simultaneously (Fig. 4(A(g))). The combination of such ensemble of experiments performed at variable wavelengths and polarization reported in Fig. 4(A(h)) yields a complete photoemission map that can be correlated with the geometry of the actual nanostructure.

In addition to tuning the input polarization of the exciting beam, the control of the phase between transverse electric and magnetic polarizations has been carried on gold bowties fabricated over ITO surface using PEEM together with field modelling. Size of the individual triangles was set to 350 nm while large gap of 100 nm was used (Fig. 4B(a)). The photoemission pattern was collected for one-photon emission upon excitation at 253 nm to localize the nanotriangles collective resonance. For three-photon excitation at 800 nm, the confined hot-spot was clearly observed at the gap between opposed nanotriangles. As highlighted in Fig. 4(B(b,c)), the patterns are clearly polarization dependent and stronger confinements are observed when the polarization is along the bowtie axis (TM mode, Fig. 4(B(b))) while external tips of the left triangle shows dimmer confinement when the polarization is orthogonal to the bowtie axis (TE mode, Fig. 4(B(c))). Such experimental results obtained with a 40 nm resolution are corroborated by field modeling. When both TE and TM excitation are used simultaneously, the manipulation and the switching of the resonances in a single bowtie assembly can be performed by controlling the phase between the two orthogonally polarized laser pulses which yields a PEEM pattern that reveals near-field interferences. The tips of the gold triangle can be selectively excited by tuning the phase between the TE and TM polarizations as shown in Fig. 4(C). 105 Imaging of the plasmon dynamic modes was investigated by combining PEEM and interferometric time-resolved two-photon photoemission pump-probe experiments yielding maps of the surface plasmon modes in silver gratings with sub-femtosecond resolution and sub-wavelength spatial resolution. 104 Although this work was published as early as in 2005, it is still of particular interest in the context of this focal point. Using an excitation set at =400 nm and with pulse of 10 fs, the E 4 dependence of the emission confirms the second-order nonlinear resonance revealed by some surface plasmon resonances localized around protusions in the silver grating (Fig. 4(D(a))). The dynamics of the selected resonances was investigated dynamically by adjusting the delay between the pump and the probe with intervals as small as 330 attoseconds yet keeping a spatial resolution better than 50 nm. Interference of the electron oscillation with the excitation light source change depending of the pump-probe delay, highlighting the collective oscillation at the optical carrier frequency and their dissipative relaxation once the pulse is passed. The pump-probe experiments show clear evolution of the interference pattern depending on the delay between the pump and the probe revealing the dynamics of the localized surface plasmons as shown in Fig. 4(D(b)). Importantly, this approach opens full access on the spatiotemporal evolution of the plasmon modes by controlling the phase of ultrafast laser sources which in turns paves a new way to study coherent excitations of localized or propagative plasmon modes. However, any other optically induced phenomena must be carefully considered for the analysis of the images and control experiments using distinct wavelength may be of importance to rule out specific phenomena.

In conclusion, PEEM presents key advantages to probe the dynamics of plasmon resonances or the effect of polarization of the impinging excitation with a spatial resolution in the 20-50 nm range. It eliminates the perturbation from a local probe such as a NSOM or an AFM tip in the near-field of the sample and provides background free images allowing a comprehensive statistical analysis of the hot-spots, of their distribution and their associated resonance wavelengths. More importantly such technique allows one to not only visualize plasmon resonances at selected wavelength but also to manipulate their spatial confinement using interferometric scheme in the excitation. Limitations of the technique arise from grazing angle of incidence on the sample and impossibility to analyze the polarization of the emitted electron beam. Correlation of PEEM results with nonlinear optical measurements (two-photon induced luminescence, second harmonic generation) using the same tunable light source will be of great interest to better characterize the LSPR. Due to local enhancement of the electric field in the vicinity of metallic nanostructures, the application of plasmonics to nonlinear optical measurements is of great interest since the field will be enhanced significantly. Conversely, this local enhancement that varies nonlinearly with the input power can be used to map hot-spots present in the plasmonic structures. The spatial resolution of the optical measurement depends on the type of microscopy used, namely near-field or far-field microscopes. In far-field measurements, the nonlinear optical measurements will have a typical spatial resolution in the ~200 nm range.

Fig. 4. (A) Selective excitation of individual tips of a gold nanostar. SEM, PEEM and composite images of an isolated nanostar (a,b,c). (d,e) PEEM under 860 nm excitation with p and p-72 polarized excitations, respectively. (f,g) PEEM under 760 nm excitation with p+48 polarization and 860 nm with p-42 polarizations, respectively. (h,i) polarization diagram of the input source and composite image created with selected input polarization and excitation wavelengths. (Adapted with permission from ref.102. Copyright 2011 American Chemical Society. (B) Photoemission of the bowtie antenna using 1 photon excitation (a), 3 photon excitation with TM polarization (b) and TE polarization. (Reprinted with permission from ref. 105. Copyright (2011) by the American Physical Society). (C) Switching of the local resonances by adjusting the delay between the two laser pulses. (Reprinted with permission from ref. 105. Copyright (2011) by the American Physical Society. (D)(a) two-photon photoemission from a silver grating with p-polarized input. (b) Sequence of interferometric time-resolved photoemission of four localized Plasmon. The delay between the pump and the probe is adjusted, allowing one to finely tune the phase of the surface plasmon mode with respect to the impinging field as highlighted in

In nonlinear processes, the response of a material to an optical field E is described by the materials polarization P that can be expanded in a series that includes the linear and the nonlinear contributions:

 :  : 1 2  : 1 2 3 ⋯ . ( 1 
)
The  [START_REF] Caglayan | Near-infrared metatronic nanocircuits by design[END_REF] and  (n) denote the linear and nonlinear susceptibilities, respectively, that are related to the complex amplitude of the electromagnetic field for a given set of input/output polarizations. ε 0 is the vacuum permittivity.

For second harmonic generation (SHG), if the medium has inversion symmetry then its susceptibility  [START_REF] Cole | Photothermal efficiencies of nanoshells and nanorods for clinical therapeutic applications[END_REF] will vanish under the electric dipole approximation. For plasmonic platforms with shapes that have no inversion symmetry, the  [START_REF] Cole | Photothermal efficiencies of nanoshells and nanorods for clinical therapeutic applications[END_REF] is non-zero and will yield second order signal. Furthermore, since the output field varies quadratically with the input field, a small increase of the local field will lead to a large increase of the SHG signal. Other nonlinear phenomena such as sum frequency generation (SFG,  [START_REF] Cole | Photothermal efficiencies of nanoshells and nanorods for clinical therapeutic applications[END_REF] process) or coherent anti-Stokes Raman scattering (CARS,  [START_REF] Huanga | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] process ) can presumably benefit from such local enhancements as long as the resonances of the metallic structures match the spectral range of the excitation input and output fields. Little work has been conducted on plasmon-enhanced nonlinear spectroscopy. Such effect will be more drastic for higher order nonlinear phenomena (Third harmonic, CARS) enhancing greatly signals that are typically weak. [START_REF] Kauranen | Nonlinear plasmonics[END_REF] Reciprocally, since the output field is nonlinearly enhanced with respect to the input field, its localization is presumably even more confined and such optical nonlinear effects can therefore be used to map LSPR over plasmonic platforms with excellent spatial resolution.

When subject to intense laser pulses, higher order susceptibilities such as  [START_REF] Cole | Photothermal efficiencies of nanoshells and nanorods for clinical therapeutic applications[END_REF] or  [START_REF] Huanga | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] are involved, revealing sum, differences and combinations of the incident frequencies. Such third and fourth rank tensors contain individual susceptibilities terms that are can be probed individually by properly selecting the incident polarization(s) as well as the polarization of the output beam(s). Furthermore the  (i) is dependent on the symmetry and/or orientation of the object that generates the output field. In the specific case of second-order nonlinear processes, non-centrosymmetric metallic structures or nanocavities inscribed in a metal film are prerequisites yielding a polarized SHG pattern, the shape of which depends on the symmetry of the considered structure or assembly. 106 It was also shown that the amplification of SHG can indeed be suppressed at the gaps between adjacent structures which appear to be dependent on the local symmetry of the structure. The presence of an inversion center will cancel second order nonlinear optical signal. In such case, electromigration process was used successfully to break the symmetry of the gap morphology between adjacent single antennae yielding larger nonlinear response. 107 Beyond the applications of nonlinear plasmonics, several studies have made use of plasmonics platforms fabricated by electron-beam lithography to enhance second order nonlinearities. 108 SHG far-field microscopy (Fig. 1(C)) was first applied to probe G shape Nickel structures revealing the area with the highest field enhancement located at the extremities of the structures for a selected polarization and irradiance (Fig. 5(A(ac))). Above a certain threshold of intensity, the structures are locally melted by the fs pulses as seen by SEM and AFM after irradiation (Fig. 5(A(d))). The input polarization direction is also critical for the development of the hotspot in particular for anisotropic structures such as nanobricks. The melted area reveals the hot-spots of the structure while no drastic temperature changes are observed in the rest of the structure. 109 Application of SHG circular dichroism to probe chiral plasmonic structures have been highlighted using G shape structures with left and right handeness. 110 In this work, the SHG microscopy maps generated with a circularly left or right input light yielded distinctive distributions of hot-spots depending on the handeness of the structure (Fig. 5(B)). The use of these chiral metastructures is of particular interest for sensing of chiral biomaterials such as DNA or RNA that would presumably adsorb distinctively over the chiral metallic structures. Two-photon induced luminescence (TPL) and fluorescence (TPF) are third order nonlinear optical processes that vary quadratically with the excitation power. 111 In TPL and TPF, the nonlinear absorption of the two input photons populate the first electronic state of the irradiated material which relax through fluorescence or luminescence processes. This is a distinct physical process compared to SHG process where the two photons induce a change in the polarization of the material. Since TPL and TPF processes are governed by a  [START_REF] Huanga | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] , there is no pre-requisite on the symmetry of the plasmonic material to yield a TPL or TPF signal.

TPL was used to probe field distribution in asymmetric gold bowtie assemblies, 112 and in gold prismatic nanoplates made by chemical synthesis (Fig. 5(C)). 113 

SEM of the s of a can and cal es (g-i). The TPL signal can be tuned by small changes of the direction of the input linear polarization. (Reprinted from ref. 113 by permission from Macmillan Publishers Ltd: Nature Materials, copyright (2013)) (D) TPL signal from assemblies of gold nanoparticles made by capillary convection forces method (a-c) and their associated TPL signal for a given excitation polarization (Reprinted with permission from ref. 116 Copyright (2013) by the American Physical Society ).

In conclusion, the investigation of plasmonic platforms with well defined shapes and symmetries using nonlinear optical processes is an emerging field that can lead to improvements in sensitivity and spatial resolution in nonlinear spectroscopy and microscopy as well as help to manipulate light properties at the nanoscale for further applications such as in chiral-sensing, high-resolution optical microscopy or logic gates. The possibility to probe the LDOS using TPL provides unvalable informations that are difficult to obtain with electronic microscopy techniques described in the previous paragraphs. Finally, information on plasmon lifetime provided by time-resolved experiments would allow one to evaluate the rates of the distinct processes mediated by plasmon excitation opening new prospectives in the field of plasmonic light sources. 117

INDIRECT IMAGING METHODS

Indirect imaging methods exploit physical, chemical or spectroscopic photoinduced local changes or singularities in the vicinity of metallic nanostructures (Fig. 1(D)) Such photoinduced changes can be observed using imaging methods such as SEM, atomic force microscopy (AFM) or spectroscopic techniques such as Raman or infrared microscopy. AFM probes can serve to sense the local optical forces exerted by a LSPR.

Thermally enhanced effects can be observed in plasmonic structures when the resulting enhanced local field is close to the melting threshold of the metallic structure. Under ultrafast laser irradiation, subsequent heating and melting can be observed when high irradiance is used. This is presumably due to the confined and thermal gradient around the nanostructure due from the short thermal diffusion yielding to thermal effects on length scales smaller than the dimension of the object. G shape Au/Ni/SiO 2 /Si structures are nice examples where the formation and the ejection of metal droplet can be visualized at the extremities of the structure (Fig. 6(A)) where the field is the most intense as predicted by FDTD modeling and observed by SHG measurements. 118 Postirradiation imaging of these structures by SEM shows that the local field can be used to fabricate and manipulate metallic nanoparticles when thermal effect are involved. Thermal effects were investigated on nanosphere lithography substrates. 119 Using pulsed fs source and fluence varying from 70 mJ/cm 2 to 370 mJ/cm 2 , local thermal modification of the individual nanotriangles could be revealed by SEM using polarizations along or orthogonal to a triangle axis. This study suggests that the interaction of similar structures with a radially or an azimuthally polarized light could be of interest by allowing one to probe distinct elements of the material susceptibility tensor.

An elegant way to image hot-spots in plasmonics surfaces is to use photosensitive thin film deposited over the plasmonic surface that will undergo selective chemical or physical change upon irradiation. Since the local field is larger in the vicinity of the metallic nanostructures, one can expect a faster or more efficient change in the properties of the photosensitive material. Photopolymerizable formulation is a nice example of material that will be more efficiently polymerized in the hot-spots. For such material, the threshold of the laser dose and the irradiation time must be well determined to avoid polymerization of the whole thin film deposited over the metallic structures. As reported by Bachelot et al. for a formulation sensitized with a dye absorbing the excitation wavelength, short irradiation time of 2 seconds and irradiance set to 2 mW/cm 2 at 514 nm is sufficient to display large topographical changes up to 30 nm of the polymer surface as monitored by SEM or AFM. 120 This approach offers a unique and easy method to probe the optical near-field of silver nanoparticles and was applied to tip-enhanced microscopy where the optical field underneath a metallic AFM tip was probed using similar polymer formulation. 121 Common polymers used in photo-and electron beam-lithography processes can also be used. For example, Misawa et al. used a 70 nm layer of commercial positive (TSMR V-90) photoresist to image the optical near-field in the vicinity of gold nanocubes dimmers. 122 When the polarization of the input 800 nm Ti:sapphire laser is oriented along the long axis of the dimmers, photopolymerization occurs at the gap whereas it occurs along the minor axes of the cubes corners when the polarization is set orthogonal to the gap axis. Estimation of the enhancement factor was provided using FDTD modelling but it should be possible to determine it experimentally knowing the threshold dose of the resist together with the irradiance and irradiation time of the assembly. Quidant et al. have reported on the four photon absorption in PMMAembedded gold nanorods. 123 Using a tunable Ti:Sapphire laser with incident powers in the range of hundreds of microwatts and exposure time of 30 s, the snapshots of the near-field enhancement can be imaged using SEM after developing the exposed polymer film (Fig. 6(B)). The input wavelength can be tuned depending on the antenna length and its plasmon resonance wavelength in the near-infrared spectral range. Imaging of a series of isolated gold nanoantennas with distinct lengths was performed highlighting precisely the different modes that are dependent on the length of the individual rods and excitation wavelength. The mapping of gap antennas indicated a clear confinement at the junction between the gold rods under weak illumination conditions while higher intensities lead higher resonant modes along the antenna.

Of interest, functionalized polymers with pendant azobenzene groups, are particularly well suited to study the electric field intensity distribution because of their self-developing properties. When irradiated with a linearly polarized light with a wavelength that matches the absorption of the azobenzene moieties, a stable surface topography change is observed at room temperature without any developing step which makes it a system of choice to reveal areas where the input field is locally intensified. Several groups have made use of azopolymers thin films to image the spatial distribution of the enhancement nearby a metallic structure such as a metallic AFM tip 124 or arrays of metallic nanostructures deposited onto a surface. [125][126][127][128] The photoinduced deformation being stable after irradiation, atomic force microscopy is a technique of choice to probe surface changes with nanometer resolution. The effect of the polarization has been conducted on regular arrays of plasmonic platforms fabricated by electron-beam lithography, 125 nanosphere lithography 128 and correlated with field simulations. These results are of interest to localize the areas where the field is strongly enhanced by measuring the changes of topography such as those observed in tetrahedral silver nanopyramids made by nanosphere lithography (Fig. 6(C(a))). 128 Figs. 6(C(b,c)) show the AFM profiles along two cross sections. For two adjacent pyramids the change of topography before and after irradiation with a cw 532 laser with an irradiance of 100 mW/cm 2 , shows small variations with amplitudes ranging between 3 and 10 nm depending on the considered dimer formed by two pyramids. These results must be however carefully discussed since the orientation and photomigration of azopolymer is dependent on the type of azopolymer thin film used in the study (amorphous, semi-crystalline, liquid-crystalline) as well as the molar ratio of azobenzene moieties in the polymer chain. Uniaxial or biaxial orientation can be observed depending on the functionalization or doping level and associated photoinduced migration can be different. Biaxial orientation is reported for highly charged polymer and, in the context of imaging individual hot-spots must be carefully analyzed. The thin film is then irradiated with a wavelength that matches both the electronic resonance of the azobenzene moieties and the LSPR of the nanostructures. More recently, Koenig et al. have made use of gold plasmonic platforms made by nanosphere lithography to study the change of topography of a thin film of an azobenzene containing a polyelectrolyte sensitive to humidity. Upon the change of humidity, reversible changes of topography were evidenced by AFM providing spatial informations on the plasmon resonances. 129 Vibrational spectroscopy was also used to probe the near-field enhancement in the vicinity of gold antenna. Dregely et al. made use of patches of probe molecules accurately placed at the nanoantenna gaps or extremities. In a dual electron-beam procedure, (200x200) nm 2 patches of hydrogen silsesquioxane were placed within a 10 nm accuracy over specific positions over the antenna preliminary fabricated over CaF 2 windows. The vibrational mode of Si-H (2252 cm -1 ) was collected in transmittance using a FTIR microscope equipped with a Cassegrain objective. The strength of the vibrational signal measured at various positions along the gold rods and was in good agreement with the modelling of the near-field enhancement. More complex 3D buried plasmonic structures were also investigated showing the strength of this approach. It is noteworthy that considering the poor spatial resolution of a typical infrared microscope (in the range of several microns), the strong coupling between the molecular vibrations and plasmonic resonances allows one to detect a strong signal confined at a defined position over a metallic structures with an excellent spectral resolution. Such approach conducted with focal planar array detectors would be of great interest to map vibrational resonances over larger and more complex metallic nanostructures and could be extended to the Terahertz spectral range. 130 Confocal microscopy coupled to Raman as well as fluorescence measurements were successfully used on fonctionalized nanohole and nanotriangle gold arrays. The superimposition of a Raman SERS map of a thiolated molecule with the topography measured by atomic force microscope of the same plasmonic platform was used to map the areas where maximum Raman signal was collected and determine optimized hole size and periodicity for maximum enhancements for a given input polarization. [START_REF] Correia-Ledo | Assessing the Location of Surface Plasmons Over Nanotriangle and Nanohole Arrays of Different Size and Periodicity[END_REF]131 For surface enhanced fluorescence measurements, a solution of fluorescent was used over silica protected nanotriangles arrays. [START_REF] Fayyaz | Surface-enhanced fluorescence: mapping individual hot spots in silica-protected 2D gold nanotriangle arrays[END_REF] The fluorescence pattern revealed the position of the hot-spots formed by pairs of bowtie assemblies. In these experiments the lateral resolution is spatially limited to /2 according to Abbe's criterion while non-linear optical microscopy measurements have a better spatial resolution due to a tighter confinement of the excitation source.

The extreme sensitivity of an AFM cantilever subject to small forces was used to probe the near-field in a single bowtie assembly. 132 The single nanoantenna layered structure of Au/SiO 2 /Au (with respective thicknesses of 40/30/40 nm) was made on the facet of an optical fiber. (Fig. 6(D), top) Once the incoming excitation light (=1550 nm) was injected from the other opposite facet of the fiber, the incident light focuses down to a spot that is smaller than the incoming field by several orders of magnitude. For a input polarization along the bowtie axis, the light is focused between the two individual gold triangles separated by a 50 nm gap. When an AFM tip is in interaction with such optical trap, the cantilever senses the local near-field forces that are in the 0.6 pN range (Fig. 6(D), bottom). For an input polarization orthogonal to the bowtie axis, no optical force is detected highlighting again the drastic polarization conditions to excite a localized LSPR in such anisotropic structures. For an optimized cantilever with a spring constant of 3 N/m, a quality factor of 160 and resonance frequency of ~100 kHz, force sensitivity as small as 40 femto Newton is expected opening optical near-field sensing measurements with an apertureless setup for a variety of applications ranging from biosensing to optical switching.

In conclusion, a variety of indirect methods using photosensitive thin films or functionalized plasmonic surfaces have been successfully demonstrated to map the distribution of hot-spots over plasmonic surfaces. These approaches are required to determine accurately the threshold dose to reveal the hot-spot which implies that a series of experiments must be preliminary conducted. The use of an AFM probe provides resolution in the nm range revealing subtle surface deformation mediated by LSPR. Last, the sensitivity of AFM cantilevers to optical forces is an elegant approach to reveal the distribution of hot spots. Lateral or normal oscillation of the tip should provide detailed information on the polarized components of the LSPR modes. 

Fig. 6. (A) Formation (a-e) and ejection (f) of a Au nanodroplet by plasmon-induced thermal effect in a G shape gold structure. (Adapted from ref. 118 with permission of John Wiley and Sons, Copyright 2012). (B) Monitoring LSPR modes in a single antenna using a thin film of polymethylmetacrylate. At low intensity the confined field is observed at the gap as expected by FDTD calculation (top-middle) while at larger intensities the distinct plasmon modes can be observed experimentally along the antenna. (Adapted from ref. 123 with permission of American Chemical Society, Copyright 2012) (C) Nanosphere lithography silver nanopyramids coated with a thin film of azopolymer after irradiation at =532 nm (a). The variations of the topography can be measured along the cross sections at the gap between adjacent pyramids (b) or along the center of the unit lattice (c). In both cases changes of topography indicate photoinduced mass-transport

(Adapted from ref. 128 with permission of American Chemical Society, Copyright 2013). (D) Bowtie antennas made of Au/SiO 2 /Au on the distal facet of an optical fiber (top). Optical force detected by the AFM probe in the optical nearfield of the bowties (bottom). (Adapted with permission from ref. 132 with permission of American

Chemical Society, Copyright 2012). 

FINAL REMARKS

The study of the optical near-field of plasmonic nanostructures has led to the development of a wide variety of experimental tools. Each technique offers its advantages in terms of spectral and spatial resolution, polarization control and time analysis as summarized in Table I. Of course, these features are obtained at the cost of several drawbacks such as costly experimental apparatus, ultra-high vacuum measurements, preparation of the samples or the near-field probes. The rapid pace of technical developments for these techniques will with no doubts help improving the limitation and the signal quality. In addition, new techniques or developments will probably emerge in the future.

Nevertheless all these approaches have a common point: the final interpretation of the recorded image is not straightforward mainly because of the complex and sometimes unclear probe-sample interaction. As a consequence in most of the reported near-field studies, experimental results are compared with numerical simulations. Optical modeling tools are thus absolutely necessary for the complete comprehension of the optical near-field measurements. They are ideally complementary to experimental studies.

Finally, a question still remains: what is the best technique to study the near-field of plasmonic nanostructures? Comparing the different methods presented in this focal point, it appears clearly that it is impossible to answer such a question. As mentioned above, each approach offers its advantages and limitations. As a consequence the different techniques are perfectly complementary instead of being in competition. If we push forward this argument, it appears that the complete knowledge of a given plasmonic nanostructure will require a wide range of measurements, each of them bringing specific information. So far, very few studies have taken advantages of the fact that these techniques and associated expertise are complementary. In addition to the fabrication of the nanostructures, it is not surprising that very little number of research laboratories and university facilities can gather all these techniques and associated skills in a single place. As a consequence the further understanding of plasmonic nanoantennas will absolutely require putting those skills in common and thus strong collaborations. This is a major challenge for our community. 
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  Fig. 4. (A) Selective excitation of individual tips of a gold nanostar. SEM, PEEM and composite images of an isolated nanostar (a,b,c). (d,e) PEEM under 860 nm excitation with p and p-72 polarized excitations, respectively. (f,g) PEEM under 760 nm excitation with p+48 polarization and 860 nm with p-42 polarizations, respectively. (h,i) polarization diagram of the input source and composite image created with selected input polarization and excitation wavelengths. (Adapted with permission from ref.102. Copyright 2011 American Chemical Society. (B) Photoemission of the bowtie antenna using 1 photon excitation (a), 3 photon excitation with TM polarization (b) and TE polarization. (Reprinted with permission from ref. 105. Copyright (2011) by the American Physical Society). (C) Switching of the local resonances by adjusting the delay between the two laser pulses. (Reprinted with permission from ref. 105. Copyright (2011) by the American Physical Society. (D)(a) two-photon photoemission from a silver grating with p-polarized input. (b) Sequence of interferometric time-resolved photoemission of four localized Plasmon. The delay between the pump and the probe is adjusted, allowing one to finely tune the phase of the surface plasmon mode with respect to the impinging field as highlighted in the circled areas. (Adapted with permission from ref. 104. Copyright 2005 American Chemical Society).

Fig. 5

 5 Fig. 5. (A image af structure given s Physica left (c, Society,

  LSPR of the metallic structure.

  This research was funded by the Natural Sciences and Engineering Research Council of Canada Discovery Grant and by the Canada Research Chairs program. The authors also acknowledge the Agence Nationale de la Recherche Scientifique (ANR) for financial support under the CARIOCA project (2010-JCJC-918-01).

1. (A tips (" electroni both elec sou microsc tuned to structure damage genera used nanostru pla photos

  

	Aperture
	nano-ap
	only the
	field. Alt
	with nan
	typical c
	tuning fo

A)

Scanning n "apertureless ic excitation ctronic excit urce such as cope. Pulse d excite the na e involves a f e in metallic ally used. The to discrimin ucture. (E) Ind asmonic stru sensitive thin

  

	e SNOM (a
	perture at th
	apex of the
	ternatively,
	noaperture
	control of pr
	ork or with a

near field mi s"). (B) Elect and optical c tation and co s a femtoseco duration, pol anostructure fundamental structures, f e detection is nate SHG from direct metho ucture. Upon n film underg local chan

  

	icroscopies u
	tronic micros
	collection an
	ollection. (
	-SNOM). W
	he apex (Fig
	e tip is ope
	cantilevere
	can also be
	robe-sampl
	a standard

C) ond laser ind larization, ph e. (D) Second l excitation s femtosecond is performed m two-photo ods based on irradiation w goes physica nges indicate

  

	using optica
	scopies.
	With a-SNO
	g.1(A)). 38 T
	ned to prov
	ed hollow si
	e used to pe
	e interactio
	AFM contro
	4

Cath nd analysis o Photoemiss duce electron hase and ang d harmonic g source with f d pulses with d at 2ω. A se on induced lu n the use of a with an irradi al changes th e the location

  

	M the prob
	The tip is m
	vide a bette
	licon atomi
	erform nea
	on is based
	oller. 40 If th

l fiber probe thodolumines of the collect sion electron n emission d gle of inciden generation (S frequency ω h high repeti eries of optic uminescence a photosens iance set at t that can be p n of the hot s

  

	e is genera
	metalized (A
	er confinem
	ic force mic
	ar-field optic
	on shear fo
	he optical e

e( "

with apert scence is pe ted luminesc n microscopy detected by t nce of the inp SHG) microc that can be ition rate (80 cal bandpass e effects from sitive thin film the threshold probed by AF spots.

  

	ally an optic
	Aluminum u
	ent of the e
	croscope (A
	cal measure
	orces meas
	excitation (r

ture") or met erformed usin cence.

ility images electron mic The scale ba opyright 201 es. The corre

  

		asmons ca an be obtain
		onic oscilla ations and th
		table intera action. The
	and		it has been n demonstra
	f state (LDO OS) of plasm mons. Elect
	bout the mo orphology,	crystallogra
	scanning e electron mic croscopy (S
	ther second dary or bac ckscattered
	anometers	due to the c capacity to
	microscope		(TEM) the	electron be
	spatial reso olution is m much higher
	at the samp ple must be e transparen
	ration of a s sample for T TEM can re
	ng. In addit tion, all elec ctronic mic
	uctive samp ples. Despit te those dra
	py is extrem mely promis ing for the s
	structures.	Two main a approaches
	thodolumin	escence (C CL) and ele
	d in Fig. 1(B B). 9

27 of various al croscopy ima ars are 100 nm 12) (B) EELS esponding el

luminum nan age (middle) m. (Adapted mapping of lectron micro

  

	ned using e
	hey can ea
	nature of th
	ated that it
	tron micros
	aphic and s
	SEM) the co
	electrons.
	focus the e
	eam transm
	r than with a
	nt to electro
	equire mult
	roscopy tec
	awbacks th
	study of op
	s have bee
	ctron energ

norods for th and the calc d from ref. 81 f gold bowtie roscopy imag

  

	electrons. P
	asily couple
	his interacti
	can be use
	scopy is usu
	structural pr
	ollected ima
	The expect
	electron be
	mitted throu
	a SEM. How
	ons. It must
	iple prepara
	chniques re
	e high spat
	ptical near-f
	n develope
	gy loss spe

he energy ran culated elect with permis e nanostructu ge is also rep

  

	Plasmons a
	to moving
	ion depend
	ed to determ
	ually used t
	roperties of
	ages are
	ted resoluti
	am very tig
	gh the sam
	wever the m
	t be extrem
	ation steps
	equire high
	tial resolutio
	field propert
	ed for such
	ectroscopy

nge 2.

5-3 eV tromagnetic ssion of Ame ures obtaine ported. The s

  

	are
	s on
	mine
	to
	f
	ion
	ghtly.
	mple
	main
	mely
	by
	on of
	ties

Table I . Summary of the main techniques used to probe localized surface plasmons on metallic nanostructures.
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					elastically transmitted
					electron beam.
					High energy electron
					beams (200-300 kV)
					can damage the
					sample.
	PEEM	Photon in-	~10-20 nm	In-situ irradiation	Angle of incidence of
		Electron out		and detection in	the light source is
				UHV conditions.	limited.
	Technique Scanning near-field microscopy Non-linear optical microscopy Cathodoluminescence Electron in-Process Photon in-Photon out (Aperture or Apertureless) Photon in-Photon out Photon out (SEM or TEM) EELS Electron in-electron out (TEM) Indirect Imaging Photosensitive methods material	Resolution limit ~10-50 nm (diameter of the probe) ~200 nm ~20 nm Slightly higher in transmission electron microscope ~10-20 nm ~5-20 nm depending on the material used and associated measurement	Advantages Can be combined with Simultaneous optical contrast and topography Can be coupled with a variety of optical processes. Control of polarization for both excitation and emission. Pure optical measurement. low energy electron microscopy No interaction with a perturbative near-field probe in the vicinity of the object. Polarization of the input light can be controlled. Background free technique. Full control of the input/output polarization. It is possible to perform both spectral and spatial measurements. Very high spectral resolution (~1 meV) . High spatial resolution typically a few nm. Provides information on the symmetry and orientation of the nanostructure. Versatile measurements in multiple configurations (transmission, reflection) and combination to near-field or far-Dark modes can field microscopy be detected. Very high spatial resolution. High spectral resolution (~100 meV) High signal-to-noise ratio. High resolution of the measurement using atomic force microscopy or electronic microscopy. Possibility of in-situ irradiation	Need for a conductive Disadvantages substrate. Tunability of fs source Reproducibility and is required. wear of the scanning tip. Complex analysis of the optical near-field images due to the tip-sample interaction. Low signal to noise ratio (requiring for some measurements complex detection techniques to increase this ratio). Measurements are usually performed for Symmetry of the a single excitation plasmonic structure is wavelength (laser critical for efficient source). non-linear optical Control of polarization processes. only for the emitted Laser pulses can light. damage the metallic High vacuum structures. measurement. Tunability of the input Samples must be wavelength requires conductive. amplifier and optical The electron beam parametric oscillator. can damage the sample (ex: carbon deposition). Signal to noise ratio rather low. Threshold of the No control of the exposure must be first polarization. determined to reveal High vacuum local hot-spots. Ex-situ measurement. measurements. Only for thin samples Materials can be transparent to electron sensitive to the beams . polarization of the The lowest energy impinging light leading measurable is limited to anisotropic by the intense topographical changes