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Abstract

:

Ultraviolet plasmonics (UV) has become an active topic of research due to the new challenges arising in fields such as biosensing, chemistry or spectroscopy. Recent studies have pointed out aluminum, gallium, magnesium and rhodium as promising candidates for plasmonics in the UV range. Aluminum and magnesium present a high oxidation tendency that has a critical effect in their plasmonic performance. Nevertheless, gallium and rhodium have drawn a lot of attention because of their low tendency of oxidation and, at the same time, good plasmonic response in the UV and excellent photocatalytic properties. Here, we present a short overview of the current state of UV plasmonics with the latest findings in the plasmonic response and applications of aluminum, gallium, magnesium and rhodium nanoparticles.
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1. Introduction


In the last two decades, nanoplasmonics has experienced a huge impulse from both theoretical and experimental points of view. This branch of nanophotonics studies the distribution of the electromagnetic field, and its local charge resonances (Localized Surface Plasmon Resonances, LSPRs) in sub-wavelength metallic nanostructures. These SPRs localize and strongly enhance the incident field near the nanostructure at dimensions much smaller than its wavelength [1]. This phenomenon has been exploited for many applications in several scientific fields such as medicine [2], optical communications [3], spectroscopy [4], chemical sensing [5] or photocatalysis [6].



Many studies have analyzed how the LSPRs can be spectrally tuned by varying the shape, size and material of the nanoparticle, as well as its surrounding conditions [7]. Most of this research has been done in the visible and near-infrared (   λ > 400    nm) where Au nanoparticles have played a leading role due to their oxide-free nature and biocompatibility.



Extending nanoplasmonics to the UV range has become a topic of interest due to the new challenges arising in specific areas. For example, many biological compounds, such as nucleotide bases, nucleic acids or aromatic amino acids in cells, have absorption bands in the UV (below   λ   = 300 nm) [8,9,10]. By using hot spots excited by LSPRs in the UV, it is possible to improve surface enhanced spectroscopy techniques (SERS [4], TERS [11], etc.) that ease the detection and recognition of these kinds of biomolecules. Also, biosensing assisted by LSPRs monitors the spectrum around the plasma resonance looking for shifts produced by changes in the extinction curves related to some target analyte. Bioimaging is another area that benefits from using UV radiation since the diffraction limit is proportional to the wavelength. Another example is photocatalysis, an area of research which has experienced a great development in the last decade. It has been recently discovered that metallic nanoparticles (NPs) are photocatalytically active, driving chemical reactions with photo-generated hot carriers originated from the LSPRs’ decay [6,12,13]. These hot carriers and their subsequent transfer to adsorbates can affect reactions pathways. By tuning the photon and LSPR energies so that hot carriers are injected into specific orbitals of reaction intermediates, product selectivity can be achieved. However, not all metals can be used for these kind of applications, only those with good plasmonic and catalytic behaviors.



As conventional metals such as Au or Ag cannot operate in the UV range due to the presence of interband transitions, several researches have analyzed possible new metallic alternatives in order to find those whose plasmonic performance could be suitable for the new challenges arising for photon energies above 3 eV [14,15]. Among the studied metals are aluminum (Al), gallium (Ga), indium (In), rhodium (Rh), ruthenium (Ru), tungsten (W), titanium (Ti), chromium (Cr), palladium (Pd), copper (Cu), platinum (Pt), and magnesium (Mg). Figure 1 shows the dimensionless Faraday number,    F a    (or field-enhancement factor) [16] for different materials including all the above mentioned plus gold (Au), silver (Ag) and bismuth (Bi). Very recent results have presented Bi as a promising candidate for plasmonics in the UV range [17].    F a    quantifies and allows comparison of the ability of a material to enhance the electromagnetic field in the proximity of its surface. This expression has been proposed as a refinement to the plasmonic efficiency used in previous studies [14,15]. Figure 1 shows that Mg, Al, Ga and Rh present the highest value of    F a    while having LSPRs in the UV. Although In also presents a value of    F a    comparable to that of Ga, its oxidation process (5 nm vs 1 nm oxide shell thickness) prevents its application in the UV [14].



The plasmonic performance of these metals depends on the surrounding dielectric environment. All of them, except Rh, form native oxides shells that wrap the NP and whose thickness highly depends on the exposure conditions: temperature and pressure. The thickness of this oxide shell can go from 1 nm, as in the case of Ga, to the complete destruction of the metal content of the NP, as in the case of Mg [21]. So, knowing how this oxide shell affects the plasmonic behavior of this type of NPs is a key point for researchers in UV plasmonics [22,23,24]. It will be addressed in the next two sections for the four most significant metals able to sustain UV LSPRs. It is worth mentioning that materials with UV plasmonic response can also be achieved by alloying elemental materials [25].



The review is organized as follows. Firstly, we will review the properties and related work on four metals with good plasmonic performance in the UV range. These metals have been divided in two different groups depending on their high/low oxidation tendency. Secondly, we will analyze the plasmonic response of NPs made of these materials with different shapes while considering their respective oxide shells. Finally, we present some examples of local-field cooperative effects in dimers.




2. High Oxidation Tendency: Aluminum and Magnesium


2.1. Aluminum


Aluminum is the third most abundant element in the Earth’s crust, only behind oxygen and silicon. This makes it two to three orders of magnitude cheaper than other conventional plasmonic metals like Au or Ag. It presents a strong plasmonic response in the UV range, and unlike precious metals, its interband transitions lie in the near infra-red (NIR around 800 nm) [26]. For instance, Al is compatible with optoelectronic devices and complementary metal–oxide–semiconductor (CMOS) technology. Most importantly, there is a high number of processing methods for manufacturing Al NPs of different sizes and shapes [27]. Among these methods are lithography, laser ablation and chemical synthesis. This includes nanorods [28,29,30], nanodisks [22] or flat triangles [31,32]. The main disadvantage is its inherent high tendency to oxidation. When exposed to air, a thin layer of oxide wraps the NP [33]. Although the layer thickness is small (a few nanometers), it is highly sensitive to ambient conditions: temperature and humidity. As a consequence, plasmonic resonances of Al NPs are spectrally modified. It has been experimentally and theoretically shown that the growth of this oxide layer leads to both a red-shift and a weakening of the resonance peaks in Al NPs with different shapes [22,23,31,34]. On the other hand, the self terminating oxide layer can prevent further oxidation, producing a natural encapsulation. This is why this oxide layer is sometimes described as a “protective” layer. Recent experiments on Al nanorods, have shown that high-order resonant modes are more confined inside the oxide-shell [30].



Recently, a lot of attention has been paid to Al in photocatalysis applications. Traditionally, transition metals like Rh, Ru or Pd have been used in heterogeneous catalysis to lower the activation energy of chemical reactions. However, these metals present lower absorption and weaker LSPRs in the UV spectral region. This is a disadvantage for photocatalytic applications due to the poor overlap with either conventional lasers sources or the solar spectrum. For these reasons, it has been proposed to couple a plasmonic antenna directly to the catalytic nanoparticle. This antenna-reactor complex allows absorption enhancements in poorly light-absorbing catalytic metals [35]. The feasibility of these heterostructures has been demonstrated using Al as “antenna” and Pd as “reactor” heterodimers [35] and decorated spherical nanoparticles [36]. Aluminum-cuprous oxide antenna-reactor nanoparticles have also been proven to be an efficient photocatalytic heterostructure [37]. More recently, it has been reported the possibility of producing Al nanocrystals decorated with transition metal nanoislands [38]. These metals include among others Rh, Ru or Pd, which have already been used in heterogeneous catalysis. Although Al by itself is a poor catalytic metal, it has been demonstrated that Al nanocrystals can also act as photocatalysts for hydrogen dissociation [39]. Densely distributed Al NPs have been also used to assist photocatalytic processes [40,41].



Aluminum nanostructured films have been widely used as substrate for enhanced fluorescence spectroscopy in the UV for detection of biomolecules [42,43]. Al nanoapertures have been studied as a tool for the modification of fluorescence decay rate of p-terphenyl dye molecules [44,45]. Wang et al. [45] reported a lifetime reduction of ≈7.2×, exceeding the previously reported value ≈3.5× by Jiao et al. [44]. The first fabrication of Al film-over substrate for UV surface-enhanced resonance Raman scattering at the deepest UV wavelength used to date (  λ   = 229 nm) [46] has been reported.



Ahmadivand et al. [47] have proposed to use aluminum nanoantennas to enhance the response of a GaN UV detector and, in this way, overcome some of the problems of current UV photodectors [48]. This nanoantenna consists on Al/Al    2   O    3    heptamers with the symmetry of a benzene molecule as Fano-resonant plasmonic nanoclusters. Their results showed that these assemblies are able to generate hot electrons to enhance the absorption by inducing Fano-resonant modes across the UV spectral region.




2.2. Magnesium


Magnesium nanoparticles also present a strong plasmonic response in the UV, even stronger than Al. The efficiency of them is higher than those of Al for the same wavelength range. However, the oxidation of Mg NPs is more aggressive. The native oxide MgO forms without stopping upon exposure to air as oxygen rapidly diffuses through porous oxide into the metal [15,23]. This process leads to a complete destruction of the plasmonic effects on Mg NPs, unless they are manipulated under controlled atmospheres [49]. In order to prevent their oxidation and preserve their UV plasmonic performance, a coating procedure with gallium has been recently proposed [50].



A very interesting fact about Mg is that it can absorb up to 7.6 wt % of hydrogen gas [51]. This, together with its abundance and low cost, makes Mg a very attractive material for hydrogen storage and hydrogen sensing purposes in the looming hydrogen economy [52,53]. Recently, it has been experimentally demonstrated how the plasmonic response of Mg NPs (more precisely, nanodisks fabricated by colloidal hole-mask lithography) can be switched from “on” to “off” states by exposing them to molecular hydrogen (H    2   ). Mg upon exposure to H    2    turns into MgH    2   , which, as a dielectric material, does not support plasmonic resonances. The hydrogenation process is reversible by exposure to oxygen, turning MgH    2    into metallic Mg again [49]. This feature makes Mg very appealing for creating new active plasmonic devices. For example, this metal-dielectric transition has been experimentally used in the construction of an hybrid plasmonic metamolecule with hydrogen-regulated chiroptical response [54].



In the field of bio-sensing, the modification of the ultraviolet (UV) fluorescence decay rate of p-terphenyl dye molecules by Mg nanoapertures in free solution has been reported by Wang et al. [45]. Mg nanoapertures exhibit a lifetime reduction of up to ≈7.2×. This value is higher than that reported for Al (≈5.3×). Single Mg nanohelices with strong chiroptical response have also been reported as plasmonic sensors for molecular detection [55].





3. Low Oxidation Tendency: Gallium and Rhodium


3.1. Gallium


Gallium is a standard material in optoelectronics that is becoming attractive also for its plasmonic properties. It presents a broad plasmon tunability, it is stable along a wide range of temperatures and its deposition is simple even at room temperature [24]. Moreover, the new range of bottom-up fabrications techniques that allow the production of Ga NPs, make this material very appealing for practical purposes. These fabrication methods include molecular beam epitaxy (MBE) [24,56], optically regulated self-assembly [57], thermal evaporation [58], and colloidal synthesis [59]. In addition, unlike either Al or Mg, its very low tendency to oxidation (1–2 nm oxide shell thickness), minimally affects its optical properties, keeping them stable over months or even years [23,24]. Ga NPs form liquid droplets with a melting point of 30     ∘   C, so when deposited on a substrate at room temperature, they produce a close-packed array of smooth truncated spheres whose mean radii and size distributions vary with growth conditions. Wu et al. [56] presented the optical evolution of Ga NPs surface plasmon resonance during deposition by in situ ellipsometry to control and tune the plasmon resonance photon energy. This work reported both longitudinal and transverse modes for the hemispherical Ga NPs supported on a sapphire substrate. Similar results were obtained by Albella et al. [60] through a numerical study based on the Discrete Dipole Approximation (DDA) [61]. Other methods used to study this type of nanoparticles include variable-angle spectroscopic and Mueller matrix ellipsometry [62] or hyperspectral cathodoluminescence imaging [63].



The utility of these Ga NPs seeded substrates has been demonstrated for UV surface-enhanced Raman spectroscopy, fluorescence, and photodegradation, following excitation by a HeCd laser operating at 325 nm [64].



Other studies have explored the possibility of alloying or coating these Ga NPs with other metals such as Mg. Wu et al. [65] experimentally analyzed the plasmonic properties of this type of NPs. These bimetallic NPs allow a new degree of freedom for tuning the LSPRs since their optical constants are dependent on the mixture composition. The resulting Ga-Mg NPs exhibit a plasmon resonance tunable from the UV to the IR by playing with the particle size and the Ga/Mg ratio [50]. Electromagnetic simulations based on DDA numerically corroborated these experimental results [50].



Very recently, it was experimentally shown, through real-time ellipsometry, the stable coexistence of a solid-phase core and a liquid shell in substrate-supported Ga NPs [20]. Both liquid and solid phases present significantly different optical properties [20]. While the liquid phase presents a Drude-like dielectric function, the solid phase presents interband transitions in the 2.19–2.40 eV range. This fact is relevant for plasmonic applications, since the plasmonic performance of metallic NPs is very sensitive to their optical properties.



Krasavin et al. [66] proposed a new concept for active plasmonics that exploits light-induced nanoscale structural transformations in the waveguide material. Specifically, they showed that surface plasmon polaritons signals in a metal-on-dielectric waveguide containing a Ga section a few microns long can be effectively controlled by switching the structural phase of gallium. They were able to induced the phase change by thermal or optical excitation. Taking advantage of the gallium’s solid-liquid phase transition, Vivekchand et al. [67] fabricated liquid Ga gratings which exhibited reversible and switchable phase-dependent plasmonic properties. The liquid phase showed higher surface plasmon polaritons coupling efficiencies and narrower resonance line widths compared to the solid phase. In order to predict the optical constants of liquid metals and metal alloys, Blaber et al. [68] proposed a density functional theory molecular dynamics model that allows to calculate them from first principles with no a priori knowledge of the system. This method was tested on liquid Ga and In-Ga eutectic alloy.




3.2. Rhodium


Although Ga NPs form an oxide shell only 1–2 nm thick, oxide-free metals, like Pd, Pt, Ru or Rh, should be even more desirable. Of all these noble metals, Rh presents the strongest plasmonic response in the UV range. Moreover, the possibility of synthesizing Rh NP with sizes smaller than 10 nm through chemical methods [69,70] and its potential for photocatalytic applications, makes this material very attractive for building plasmonic tools in which photon energies are well above 3 eV [69]. As a disadvantage, Rh is less abundant than metals like Al or Mg. This fact has a logical impact on the price: the price of Rh is more than 10    4    higher than that of Al or Mg.



In our previous research, two different Rh NP have been synthesized: tripod stars [69,71] and nanocubes [70]. On the one hand, Watson et al. [69] synthesized and experimentally examined the properties of Rh tripods by means of SERS, surface enhanced fluorescence, and photoinduced degradation of a typical compound like p-aminothiophenol (PATP). They found that Raman and fluorescence spectra were enhanced and photodegradation was accelerated in the presence of Rh under resonant UV excitation. In addition they observed that for more tightly focused UV illumination, fluorescence spectra often increased for many minutes. This is an indication that photo-excited hot electrons efficiently transferred from the Rh NPs to the attached PATP before photodamage ultimately quenched the fluorescence. These efficient photodegradation and photo-induced charge transfer processes confirmed the potential of Rh nanostructures for UV plasmonic and photocatalytic applications. On the other hand, a similar study was carried out by Zhang et al. [70]. They were able to synthesize uniform Rh NCs with controlled side length ranging between 10 to 59 nm. They observed that the UV LSPRs of the NCs accelerated the rate of PATP chemical decomposition.



Rh has also been presented as a promising metal for plasmonic photocatalysis. Supported Rh nanoparticles and molecular complexes are widely used in industrial hydrogenation, hydroformylation and ammonia oxidation reactions. However, its main industrial application is in three-way catalytic converters to reduce NO    x   , where Rh is often alloyed with Pt and Pd because of its corrosion resistance [72,73,74]. Very recently, Zhang et al. [75] reported that plasmonic Rh nanoparticles are photocatalytic, simultaneously lowering activation energies and exhibiting strong product photo-selectivity, as illustrated through the CO    2    hydrogenation reaction. These results have opened an exciting new pathway in the long history of heterogeneous catalysis by offering a compelling advantage of light over heat.



The plasmonic response of a nanoparticle is very dependent on the shape of the nanostructure [7]. Through chemical synthesis and repeated use in photocatalytic processes, some defects may appear on the NPs. For example, in the case of the NCs, they present rounded edges and some concavities/convexities on the faces as it is shown in TEM images [70,75]. In fact, it has been demonstrated that the concavity of Rh nanocubes can be controlled by using a site-selective etching strategy [76]. The effect that these deviations from the perfect shape has on the plasmonic performance has been studied by Gutiérrez et al. [77].



Other authors have proposed to used Rh nanoparticles for deep-UV bio-chemical sensing [78]. They proposed nanostructures composed of nanorings dimer-type antennas and an infinity shape structure built by a pair of split rings with a nanodisk. These nanostructures support Fano resonances that can be used for deep-UV biochemical sensing applications.





4. Comparison of the Plasmonic Response of Simple Geometries: Oxidation Effects


In this section, we will compare the plasmonic response in both the near- and far-field regimes of nanostructures made of Al, Mg, Ga and Rh. The parameter of interest in the far-field regime will be the absorption cross-section    C  a b s    , while for the near-field we calculate the enhancement of the local intensity averaged over the NP surface    〈 | E  | 2  〉   . From now on, we will refer to    〈 | E  | 2  〉    as averaged local enhancement for brevity. In the case of Al, Mg and Ga, NPs will be modeled with an oxide thickness of 3, 5 and 1 nm, respectively, to be consistent with previous numerical and experimental studies [20,22,49].



Figure 2 shows the complex dielectric permittivity (   ϵ =  ϵ r  + i  ϵ i    ) of these metals and their corresponding oxides. The values of the complex dielectric permittivity have been taken from different sources in the literature [18,20,79]. Note the similar optical behavior shown by Mg and Al oxides, while Ga    2   O    3    shows absorption in the UV region above 3 eV.



As in a previous work [80], we have considered tripod stars (   l = 10    nm,    w = 5    nm and    h  =  5    nm), cubes (   L = 8.1139    nm) and spheres (   R = 5.0335    nm) with equivalent volume. By choosing nanoparticles with the same volume but different shape, it is possible to explore the relative contribution of the shape (corners and edges effects included) and the material. Such small NPs are highly demanded in photocatalysis applications. It is well known that small NPs have higher catalytic activity than larger ones due to their increased surface to volume ratio. The hot-electrons produced by LSPR excitation in these small NPs are more likely to reach the surface and enter anti-bonding orbitals of adsorbed molecules, thereby weakening a critical bond and accelerating the reaction [38].



Figure 3 shows the absorption cross-section    C  a b s     (top row) and averaged local enhancement    〈 | E  | 2  〉    (bottom row) for equivalent tripod stars, spheres, and cubes made of Al + Al    2   O    3   , Mg + MgO, Ga + Ga    2   O    3    and Rh. The oxide shell thickness in each case has been set to 3, 5 and 1 nm respectively [22,24,49]. The aforementioned dimensions for the tripod stars, cubes and spheres already include the thickness of oxide shell in each case. The percentage of metal content in each nanoparticle is shown in Table 1. This magnitude is defined as    V ( m e t a l ) / V ( m e t a l + o x i d e ) × 100   , where V represents the volume of either metal or metal+oxide within the NP.



Figure 4 shows the     | E |  2    maps (logarithmic scale) at E = 3.82 eV (  λ   = 325 nm, HeCd laser) for Rh and Ga + Ga    2   O    3    tripod stars (   l = 10    nm,    w = 5    nm and    h = 5    nm), nanocubes (   L = 8.1139    nm) and spheres (   R = 5.0335    nm). These two materials have been chosen in order to show how the near-field distribution is affected by the presence of an oxide shell. A deep analysis of this topic on Al + Al    2   O    3   , Mg + MgO and Ga + Ga    2   O    3    spherical and hemispherical geometries was made by Gutiérrez et al. [23].



The plasmonic response of Al and Mg is completely deteriorated by the formation of the oxide layer, specially in the case of Mg, for which the metal content drops to 0% after oxidation. This aggressive oxidation process limits the performance of Mg NPs with sizes smaller than 10 nm. It is surprising how the absorption cross section of the Al sphere (with a metal content of just 1.8%) is comparable to that of Ga and Rh spheres at energies around 6 eV. However, when looking at the value of    〈 | E  | 2  〉   , for Al spherical NPs, it is approximately half the value for Rh and Ga spherical ones.



By comparing Ga and Rh (low oxidizing tendency), in general, the former presents LSPRs at lower energies than the latter (coherent with their Fröhlich frequencies, 6.5 and 8.1 eV, respectively). Moreover, for energies above 3 eV both    C  a b s     and    〈 | E  | 2  〉    are higher for Rh NPs than for Ga NPs. The only exception occurs for the sphere geometry, for which Ga presents higher absorption and electric field enhancement between 5 and 6 eV approximately. From this comparison, it can be concluded that oxidation prevents Al and Mg to be optimum candidates as plasmonic materials. On the contrary, Ga and Rh show a good plasmonic response, specially Rh, which presents almost highest values of    C  a b s     and    〈 | E  | 2  〉    all over the studied spectral range.



Electric field hot-spots can be observed in specific locations for each geometry (see Figure 4). Also, the effect that oxide shells have on them is shown in the bottom row for Ga + Ga    2   O    3    NPs. In absence of oxide, hot-spots are produced on the surface of the particle, where they can be in direct contact with the analytes in surface enhanced applications. When an oxide shell is present, for very thin shells and specific geometries, hot-spots produced on the surface of the oxide are more intense than those at the interface metal-oxide (see the Ga + Ga    2   O    3    sphere). However, for other geometries like Ga + Ga    2   O    3    tripod stars and nanocubes, hot-spots produced in the metal-oxide boundary are more intense. So, as for the case of Ga, the oxide shell can have a critical effect on the UV plasmonic performance of metallic nanostructures and its relevance to real applications.



Finally, it is important to point out that, although Rh in principle presents not as good plasmonic properties as Al or Mg (lower    F a   , see Figure 1), because its does not oxidize, its plasmonic response is more adequate for practical purposes.




5. Cooperative Effects: Dimer Induced Hot-Spots


In this section we will compare cooperative effects in Rh tripod star and nanocube dimers since these are two of the synthesizable geometries, and also, because the absence of an oxide-shell makes this material very appealing for UV applications. In particular, we will explore the strong interaction region between metallic NP dimers, where single molecules have been detected with other metals [81,82]. The studied interparticle distance (gaps) ranges between 1 and 10 nm. The shortest gap has been chosen to be 1 nm in order to avoid quantum tunneling effects between particles [83] (the electron tunneling transmission vanishes when the gap is larger than ≈ 0.8 nm [84]).



Figure 5 plots (a) the near-field intensity     | E |  2    maps at E = 3.82 eV (  λ   = 325 nm, HeCd laser), (b) the maximum value of the near-field intensity at the center of the gap, and (c) the absorption cross-section    C  a b s     spectra as a function of the gap spacing for tripod stars (left) and nanocubes (right) dimers under normal incidence illumination and polarization parallel to the dimer axis. It can be pointed out that as the gap becomes smaller, the value of    C  a b s     increases and so does the near-field intensity at the center of the gap for both geometries. Also, the peak of    C  a b s     is blue-shifted. This behavior is in perfect agreement with results reported by Rechberger et al. [85].



Nevertheless, since the plasmonic response is very dependent on the nanoparticle’s shape, tripod star and nanocube dimers behave very differently. The LSPR peak corresponding to the nanocube dimer is ≈2.5 eV blue-shifted with respect to that of the tripod star. Moreover, the latter present larger values of    C  a b s     than the former. By looking at the maximum near-field enhancement at the center of the gap, the tripod star dimer presents in hot-spot a value of     | E |  2    around one order of magnitude higher than that of the nanocube for shorter gaps. This can be understood in terms of the lightning rod effect [86] since the tripod star dimer gap is between two sharp tips instead of between two flat surfaces (nanocube dimer). However, for the larger gaps, the near-field enhancement takes very similar values. Therefore, the near-field enhancement at the center of the gap decays faster with increasing interparticle distance for the tripod star dimer.




6. Conclusions


UV plasmonics constitutes a new focus of research due to new challenges arising in fields such as biology, chemistry or spectroscopy. In our quest to find suitable metals for the UV range, we have analyzed recent work developed for four metals that present plasmonic behavior in this spectral region: aluminum, magnesium, gallium and rhodium. These metals have been classified into two categories: those with high oxidation tendency (Al and Mg) and those with low oxidation tendency (Ga and Rh). By comparing the plasmonic response of small NPs (sizes smaller than 10 nm) made of these metals with their corresponding oxide layers, it can be concluded that the plasmonic performance of Al and Mg NPs is strongly affected by an oxide layer. This weakens their absorption efficiency and near-field enhancement. This effect is less noticeable as the size of the particle increases, specially for Al, which forms a self-terminating oxide shell. Recently, Rh, an oxide-free metal, has drawn the attention because it enhances its already favorable catalytic activity by UV illumination near its plasmonic resonance. From the experimental point of view, two geometries can be chemically synthesized: tripod stars and nanocubes. Rhodium NPs have shown the best UV plasmonic performance as compared with the other metals (highest values of absorption cross-section and near-field enhancement, specially on those geometries with edges and corners). In this review, we have also analyzed cooperative effects on dimers of Rh nanoparticles for those two geometries.
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Figure 1. Faraday number (   F a   ) for different metals. The blue dot represents the resonant energy (Fröhlich frequency, frequency at which    R e ( ϵ ) = − 2    [15]) and the shadowed region the exciting photon energies above 3 eV. The blue solid line represents the range of energies studied in each case (this depends on the optical constants available in the literature [17,18,19,20]). 
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Figure 2. Real (solid line) and imaginary (dashed line) parts of the complex relative permittivity (   ϵ =  ϵ r  + i  ϵ i    ) of Al, Mg, Ga, Rh (left) and their corresponding oxides (right) as a function of the photon energy of the incident beam. The values of the complex relative permittivities have been taken from different sources from the literature [18,20,79]. 
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Figure 3. Spectral enhancement of the local intensity averaged over the NP surface    〈 | E  | 2  〉    (left column) and the absorption cross-section    C  a b s     for equivalent tripod stars (   l = 10    nm;    w = h = 5    nm), cubes (   L = 8.1139    nm) and spheres (   R = 5.0335    nm) composed of Al + Al    2   O    3   , Mg + MgO, Ga + Ga    2   O    3    and Rh, illuminated under normal incidence. 
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Figure 4.     | E |  2    maps (logarithmic scale) at E = 3.82 eV (  λ   = 325 nm, HeCd laser) for Rh (top row) and Ga + Ga    2   O    3    (bottom row) tripod stars (   l = 10    nm;    w = h = 5    nm), cubes (   L = 8.1139    nm) and spheres (   R = 5.0335    nm). 
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Figure 5. (a) Logarithmic scale     | E |  2    maps at E = 3.82 eV (  λ   = 325 nm, HeCd laser), (b) maximum near-field enhancement at the center of the gap and (c) spectral absorption cross-section Cabs for tripod star (left) and nanocubes (right) dimers of several gaps, varying from 1 to 10 nm, illuminated under normal incidence with polarization parallel to the dimer axis. 
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Table 1. Percentage of metal content in each of the studied nanoparticles.
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	Metal
	Tripod Star
	Cube
	Sphere





	Al + Al    2   O    3   
	0%
	1.8%
	6.6%



	Mg + MgO
	0%
	0%
	0%



	Ga + Ga    2   O    3   
	22%
	42%
	51%



	Rh
	100%
	100%
	100%
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