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A three-dimensional (3D) metamaterial is very easily assembled as a stacked structure with two physical vapor deposition layers, one metallic and one dielectric, and with a spray of gold nanospheres (GNS) on top. The first planar metasurface is a semicontinuous gold nanocomposite which is transformed into a "dark metasurface" when embedded in a dielectric nanocavity. The second metasurface is a radiative mirror composed of the self-arranged GNS at the nanocavity's surface. The two random metasurfaces are strongly coupled through their near field inside the nanocavity. Plasmonic induced transparency is observed at normal incidence over a very wide spectral bandwidth of a few hundred terahertz from the visible to the NIR. The induced transmission maximum occurs in a spectral region where the scattering cross section from the GNS is maximum. Critical coupling between the two metasurfaces is achieved with multiple deposits of GNS and the transition from induced transparency to induced absorption is experimentally observed. Such a simple 3D metamaterial could be used to enhance non-linear optical effects, optical switching and slow light generation in the NIR.

Introduction

Metamaterials are an arrangement of artificial structural elements, designed to achieve advantageous and unusual electromagnetic properties [START_REF] Shalaev | Optical negative-index metamaterials[END_REF][START_REF] Soukoulis | The science of negative index materials[END_REF]. Plasmonic Induced Transparency (PIT) was first observed in planar metamaterials [START_REF] Fedotov | Sharp trapped-mode resonances in planar metamaterials with a broken structural symmetry[END_REF][START_REF] Zhang | Plasmon induced transparency in metamaterials[END_REF][START_REF] Hao | Symmetry breaking in plasmonic nanocavities: subradiant LSPR sensing and a tunable Fano resonance[END_REF][START_REF] Le | Metallic nanoparticles arrays: a common substrate for both surface enhanced raman scattering and surface-enhanced infrared absorption[END_REF] when localized plasmons with different emissive properties interact in their near field. One is radiative with a large scattering cross section and the other, the dark mode, is a combination of multiple dipole resonance that collectively sum to zero. The metamaterials are carefully designed so that the two resonance modes spectrally overlap and each elementary cell, with dark and radiative metallic elements, has a structural asymmetry. With adequate design and polarization of the light, transmission can be enhanced by 42% over a few tens of terahertz [START_REF] Liu | Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit[END_REF]. PIT is also observed in waveguided structures by phase coupling between two detuned resonant mirrors [START_REF] Smith | Coupled resonator induced transparency[END_REF][START_REF] Kekatpure | Phase-coupled plasmon-induced transparency[END_REF]. But a stronger coupling between localized plasmon is expected from stacked metamaterials in an optical cavity [START_REF] Taubert | From near-field to far-field coupling in the third dimension: retarded interaction of particle plasmons[END_REF].

Random metamaterials are grown at the nanometric scale. At a high filling factor, silver nanoparticles selfassembled on a glass substrate present an anomalous near-infrared (NIR) absorption [START_REF] Dusemund | Cluster matter the transition of optical elastic scattering to regular reflection[END_REF]. As the thickness from an ultrathin metal layer increases, a nanocomposite goes through a dielectric to metallic phase transition at a percolation threshold [START_REF] Hövel | Dielectric properties of ultrathin metal films around the percolation threshold[END_REF]. In the visible and the NIR, particle plasmons tend to dominate the optical response of semicontinuous or metallic nanocomposites [START_REF] Etrich | Effective optical properties of plasmonic nanocomposites[END_REF].

In this paper we take advantage of a stacked NanoMetal-Isolant-Metal (NMIM) structure, where the two metal layers are random metamaterials, to induce a very strong coupling between them. First a gold semicontinuous nanocomposite is embedded in a TiO2 optical nanocavity and eigenmodes that are bright in a planar geometry become dark in the stacked geometry, transforming a resonant mirror into a "dark metasurface". Second, Gold NanoSpheres (GNS) which are sprayed at the nanocavity surface are self-arranged in a random array. The back-radiation field from this bright mirror is directed toward the dark metasurface, through the transparent dielectric nanocavity, which enhances the near field interaction. PIT is observed at normal incidence over a very wide spectral bandwidth of a few hundreds of terahertz from the visible to the NIR. The 21% induced transmission maximum occurs at 745nm in a spectral region where the scattering cross section from the GNS is maximum. Critical coupling between the two metasurfaces is achieved with an increased density of GNS on the top of the cavity. Such a simple 3D metamaterial could be used to enhance non-linear optical effects [START_REF] Giannini | Controlling light localization and light-matter interactions with nanoplasmonics[END_REF], optical switching [START_REF] Kauranen | Nonlinear plasmonics[END_REF] and slow light generation in the NIR [START_REF] Bigelow | Ultra-slow and superluminal light propagation in solids at room temperature[END_REF].

Material and methods

A square Corning Eagle XG glass substrate, 25mm sided and 1mm thick, is first washed in an ultrasonic soap bath, rinsed in deionized water and dried in hot deionized water. The whole structure that shows PIT is made of three different layers successively deposited on this substrate, without any concern of aligning metal patterns. The gold first layer is so thin that it is not electrically conductive. It is deposited by cathodic sputtering of a massive gold target by argon ions under a residual vacuum of 10 -3 mbar with a fast growth rate of about 0.8nm/s. The thickness of the layer is estimated at 5±1nm from the comparison with the optical absorption spectrum from such ultrathin gold layers [START_REF] Horikoshi | Growth of Au nanoparticle films and the effect of nanoparticle shape on plasmon peak wavelength[END_REF]. The nanocomposite is then embedded in a 105nm amorphous TiO2 layer which is transparent over the visible and NIR spectral wavelength. This second layer is deposited, at room temperature, by electron beam physical vapor deposition of a Ti3O5 load with a 6 10 -5 mbar oxygen's partial pressure with a growth rate of 0.2nm/s. The third "layer" is not synthetized by a physical vapor deposition process. It is a monodisperse colloidal suspension of 150nm diameter GNS [18]. The concentration of the suspension is 3.6 10 9 particles/mL It is spread with a calibrated syringe, 1mL at a time, over the whole TiO2 layer's surface. At each deposit, the solvent is allowed to evaporate and the sample is optically characterized. With successive deposits, the GNS surface's density increases. The resulting 3D stacked metamaterial, in which the back NanoMetal (NM) and the front Metal (M) metasurfaces are self-arranged, is shown in Fig. 1. Optical characterizations of the structure before and after deposits of the GNS suspension, are performed at quasi normal incidence with a Perkin-Elmer Lambda 900 spectrophotometer equipped with a 150mm InGaAs integrating sphere, in the spectral range 300-1500nm. The absorption A is determined as A=1-R-T where T is the transmission and R
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Nanometal Metal the reflection from the substrate side. As a nanocomposite is very fragile, its "intrinsic" absorption, when first deposited on the glass substrate, is measured on a similar layer of the same run without further processing.

Results and discussion

The growth of ultrathin gold layers by sputtering is well documented [START_REF] Hövel | Dielectric properties of ultrathin metal films around the percolation threshold[END_REF][START_REF] Horikoshi | Growth of Au nanoparticle films and the effect of nanoparticle shape on plasmon peak wavelength[END_REF]. As the sputtering time increases, initial circular particle islands grow and then the particle islands coalesce with one another and change their shape from a circular to oval, to elongated capsule before a continuous path with pits is formed. As the coverage of the substrate's surface by the metal increases, the optical absorption's maximum shifts from the visible to longer wavelengths and broadens extensively in the NIR. Due to coherent multiple scattering, random metallo-dielectric interfaces sustain localized modes which can be further enhanced by the presence of nanotips and nanogaps [START_REF] Shalaev | Nonlinear optics of random metal-dielectric films[END_REF]. NIR "hot spots" where the local electric field is enhanced by many orders of magnitude over the applied field are detected by photoemission electron microscopy [START_REF] Awada | Experimental study of hot spots in gold glass nanocomposite films by photoemission electron microscopy[END_REF]. Under the name "hot spots" are hidden different surface plasmon modes that can either be radiant or dark, localized or even delocalized [START_REF] Stockman | Localization versus delocalization of surface plasmons in nanosystems: Can one state have both characteristics?[END_REF]. Such hot spots can be resonant at multiple frequencies. The scaling theory [START_REF] Shalaev | Nonlinear optics of random metal-dielectric films[END_REF] has shown that they resonate far in the IR with a higher intensity and a lower density than in the visible. So from theoretical simulations, we expect that radiative or dark modes can be excited over a very large spectral bandwidth in semicontinuous or metallic nanocomposites.

The visible and NIR absorption of the ultrathin gold layer (NM) is shown in Fig. 2. The maximum absorption is in the visible at 635nm with a 35% value. At 1070nm, in the mid NIR and also a laser line, the absorption value decreases to 22% and continues to decrease at 14% at 1500nm. The resonance factor Q=λ/(Δλ) at the absorption peak λ=635 nm is only ≈2. The resonance factor from the semicontinuous gold nanocomposite is not to be compared with the resonance factor from a designed planar metamaterial which is at least one order of magnitude larger. There is far more damping in a metallic nanocomposite. As expected from metallic nanoparticles that cover the substrate's surface with a high filling factor the "anomalous" absorption from the first (NM) layer extends far in the NIR with a quasi-continuum of states. When the (NM) layer is embedded in the dielectric (I) TiO2 layer, its "anomalous" absorption is highly modulated by the nanocavity. The asymmetry of the spectrum is enhanced and the absorption is now minimum at 1070nm with a decrease from 22% to 9%, Fig. 2. Despite the presence of a resonant mode near 500nm, the absorption is reduced over the full spectrum, from the visible to the NIR. The theory of the interaction of a retarded wave with a small scattering obstacle in the electrostatic limit is described by Ruan and Fan [START_REF] Ruan | Temporal coupled-mode theory for Fano resonance in light scattering by a single obstacle[END_REF]. Two different pathways from the incoming radiation interferes: the outgoing radiation from the excited resonance at the (NM) interface and the reflection that occurs at the TiO2/air interface. The nanocavity's optical thickness is chosen so that it induces a π/2 dephasing at 1070nm when also including the phase shift from the (NM) layer [START_REF] Ameling | Microcavity plasmonics: strong coupling of photonic cavities and plasmons[END_REF]. The effects of a π/2 retarded wave on the absorption spectrum are multiple. First, there is now a minimum at 1070nm. Second, on both sides of this minimum, for shorter and longer wavelengths, the absorption cross section of the (NM) layer decreases. Third, the absorption's decrease is more important for shorter wavelengths than for longer wavelengths inducing an asymmetry in the spectrum.

These three effects are somehow mitigated by intrinsic damping [START_REF] Ruan | Temporal coupled-mode theory for Fano resonance in light scattering by a single obstacle[END_REF] and an (NM) absorption base line which is asymmetric, Fig. 2.

A nanocomposite with a thickness below the percolation threshold is dielectric even more so when embedded in TiO2. The electric field distribution is the same as for a high refractive index thin dielectric layer deposited over a low refractive index dielectric substrate. There is an electrical node at the interface between the layer and the substrate, and the wave propagates from there. Whatever the wavelength of the incident light, the (NM) layer is positioned at an electric field node in the stacked structure which eases dark modes excitation which are magnetic modes [START_REF] Ameling | Cavity plasmonics: large normal mode splitting of electric and magnetic particle plasmons induced by a photonic microcavity[END_REF]. This coupling can also be viewed as if the nanocomposite's dark modes, with a low absorption cross section [START_REF] Stockman | Localization versus delocalization of surface plasmons in nanosystems: Can one state have both characteristics?[END_REF], are excited by a retarded wave thus creating a "dark metasurface" with a dark modes quasi-continuum from the visible to the infrared. This interpretation is strengthened by the observation of PIT when the nanocomposite is put in the near field of radiative particles, see below Fig. 4. This is a totally different configuration from in-plane metamaterials [START_REF] Fedotov | Sharp trapped-mode resonances in planar metamaterials with a broken structural symmetry[END_REF][START_REF] Zhang | Plasmon induced transparency in metamaterials[END_REF][START_REF] Hao | Symmetry breaking in plasmonic nanocavities: subradiant LSPR sensing and a tunable Fano resonance[END_REF][START_REF] Le | Metallic nanoparticles arrays: a common substrate for both surface enhanced raman scattering and surface-enhanced infrared absorption[END_REF][START_REF] Liu | Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit[END_REF] where dark modes, as designed, are spectrally narrower than the radiative mode. With the embedding in a dielectric cavity, a semicontinuous metallic nanocomposite is transformed into a "dark metasurface" where dark modes are randomly localized. Thicker, 20nm, metallic nanocomposites have a purely metallic behaviour [START_REF] Ameling | Cavity plasmonics: large normal mode splitting of electric and magnetic particle plasmons induced by a photonic microcavity[END_REF].

The (M) layer is composed of 150nm diameter GNS self-arranged at the cavity surface. With a quarter wave nanocavity at the 1070nm wavelength, the GNS are positioned at a maximum of electric field which eases radiative emission if the particles are resonant [START_REF] Ameling | Cavity plasmonics: large normal mode splitting of electric and magnetic particle plasmons induced by a photonic microcavity[END_REF]. For an isolated GNS, the scattering efficiency Qsca is determined with the Mie formulation [START_REF] Messinger | Local fields at the surface of noble-metal microspheres[END_REF]. As the GNS are at the cavity's surface, they are not embedded in TiO2, and the effective index [START_REF] Svedendahl | Fano interference between localized plasmons and interface reflections[END_REF],

n=1.87 is lower than the refractive index of TiO2, n=2.2. With a lower effective index, the whole scattering spectrum shifts to higher energy, Fig. 3. The maximum dipolar plasmonic resonance is in the NIR at 860nm. The full scattering bandwidth of a GNS extends from the visible at 550nm to 1110nm in the NIR. At 1070nm, even if on the long wavelength side of the dipolar resonance, the scattering efficiency is still 3 times the geometrical scattering cross section of a sphere. The volume of the GNS is such that a distinct and intense quadrupolar plasmon resonance is also excited at 625nm. At this wavelength, the dipolar plus quadripolar scattering efficiency is 5 times the geometrical scattering cross section of a GNS. A GNS has an ambivalent scattering behavior because it can emit light with a dipolar lobe or with a quadrupolar lobe [START_REF] Kreibig | Optical Properties of metal clusters[END_REF] which is more likely to couple into the structure as a guided wave [START_REF] Bouchut | Stimulated resonant scattering at stressed fused silica surface[END_REF]. In the (NMI+M) stacked structure, the (M) layer is a resonant mirror with a very large bandwidth extending from the visible to the NIR. As the density of GNS increases, the dipole resonance becomes suppressed and the extinction efficiency of interacting particles extends to the IR [START_REF] Khlebtsov | Coupled plasmon resonances in monolayers of metallic nanoparticles and nanoshells[END_REF]. Bright modes are randomly localized in this discontinuous layer.

With both a dark metasurface and a bright mirror on the sides of the cavity, the (NMIM) structure radiative behavior is characterized by asymmetry. The difference in the size of the metal particules, ≈10nm for the semicontinuous nanocomposite [START_REF] Horikoshi | Growth of Au nanoparticle films and the effect of nanoparticle shape on plasmon peak wavelength[END_REF] and 150nm diameter for the GNS, determines their extinction properties, either absorbing or scattering. There is also an in-plane structural asymmetry when considering that the modes in each metasurface are randomly positioned. The structural asymmetry is reinforced with an electric field node at the dark metasurface and an antinode, at a 1070nm wavelength, on the surface. Structural asymmetry enables the interaction of electric and magnetic modes [START_REF] Shafiei | A subwavelength plasmonic metamolecule exhibiting magnetic-based optical Fano resonance[END_REF]. By definition, the near field region r from an antenna emitting at a wavelength λ is r< λ. The GNS can be considered as antennas whose shorter wavelength of emission is at 625 nm, the quadrupolar plasmon resonance, Fig 3.

With a 231 nm optical path set by the cavity, the dark layer is in the near field of the GNS. The dipolar and quadrupolar back-radiation field from the GNS [START_REF] Kreibig | Optical Properties of metal clusters[END_REF] is directed toward the dark metasurface through a transparent nanocavity. This enhances the near field interaction in our stacked structure. As designed, the two metasurfaces have resonances with a spectral overlap that cover the visible and the NIR. Random bright modes on one side of the cavity interact by near field [START_REF] Hsu | Theoretical criteria for scattering dark states in nanostructured particles[END_REF] with random dark modes on the other side. Transmission and absorption of the stacked structure (NMI) with multiple deposits of GNS on the surface (+Mxa), are shown in Fig. 4(a) and 4(b). The transmission begins to increase with the first deposit of GNS, +Mx1. It is maximum with three deposits of GNS, +Mx3, and decreases with the fourth deposit of GNS, +Mx4. The transmission's increase starts from the visible at 620nm to our measurement limit in the NIR at 1500nm, Fig. 4(a). The induced transparency is maximum at 745nm with a 21% value, decreases at 12.5% at 1070nm and slightly continues to decrease at 11% on the longer wavelength side at 1500nm. The transparency's maximum occurs in a spectral range where the GNS scattering efficiency is maximum with dipolar and quadrupolar scattering, Fig. 3. Quadrupolar modes from voluminous metallic particles are also efficient in exciting dark modes [START_REF] Verellen | Fano resonances in individual coherent nanocavities[END_REF]. The PIT bandwidth starts at 650nm and ends at 1500nm with an extent of 260 Terahertz. This bandwidth is 10 times larger than the bandwidth of the 3D metamaterial designed by Liu et al. [START_REF] Liu | Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit[END_REF]. This is due to the coupling of a dark metasurface, with a continuum of dark modes, with a bright mirror, made from voluminous GNS which can be excited over a spectral range covering the visible to the NIR.

The PIT bandwidth in designed metamaterials is limited by the bandwidth of the dark mode. On the contrary the PIT bandwidth in our structure is limited by our bright mirror.

Our induced transparency gain, 21%, is only half that of the induced transparency gain of Liu et al.'s most performant structure which was also the most asymmetric [START_REF] Liu | Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit[END_REF]. But the gain of transparency which might be observed in designed metamaterials is obtained with the use of polarized light. Our random 3D metamaterial is not sensitive to the light's polarization. The induced transparency is also correlated to an absorption's decrease in the NIR, Fig. 4(b). With three deposits of GNS, the absorption's maximum is blue shifted from 660 to 585nm and increases from 27 to 43 %.

With the coupling between our two metasurfaces there is an energy splitting between the bright and the dark level [START_REF] Liu | Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit[END_REF]. A radiative mode is now observed at our absorption's maximum with nearly a 1eV shift from the 1070nm mid NIR subradiant mode. As the energy splitting between the two levels is also a measure of the coupling strength [START_REF] Ameling | Cavity plasmonics: large normal mode splitting of electric and magnetic particle plasmons induced by a photonic microcavity[END_REF], we can conclude that there is a very strong coupling between the two metasurfaces. Without the (NM) layer as a dark metasurface PIT would not be observed. This is an a-posteriori proof that a retarded π/2 wave is transforming a nanocomposite resonant mirror into a dark metasurface.

Whereas with the first three deposits of GNS the induced transparency increased, with the fourth the induced transparency decreases and the absorption increases, Fig. 4(a) and 4(b). This behaviour is qualitatively understood when considering that with the increase in the GNS surface's density, the total scattering cross section of the radiative mirror also increases. The total scattering cross section from the GNS is Stotal=D.Ssca1 where D is the surface's density of particles and Ssca1 the scattering cross section of one GNS. Ssca1 is calculated by multiplying the geometrical cross section of a sphere: π.a² where a is its radius, by its scattering efficiency Qsca at 1070nm: Ssca1= 5.3 10 -10 cm². With successive deposits of GNS, the GNS surface's density increases. D is easily calculated by D=N.M/S where N is the number of deposits, M is the estimated number of particles per solution's mL and S is the surface over which 1mL of GNS solution is spread. D=5.8 10 8 xN part/cm². With 3 and 4 deposits of GNS the total scattering cross section Stotal increases from 0.9 to 1.2 times the geometrical plane surface. This qualitatively shows that with multiple deposit of GNS the total scattering cross section of the radiative mirror increases and eventually exceeds the geometrical plane surface. Interestingly, it has been shown that in a system where the dark and the bright resonator are coupled, when the radiative damping increases and exceeds the internal damping there is a transition from induced transparency to induced absorption [START_REF] Adato | Engineered absorption enhancement and induced transparency in coupled molecular and plasmonic resonator systems[END_REF]. In our stacked structure the internal damping is set by the dark metasurface where the electromagnetic energy is stored. The internal damping is maximum when the full surface of the dark metasurface is totally excited by back scattering lobes from the GNS. The condition of critical coupling is achieved when the radiative damping is equal to the internal damping [START_REF] Tretyakov | Maximizing absorption and scattering by dipoles particles[END_REF] and when the total scattering cross section of the bright mirror is equal to the geometrical plane surface of the dark metasurface. This corresponds to a maximum of stored electromagnetic energy in the dark metasurface. With 1 deposit of GNS the total scattering cross section of the bright mirror is only 0.3 time the geometrical plane surface of the dark mirror. This is the under-coupled regime where the radiative damping is inferior to the internal damping. With 4 deposits of GNS, the total scattering cross section of the bright mirror is 1.2 time the geometrical plane surface of the dark metasurface. This is the over-coupled regime where the radiative damping is superior to the internal damping. By increasing the total scattering cross section of our bright mirror with multiple deposits of GNS we have experimentally shown that a transition from induced transparency to induced absorption is feasible in our simple structure. The critical coupling between our two metasurfaces is demonstrated qualitatively because the spraying of GNS with a 1mL calibrated syringe is a rather crude way to dispense a liquid solution. It could be better assessed with the use of an automatic spray machine.

Conclusions

A random metamaterial has been very easily assembled as a stacked structure through two physical vapor deposition layers, one metallic and one dielectric and a spray of GNS on top. This 3D structure is built with three technological steps without any concern of aligning metal nanopatterns which greatly simplifies its manufacturing [START_REF] Yoon | Challenges in fabrication towards realization of practical metamaterials[END_REF].

This structure is intrinsically insensitive to the polarization of light because the localized plasmons in the two metasurfaces are randomly positioned.

When embedded in a TiO2 nanocavity, a semicontinuous gold nanocomposite is transformed by a π/2 phase retarded wave into a "dark metasurface", with a dark states quasi-continuum. This was predicted theoretically [START_REF] Ruan | Temporal coupled-mode theory for Fano resonance in light scattering by a single obstacle[END_REF]. The conversion of metallic nanocomposites with a different phase retardation, at or over the percolation threshold, is still to be investigated.

The bright mirror is made from the self-arrangement of the GNS at the nanocavity's surface. Voluminous GNS present quadripolar and dipolar resonant states with an extended spectrum from the visible to the NIR Random bright modes from the bright mirror are strongly coupled through their near field with random dark modes from the dark metasurface. The fact that the plasmonic nearfield through the nanocavity, is not so close, is without consequence because the two metasurfaces are facing each other. Whatever dipolar or quadripolar emission is radiated back by the bright mirror is collected by the semicontinuous metallic nanocomposite. A strong coupling that includes quadrupolar interaction is demonstrated between the two stacked metasurfaces with an optical cavity [START_REF] Taubert | From near-field to far-field coupling in the third dimension: retarded interaction of particle plasmons[END_REF]. PIT is observed at normal incidence over an ultrabroad 260 Terahertz spectral bandwidth from the visible to the NIR. The 21% induced transmission maximum occurs at 745nm in a spectral region where the scattering cross section from the GNS is maximum.

Critical coupling between the two metasurfaces is achieved with multiple deposits of GNS and the transition from induced transparency to induced absorption is experimentally observed.

Such a simple 3D metamaterial could be used to enhance non-linear optical effects, optical switching and slow light generation in the NIR.
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Figure 1 :

 1 Figure 1: Schematic cross section of the 3D random metamaterial. The Nanometal hatched rectangle stands for a semicontinuous ultrathin gold layer
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 2 Figure 2: Absorption versus the wavelength for a 5nm gold monolayer on glass (NM) and a bilayer where the ultrathin gold layer is embedded in a 105nm TiO2 layer (I).

Figure 3 :

 3 Figure 3: Mie calculation of the scattering efficiency of a 150 nm diameter gold sphere embedded in TiO2 (n=2.2) or on the surface (n=1.87).

Figure 4 :

 4 Figure 4: (a) Transmission, (b) Absorption, versus the wavelength of the bilayer (NMI) when GNS deposits are added in multiple steps (+Mxa).