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Classical and Ab Initio Plasmonics Meet at Sub-nanometric Noble Metal Rods
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Applications of noble metal clusters and nanoparticles in different size ranges abound -from a couple of atoms through mesoscopic sizes. Classical electromagnetics calculations are now employed on smaller and smaller sizes, creating a effervescent dynamic in fields like plasmonics and approaching the tiny sizes where quantum effects and the atomistic structure of matter play predominant roles. Nonetheless, explicit demonstrations of their merits and limitations are rare. Here we study the optical absorption of sub-nanometric elongated coinage-metal particles using ab initio and classical electromagnetics methods. The comparison between both approaches reveals that the classical plasmonic frequencies are in astonishing agreement with those predicted by 1 ab initio theory for atomistic three-dimensional rods and quasi one-dimensional chains, as long as collective surface-plasmon resonances lie far below the onset of d-electron excitations. The physical origin of this striking agreement is clarified through the analysis of the resonant induced electron densities and with the aid of model calculations for a purely one-dimensional system of electrons. Furthermore, we show that even when plasmonic/collective and electron-hole excitations are strongly coupled, the classical description accounts rather well for the spectral average of the corresponding quantum hybrid excitations. Our theoretical findings demonstrate that classical optics is surprisingly accurate in describing localized surface plasmon resonances even for angstrom-sized systems, provided the geometrical modelling of the atomistic structures is properly defined.

as the ratio between the longitudinal and lateral dimensions of the system). However, small clusters of noble metals [START_REF] Lermé | Quenching of the Size Effects in Free and Matrix-Embedded Silver Clusters[END_REF][START_REF] Cottancin | Optical Properties of Noble Metal Clusters as a Function of the Size: Comparison between Experiments and a Semi-Quantal Theory[END_REF][START_REF] Scholl | Quantum plasmon resonances of individual metallic nanoparticles[END_REF] and ultrathin rods with diameters smaller than 2 nm 14 can be synthesized as well. Also, a number of stable thiolate protected Au clusters [START_REF] Walter | A 58-Electron Superatom-Complex Model for The Magic Phosphine-Protected Gold Clusters (Schmid-gold, Nanogold of 1.4-nm Dimension[END_REF][START_REF] Nimmala | Au67(SR)35 Nanomolecules: Characteristic Size-Specific Optical, Electrochemical, Structural Properties and First-Principles Theoretical Analysis[END_REF][START_REF] Negishi | A Critical Size for Emergence of Nonbulk Electronic and Geometric Structures in Dodecanethiolate-Protected Au Clusters[END_REF] can be formed, among which Au 144 (SR) 60 has appeared to be of utmost interest due to its size ( 1.8 nm), stability, and coherent reproducibility of optical spectra. [START_REF] Weissker | Information on Quantum States Pervades the Visible Spectrum of the Ubiquitous Au144 Gold Nanocluster[END_REF][START_REF] Weissker | Optical Spectra of the Special Au144 Gold-Cluster Compounds: Sensitivity to Structure and Symmetry[END_REF] These advances open up a different length scale for plasmonics, where genuine quantum effects like quantization of electron energy levels, electron-density spill-out, and reduced surface d-electron screening become important. An example of the peculiar LSPR phenomenology emerging in this regime is the suppression of transverse plasmonic modes due to the quantization of electron energy levels in ultrathin Au rods. [START_REF] Takahata | Rayleigh Instability and Surfactant-Mediated Stabilization of Ultrathin Gold Nanorods[END_REF] As anticipated above, apart from their robustness against purely quantum physical effects, LSPRs in nanostructures present another very interesting optical characteristic: their spectral tunability through the nanostructure AR. [START_REF] Link | Spectral Properties and Relaxation Dynamics of Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods[END_REF][START_REF] Zuloaga | Quantum Plasmonics: Optical Properties and Tunability of Metallic Nanorods[END_REF] In particular, as recently reported for Au rods, [START_REF] Guidez | Diameter Dependence of the Excitation Spectra of Silver and Gold Nanorods[END_REF][START_REF] Lozano | Aspect-ratio-and sizedependent emergence of the surface-plasmon resonance in gold nanorods -an ab initio TDDFT study[END_REF] this paves the way to controlling the coupling between LSPRs and d-electron excitations through geometry. Moreover, when the width of the elongated nanostructure reaches a critical value, the electron motion is practically confined along the rod axis. In this regime, the system cannot be considered as a three-dimensional one and, as a consequence, collective electron excitations can no longer be considered as surface modes. [START_REF] Sarma | Screening and elementary excitations in narrow-channel semiconductor microstructures[END_REF] Lately, there has been an increasing interest in the modelling of the LSPR response of tiny noble metal structures by electromagnetics tools. Thus, it has been recently shown that sub-nanometric inhomogeneities in field-enhancement patterns in plasmonic gaps [START_REF] Barbry | Atomistic Near-Field Nanoplasmonics: Reaching Atomic-Scale Resolution in Nanooptics[END_REF][START_REF] Benz | Single-molecule optomechanics in picocavities[END_REF][START_REF] Trautmann | A classical description of subnanometer resolution by atomic features in metallic structures[END_REF] can be described, at least qualitatively, through classical optics calculations. On the other hand, the physical mechanisms behind the failure of classical predictions for the LSPR frequencies in compact nanoparticles (with sizes in the ∼ 1-3 nm range) are well understood. [START_REF] Lermé | Quenching of the Size Effects in Free and Matrix-Embedded Silver Clusters[END_REF][START_REF] Cottancin | Optical Properties of Noble Metal Clusters as a Function of the Size: Comparison between Experiments and a Semi-Quantal Theory[END_REF][START_REF] Liebsch | Surface-plasmon dispersion and size dependence of Mie resonance: Silver versus simple metals[END_REF][START_REF] Monreal | Competition between Surface Screening and Size Quantization for Surface Plasmons in Nanoparticles[END_REF][START_REF] Weissker | Optical properties of pure and core-shell noble-metal nanoclusters from TDDFT: The influence of the atomic structure[END_REF] Nonetheless, a careful exploration of the actual capabilities and limitations of electromagnetics methods when applied to elongated noble-metal subnanometric structures is, to the best of our knowledge, still lacking. In order to fill this gap, we present a comparative study of ab initio and classical optics (local and nonlocal) descriptions of the optical properties of noble-metal (Ag and Au) rods and chains of different sizes and ARs.

We develop a simple and intuitive link between quantum and classical descriptions of LSPRs, which allows us to define geometries (both shapes and dimensions) for the electromagnetics calculations in correspondence with atomistic structures having sub-nanometric lateral dimensions. Subsequently, we demonstrate the astonishing quality of the AR dependence of LSPRs as calculated by classical means in these quantum-sized systems, even in the quasi-one-dimensional limit. A direct comparison of LSPR frequencies and spectral strengths by both classical and ab initio descriptions reveals the influence of d-electron transitions in the plasmonic response of low-AR (quasi-spherical) structures. Finally, we investigate induced LSPR charge densities from classical and TDDFT calculations. This allows us to extend our comparative study beyond far-field characteristics and verify the validity of our findings also in the near-field regime. Apart from its evident methodological implications, our theoretical findings shed light on the interplay between collective and single-electron excitations in metallic nanostructures, a topic which is attracting much attention currently in various fields, including plasmonic-enhanced hot electron generation, 30 photocatalysis 31 and nano-scale heat sources. [START_REF] Baffou | Thermo-plasmonics: using metallic nanostructures as nanosources of heat[END_REF] Theoretical background. There is a wide range of tools for the theoretical description of LSPRs. The most suitable approach varies from case to case, depending on the geometry and size of the metallic structure and its environment. From an ab initio perspective, timedependent density-functional theory (TDDFT) [START_REF] Runge | Density-Functional Theory for Time-Dependent Systems[END_REF] is the method of choice to study collective excitations in metallic nanostructures. [START_REF] Guidez | Diameter Dependence of the Excitation Spectra of Silver and Gold Nanorods[END_REF][START_REF] Weissker | Optical properties of pure and core-shell noble-metal nanoclusters from TDDFT: The influence of the atomic structure[END_REF][START_REF] Pitarke | Theory of Surface Plasmons and Surface-Plasmon Polaritons[END_REF][START_REF] Varas | Quantum plasmonics: from jellium models to ab initio calculations[END_REF][START_REF] Sinha-Roy | In Search of the Quantum-Electronic Origin of Color Change: Elucidation of the Subtle Effects of Alloying with Copper on 1.8 nm Gold Nanoclusters[END_REF][START_REF] Barcaro | Optical properties of nanoalloys[END_REF][START_REF] Rossi | Nanoplasmonics simulations at the basis set limit through completeness-optimized, local numerical basis sets[END_REF] In TDDFT, the time evolution of the density of the many-electron system is obtained from a fictitious non-interacting one, the timedependent Kohn-Sham system, under the action of an effective time-dependent potential. This potential is a functional of the electron density n(r, t) and, accounts for the non-local spatial and temporal response of the correlated many-body system. [START_REF] Onida | Electronic Excitations: Density-Functional Versus Many-Body Greens-Function Approaches[END_REF][START_REF] Marques | Fundamentals of Time-Dependent Density Functional Theory[END_REF] As long as collective excitations dominate the optical spectra, simple approximations like adiabatic generalized-gradient approximations (AGGA) suffice. [START_REF] Varas | Quantum plasmonics: from jellium models to ab initio calculations[END_REF] However, the AGGA exhibits problems in the descriptions of the d states, leading, in particular, to d-band energies too close to the Fermi energy, in part due to the incomplete cancellation of the electron self-interaction. The precise description of the delicate interplay between d-electron and collective excitations in coinage-metals requires more sophisticated functionals like the long-range-corrected hybrid functional LC-M06L. [START_REF] Zhao | A new local density functional for main-group thermochemistry, transition metal bonding, thermochemical kinetics, and noncovalent interactions[END_REF][START_REF] Rabilloud | Description of Plasmon-like band in Silver Clusters: The Importance of the Long-range Hartree-Fock Exchange in Time-Dependent Density-Functional Theory Simulations[END_REF] This problem has likewise been treated successfully using DFT+U calculations of the generation of hot carriers from surface plasmon decay. [START_REF] Sundararaman | Theoretical predictions for hot-carrier generation from surface plasmon decay[END_REF] Application of TDDFT is limited to rather small systems having a number of electrons below ∼5000. Therefore, above this size limit we need a more tractable yet robust theoretical framework. Since LSPRs appear naturally as self-sustained solutions of Maxwell's equations, classical local optics provides the required accuracy in many cases. Within this framework, the existence of abrupt metal-dielectric boundaries is assumed, and the electromagnetic response of metallic regions is described in terms of their macroscopic dielectric function, bulk (ω). In the limit of small sizes and/or sub-nanometric radii of curvature, the non-local nature of the electromagnetic response becomes crucial. [START_REF] Scholl | Quantum plasmon resonances of individual metallic nanoparticles[END_REF][START_REF] Ciraci | Probing the Ultimate Limits of Plasmonic Enhancement[END_REF] As a consequence, the use of spatially dispersive dielectric functions is required for a practical description of the smearing of induced charges across metal-dielectric boundaries. [START_REF] Boardman | Electromagnetic Surface Modes. Hydrodynamic Theory of Plasmon-Polaritons on Plane Surfaces[END_REF] This can be done through simplified, yet numerically efficient implementations [START_REF] García De Abajo | Nonlocal Effects in the Plasmons of Strongly Interacting Nanoparticles, Dimers, and Waveguides[END_REF][START_REF] Raza | Unusual Resonances in Nanoplasmonic Structures due to Nonlocal Response[END_REF] of the hydrodynamical model for electron motion, [START_REF] Pitarke | Theory of Surface Plasmons and Surface-Plasmon Polaritons[END_REF][START_REF] Eguiluz | Hydrodynamic model for surface plasmons in metals and degenerate semiconductors[END_REF] or by defining a suitable space-dependent dielectric function in the metal-dielectric interface. [START_REF] Luo | Surface Plasmons and Nonlocality: A Simple Model[END_REF] These nonlocal corrections lead to blue-shifts of LSPR frequencies with respect to local optics predictions, [START_REF] Stella | Performance of Nonlocal Optics When Applied to Plasmonic Nanostructures[END_REF][START_REF] Ciraci | Hydrodynamic Model for Plasmonics: A Macroscopic Approach to a Microscopic Problem[END_REF] a trend that can be traced back to the fact that nonlocal corrections spread the induced density inward from the abrupt bulk surface. [START_REF] Feibelman | Surface electromagnetic fields[END_REF] While providing relevant corrections to local predictions, nonlocal optics still lacks important ingredients in the elucidation of LSPR behavior. First, the spill-out of the electron density at metal-dielectric interfaces, which in general leads to LSPR frequency red-shifts [START_REF] Toscano | Resonance shifts and spill-out effects in self-consistent hydrodynamic nanoplasmonics[END_REF][START_REF] Ciraci | Quantum hydrodynamic theory for plasmonics: Impact of the electron density tail[END_REF] is missing. Second, quantum finite size effects that are manifest in the discretization of electron energy levels 28 are absent. Finally, surface corrugation at the sub-nanometric scale is essentially missing, although it can be partially accounted for through phenomenological modelling of metal/vacuum interfaces in an effective manner. [START_REF] Barbry | Atomistic Near-Field Nanoplasmonics: Reaching Atomic-Scale Resolution in Nanooptics[END_REF][START_REF] Trautmann | A classical description of subnanometer resolution by atomic features in metallic structures[END_REF] By contrast the quantum mechanical TDDFT calculations are exact in principle, and would provide all the quantum many-body corrections if it were not for the fact that we need to rely on approximate functionals/kernels for practical calculations. Beyond these approximations, TDDFT can provide all the necessary corrections to local optics results, not only those due to bulk spatial nonlocality in the metal permittivity.

Systems and Methods. Following previous studies on the absorption spectra of noblemetal nanorods, [START_REF] Guidez | Diameter Dependence of the Excitation Spectra of Silver and Gold Nanorods[END_REF][START_REF] Lozano | Aspect-ratio-and sizedependent emergence of the surface-plasmon resonance in gold nanorods -an ab initio TDDFT study[END_REF][START_REF] Johnson | Electronic Structure and TDDFT Optical Absorption Spectra of Silver Nanorods[END_REF] we consider model pentagonal rods of Au and Ag derived from the 13-atom decahedral cluster by stacking rings of 5 atoms each plus a central atom along the rotational axis (see Figure 1). The longest rod (with highest AR) is made up of N = 145 atoms while the shortest one (with lowest AR) has N = 19. The structures in our study are the same for both Au and Ag and, to allow for a proper discussion of the dependence of the optical absorption on AR, they are not relaxed. The atom-atom distance along the rod axis is set to d 0 = 2.88 Å. The other class of systems here considered are single atom-chains of Au and Ag having a number of atoms between 6 and 24, with the same inter-atomic distance d 0 as in the rods. We focus our investigation on excitations by electric fields polarized along the longitudinal axis (x-direction), and the corresponding absorption spectra are calculated using the time-propagation formalism [START_REF] Yabana | Time-dependent local-density approximation in real time[END_REF] of TDDFT. The rods are excited by a delta-impulse perturbing electric field δE(r, t) = E 0 τ 0 δ(t)e x , see Figure 1, and the frequency-dependent absorption cross section is obtained from the Fourier transform of the induced time-dependent dipole moment

σ abs (ω) = - 4πω cE 0 τ 0 ∞ 0 dte iωt drxδn(r, t) . (1) 
Here, c is the speed of light and δn(r, t) is the time-dependent induced density after the "kick". This induced density is computed through the solution of the time-dependent Kohn-Sham equations as implemented in the real-space code octopus. [START_REF] Marques | Octopus: a first-principles tool for excited electronion dynamics[END_REF] Valence s-and delectrons are treated explicitly, whereas core electrons are described through norm-conserving

Troullier-Martins pseudopotentials. [START_REF] Troullier | Efficient pseudopotentials for plane-wave calculations[END_REF] The Perdew-Burke-Ernzerhof 59 (PBE) AGGA exchangecorrelation functional is used. However, as anticipated, the performance of this particular functional has to be carefully assessed. Figure S2 in the Supporting Information (SI) shows a comparison of PBE results for selected rods with those obtained using the more sophisticated LC-M06L hybrid functional, obtained by applying a long-range correction [START_REF] Ikura | A long-range correction scheme for generalized-gradient-approximation exchange functionals[END_REF] to the meta-GGA functional of Ref. 41. This functional has demonstrated high accuracy for small silver clusters [START_REF] Rabilloud | Description of Plasmon-like band in Silver Clusters: The Importance of the Long-range Hartree-Fock Exchange in Time-Dependent Density-Functional Theory Simulations[END_REF] and is therefore considered as a benchmark here. Our comparison indicates that the PBE spectra are valid as long as the dominant LSPR is well decoupled from interband transitions, which is the case for the high-AR rods treated here. By contrast, their accuracy degrades strongly when LSPRs couple with d-electron excitations, as in the case of Ag 19 , the shortest silver rod considered here. Thus, special care needs to be taken when comparing TDDFT and electromagnetics predictions for such cases.

A consistent comparison of LSPRs from ab initio and electromagnetics calculations requires a proper correspondence between atomistic structures and geometric regions having well defined boundaries. In order to mimic the soft single-atom termination of our atomistic rods, we choose 'cigar'-shaped geometries for our classical optics metal regions. These sub-nanometric cigars are defined as cylinders of length a and radius r 0 decorated by two hemispherical ends of the same radius, see Fig. 1. The electron density in the cigars is the same as the average s-electron density in the bulk, given by n avg = 3/(4πr 3 s ), where, r s = 3.02 a B (Bohr radius) is the Wigner radius for Au and Ag. As mentioned above, from the electromagnetics perspective, the optical response of noble-metal nanostructures is described through their dispersive bulk permittivity, bulk (ω). For coinage metals, this consists of a Drude term accounting for the contributions of loosely bound (nearly free) conduction band electrons (s-electrons) and a series of Lorentzian terms describing the effect of strongly bound core electrons. In our calculations, we use experimental fittings of this form and tested at visible frequencies (up to 5 eV). [START_REF] Rakić | Optical properties of metallic films for vertical-cavity optoelectronic devices[END_REF] The proper modelling of the atomistic quantum-sized systems is achieved by defining the electromagnetics geometries through two parameters.

First, the AR = (a + 2r 0 )/2r 0 for the classical optics cigar is chosen to be the same as for the atomistic structures. Second, their volume, V , is set so that the number, N, of Drude electrons (expressed in terms of the fitted parameter for the plasma frequency) is equal to the number of s electrons in the TDDFT calculations. More details on the cigar geometry definition and optimization can be found in the SI.

Both local and non-local optics calculations for the rods' absorption spectra were performed using COMSOL Multiphysics (TM), a commercial solver of Maxwell's Equations which implements the finite element method. The nonlocal spatial dispersion in the metal permittivity is modelled through the so-called hydrodynamic model, with a β parameter (Fermi velocity) equal to 10 6 m/s. [START_REF] Ciraci | Probing the Ultimate Limits of Plasmonic Enhancement[END_REF] Within the hydrodynamic model (see Ref. 51 for details of the method and its implementation), bulk longitudinal plasmon modes can be optically excited inside the metal. This leads to an induced surface charge thickening which cannot be described within the realm of local optics. The implementation of the hydrodynamic model is simplified here by using the so-called local analogous model, [START_REF] Luo | Surface Plasmons and Nonlocality: A Simple Model[END_REF] which accounts for the smearing of metal boundaries through a fictive dielectric layer of vanishing thickness, d, covering the metal surface. The dielectric function within this layer is layer (ω) = bulk (ω) bulk (ω)-1 q L d, where

q L = -bulk (ω) ω β (2) 
is the longitudinal plasmon evanescent wave-vector expressed in terms of the bulk permittivity. Equation ( 2) gives the dispersion relation of the longitudinal plasmon modes within the bulk metal. In all our nonlocal hydrodynamic calculations, the convergence of results in the limit d → 0 was checked.

Absorption Spectra. Classical optics fails to accurately describe the ab initio spectra for compact low-AR structures in Figure 2 (N ≤ 37 atoms, AR< 2.9). This is expected, since genuine quantum Figure 3 plots the absorption spectra for Ag and Au atomic chains of different AR. We find a strikingly good agreement between TDDFT and local optics results for Ag chains, an observation similar to previous studies on linear hydrogen atomic chains. [START_REF] Deprince | Emergence of Excited-State Plasmon Modes in Linear Hydrogen Chains from Time-Dependent Quantum Mechanical Methods[END_REF][START_REF] Zhang | Chemical mapping of a single molecule by plasmon-enhanced Raman scattering[END_REF] As in the case of the rods in Figure 2, for Ag atomic chains the weak spectral deviations above ∼ 3 eV can be attributed to single electron-hole excitations owing to interband transitions. These spectral features are more apparent in Au chains, where the spectral weight of transitions involving d-electrons is comparable to those attributed to LSPRs. As discussed below, the predictive value of local electromagnetics calculations for high AR chains (for both Ag and Au) originates from their quasi-one-dimensional nature: electron motion in these systems is confined along the longitudinal axis. Therefore, the collective LSPR that dominates their absorption spectra cannot be regarded as a surface mode. [START_REF] Gao | Emergence of collective plasmon excitation in a confined onedimensional electron gas[END_REF][65][START_REF] Bernadotte | Plasmons in molecules[END_REF][START_REF] Wu | Dipole and quadrupole plasmon in confined quasi-one dimensional electron gas systems[END_REF] We note that our hydrodynamic model was constructed to account for the impact of spatial nonlocality due to the optical excitation of three-dimensional (bulk) longitudinal plasmons, described by Equation ( 2), instead of one-dimensional ones. This explains the offset of nonlocal predictions in Figure 3, significantly blue-shifted with respect to local optics and ab initio spectra.

The striking agreement between the absorption spectra for quasi-one-dimensional quantum systems and their three-dimensional local optics counterparts can be easily understood in terms of simple geometrical considerations. To a first approximation, we can take the analytical expression [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF] for the lowest LSPR in ellipsoidal nanoparticles for our cigar geometries.

In the limit of large AR, we obtain

ω 2 LSPR = 4 π ρ avg e 2 m e 0 (a + 2r 0 ) 2 ln (2 AR) , (3) 
where ρ avg = πr 2 0 n avg is the number of Drude electrons per unit length, 0 is the vacuum permittivity, and m e and e the electron mass and charge, respectively. It is worth noticing that the absence of the Lorentzian component of bulk (ω) in Equation (3) indicates that the dynamical screening by d-electrons is ineffective for rods with large AR. On the other hand, the plasmon dispersion relation in a homogeneous one-dimensional electron system in the long wavelength limit reads 23 ω 2 1D (q) = ρavge 2 2π 0 me q 2 ln(ξ 0 q/π), where ξ 0 is the length parameter measuring the electron confinement in the transverse direction. Evaluating the expression above at q = π/(a+2r 0 ) and making ξ 0 = r 0 , we obtain the resonant frequency for the dipole collective mode sustained by the system, the ab initio equivalent for the classical LSPR,

ω 2 1D-dipole = π 2
ρ avg e 2 m e 0 (a + 2r 0 ) 2 ln (2 AR) .

(4)

Equations ( 3) and ( 4) describe collective excitations of different nature, but their remarkable similarity allows us to identify both of them. This also clarifies the unexpected agreement between TDDFT and local optics spectra in Figure 3. Note that the equations above yield ω LSPR < ω 1D-dipole , which is also in agreement with the numerical spectra. Classical optics slightly underestimates the LSPR frequencies in the limit of very long chains (where the analytical expressions are valid), a deviation which, in principle, could be corrected through the appropriate one-dimensional nonlocal corrections.

As mentioned above, the TDDFT spectra for Au chains in Figure 3 indicate that quasione-dimensional collective excitations are not well resolved for N ≤ 12. In fair correspondence with the three-dimensional case, this effect can be directly attributed to the coupling of the collective mode with single electron-hole excitations. This coupling can be observed in detail in Figure 4, where we show the variation of the absorption cross section normalized to N for different Au chains. For N = 18, the quasi-one-dimensional LSPR is well separated from the spectral region where single-electron transitions occur. As a consequence, it appears as a well defined absorption peak whose position is in good agreement with the one predicted classically. When decreasing the number of atoms, the lowest frequency maxima lose spectral weight. For N = 10, this resonance is fragmented and none of the local maxima can be interpreted as the collective LSPR excitation. However, Figure 4 demonstrates that classical optics describes a rough spectral average of the fragmented peaks. Finally, for the 6-atom chain, the lowest-frequency ab initio maximum is very weak, and the transfer of spectral weight to the region of electron-hole excitations is almost complete. Interestingly, a new LSPR frequency versus aspect ratio. As shown above, our combined ab initio and electromagnetics modelling of Ag and Au rods indicates that, through a careful mapping between atomistic structures and classical geometries containing a bulk permittivity, LSPRs can be quantitatively described by classical optics methods as long as they are free of inter- Figure 5 shows that while the AR-dependence of LSPR frequencies obtained from local optics calculations is already in good agreement with TDDFT results, the non-local blue-shift slightly improves it for long Au and Ag rods. This suggests that these systems, despite having lateral sub-nanometric dimensions, preserve a quasi-bulk optical response. By contrast, in the Ag chains, the TDDFT resonant frequencies are better described within the local optics frame. In the top panel of Figure 5, circles lie above rhombuses, which indicates that the rod LSPRs are blue-shifted with respect to the atomic chain ones. This trend is exactly the opposite to that predicted by nonlocal optics (see solid and dashed blue lines). As discussed above, not only this failure of the nonlocal hydrodynamic model, but also the good agreement between local optics and ab initio predictions in Ag chains can be linked to the inherent onedimensional nature of these systems. In the case of short Au rods and chains, the occurrence Induced density. To gain further insight into our results, we compare now the near-field characteristics of LSPRs, interpreted as collective dipolar surface modes, within the ab initio and classical optics frameworks. Specifically, we consider the cross-sectional integration of the resonant induced charge densities along the rod length (for 3D visualization cf., Ref.

69)

. This magnitude can be evaluated using TDDFT by exciting the atomistic systems with a weak quasi-monochromatic laser field polarized along the rod axis (x-direction). The laser pulse has a sinusoidal envelope of finite duration, T , and its bandwidth is centered at resonance with the LSPR frequency: E(t) = E 0 e iω LSPR t sin (ω LSPR t/T )e x . In our calculations the envelope duration was set to 10 plasmon oscillations (T = 20π/ω LSPR ). The system is left evolving freely for a sufficient amount of time after the external driving laser is switched off. The cross-sectional-integrated charge density can be then evaluated from

S(x) = [ρ(x, y, z; τ ) -ρ GS (x, y, z)]dydz (5) 
where, ρ GS (x, y, z) is the ground-state density and ρ(x, y, z; τ ) is the time-dependent density at a time τ , longer than T , when the oscillation of the electron density is self-sustained.

Within the ab initio description, the induced charges spread across the rod's volume. By contrast, in the electromagnetics picture, they are confined at the metal surface: surface charges are located exactly at the geometric boundaries in the local optics treatment, whereas nonlocal corrections provide the charge distribution with a non-vanishing thickness. Taking this into account, we can estimate the induced charges using classical electromagnetics through the discontinuity in the normal component of the electric field. Explicitly, we can write

S(x) = 2π 0 r(x)[E out (x) -E in (x)] • e(x) (6) 
where, r(x) = y(x) 2 + z(x) 2 is the radial coordinate along the metal boundary, e(x) is the unit vector along the surface normal, and E out (x) and E in (x) are the electric fields outside and inside the cigar boundaries. Note that, taking into account the confined (extended) character of induced surface charges, E in (x) is evaluated exactly at (at a distance 1/q L from) the metal-dielectric interface in the local (nonlocal) calculations. Figure 6 shows that the excellent quantitative agreement between ab initio and classical predictions for the absorption spectra of Ag 145 (see Figure 2) and Ag 18 (Figure 3) also holds in the near-field regime. Remarkably, TDDFT and electromagnetics induced charge peaks are not only located at the same position but present very similar heights. This can be interpreted as a consequence of the high plasmonic character of both structures, which support well-defined collective LSPRs free of the contamination from single electron-hole excitations. There are two relevant aspects in the ab initio density profiles which deserve attention. First, there is the inhomogeneity of S(x) across the length of the structure. III. This material is available online free of charge via http://pubs.acs.org.

Figure 1 :

 1 Figure 1: Sketch of the modelling of Ag and Au rods: ionic lattice (left) for TDDFT calculations, and cigar-shaped volume geometry (right) for classical optics. In between, the definition of the boundaries of the rod geometry establishing the mapping between both levels of description is illustrated. The geometrical parameters are indicated: atom-atom distance, d 0 , and the cigar-geometry curvature radius and bulk length, r 0 and a, respectively.

Figure 2

 2 shows a direct comparison between ab initio and local and nonlocal optics absorption spectra for Ag and Au sub-nanometric rods. There is an excellent agreement between TDDFT (reported already in Ref.22 and in general agreement with Ref.21 & 55) and local optics calculations for structures with AR > 5 (whose response is dominated by the LSPR). Let us remark that there is no fitting between ab initio and electromagnetics models; only the a priori definition of classical geometries introduced above was followed. The comparison against ab initio predictions improves even further when the absorption cross-section is computed using a nonlocal hydrodynamic metal permittivity. This gives rise to the aforementioned nonlocal resonance blue-shift, a signature of the different LSPR energy dependence on absolute size in local and nonlocal optics. See FigureS3of the SI for a comprehensive analysis of the dependence of this nonlocal blue-shift on absolute size and AR.

Figure 2 :

 2 Figure 2: Optical absorption cross section, for silver (left column) and gold (right column) three-dimensional rods of different aspect ratio (AR) and number of atoms.

Figure 3 :

 3 Figure 3: Optical absorption cross section, for quasi-one-dimensional silver (left column) and gold (right column) atomic chains of different aspect ratio (AR) and number of atoms.

Figure 4 :

 4 Figure 4: TDDFT absorption cross section per atom (in Å2 ) versus frequency and the number of atoms in Au chains. The solid line plots the LSPR frequency under local optics prescription. The various ab initio spectral maxima are rendered by solid circles (connected as a guide to the eye): collective plasmon modes in blue and single d-electron excitations in black and red.

Figure 5 :

 5 Figure 5: LSPR frequencies in Ag (upper panel) and Au (lower panel) sub-nanometric rods and atomic chains versus aspect ratio. Black (magenta) line renders analytical local optics calculations in ellipsoidal geometries with fitted Drude (Drude-Lorentz) permittivity, where analytics refers to equations 5.13b, 5.15 of Ref. 6. Green and blue (solid and dashed) lines plot local and nonlocal classical simulations for Drude-Lorentz cigars, respectively. TDDFT LSPR frequencies for N -atom systems are shown in solid red circles (rods) and rhombuses (chains). Empty circles (rods) and rhombuses (chains) correspond to single electron-hole excitations apparent in the absorption spectra.

  of d-electron transitions above ∼ 2 eV causes qualitative differences in the spectral behavior in TDDFT and in electromagnetics approaches. The discrepancy in the AR dependence between both methods is most apparent in chains with N = 6 -12, where multiple ab initio single-electron peaks occur far apart from the LSPR band. In order to verify the validity of local optics descriptions, we evaluate the ellipsoidal LSPR dispersion in Ref.68 for the full Drude-Lorentz permittivity as well as for a simplified Drude-only fitting. The results, plotted in magenta (full bulk (ω), i.e. Drude and Lorentz parts) and black (simplified bulk (ω), i.e. Drude part only), in Figure5lower panel reveal that agreement with TDDFT predictions occurs if the dielectric function is mainly governed by the Drude contribution, as expected.

Figure 6 :

 6 Figure 6: Induced charge density for Ag 145 (top left), Ag 19 (bottom left), Ag 18 (top right), and a N = 18 purely one-dimensional system (bottom right). In all panels, the brown curve plots a snapshot of the TDDFT induced charge density along the normalized rod/chain length in units of electrons/ Å. The orange curve renders the ground-state density profile, shown for reference. The violet and green curves in the first three panels show the induced surface charge distribution (in electrons/ Å) obtained from local and non-local optics calculations, respectively. The insets show the time dependence of the driving laser (blue) and of the TDDFT induced dipole moment (red).

Figure 6 plots

 6 Figure 6 plots S(x) against the length-normalized axis co-ordinate for three distinct Ag systems whose spectra (both in TDDFT-PBE and in classical optics) present a well defined LSPR: 145-atom rod (top left panel), 19-atom rod (bottom left panel) and N = 18 atomic chain (top right panel). In all cases, the induced density profiles obtained from TDDFT (brown), and local (violet) and non-local (green) classical optics are shown. The TDDFT ground-state density is shown as orange line (note the different scales of the left and right axes in all panels). To allow for a quantitative comparison between ab initio and electromagnetics treatments of S(x), the amplitude of the driving laser in all simulations was set to 10 8 V/m (within the linear response). The insets show the laser field (blue) and the TDDFT time evolution of the induced dipole moment (red). The black arrows indicate the time τ at which the induced charges were computed. The bottom right panel renders the ab initio induced

  These regular modulations of the density are caused by the highly localized nature of the d-electrons and their contribution to the overall response of the system. Second, there are weak, somewhat irregular fluctuations overlaid onto those modulations. These arise from the fact that the quasi-monochromatic laser excitation has a finite energetic width and hence can excite several energetically close modes. The superposition of the different modes leads to the irregular fluctuations which modify the overall behavior of the induced density and lead to a certain asymmetry in the density profile. By comparison, a static external field would lead to a profile reflecting the perfectly symmetric geometry along the rod axis. Both, the modulations due to the atomistic density inhomogeneity and the fluctuations due to the superposition of different modes are naturally absent in the classical induced-density profiles. The right bottom panel of Figure 6 confirms our interpretation of these TDDFT induced density features missing in the classical optics results. It renders a perfectly symmetric, and smoothly oscillating S(x) (free from sharp fluctuations) for the purely one-dimensional jellium system. Despite the correspondence in the LSPR spectral position (see lowest left panel in Figure 2), the comparison between classical and ab initio induced densities for Ag 19 (shown in the left bottom panel of Figure6) is rather poor. Unlike Ag 145 and Ag 18 , electromagnetic cal-culations for Ag 19 yield a S(x) profile which is not peaked at the rod ends. On the contrary, induced charges spread significantly along the nanorod length towards its middle plane. The TDDFT distribution develops several maxima along the length of the system. These are reminiscent of the sharp fluctuations in the ab initio S(x) for Ag 145 and Ag 18 . This indicates that, as expected from the high LSPR frequency apparent in its absorption spectrum (∼ 3 eV), d-electron transitions play a key role in the optical response of Ag 19 . Thus, we can conclude that this rod configuration presents a rather low plasmonic character, despite the fact that its TDDFT-PBE absorption spectrum is dominated by a single peak reproduced by classical optics. In fact, as mentioned before, our TDDFT calculations use the PBE AGGA functional, whose validity for the description of Ag 19 is questionable. This appears in a refined ab initio study on Ag 19 , comparing PBE with the range-separated hybrid functional LC-M06L,[START_REF] Zhao | A new local density functional for main-group thermochemistry, transition metal bonding, thermochemical kinetics, and noncovalent interactions[END_REF][START_REF] Ikura | A long-range correction scheme for generalized-gradient-approximation exchange functionals[END_REF] which we have included in the SI (FigureS2). The LC-M06L functional is more suitable for the treatment of d-electron excitations and yields accurate spectra for small Ag clusters.[START_REF] Rabilloud | Description of Plasmon-like band in Silver Clusters: The Importance of the Long-range Hartree-Fock Exchange in Time-Dependent Density-Functional Theory Simulations[END_REF] From our analysis, we conclude that TDDFT-PBE calculations for Ag 19 are not reliable, and hence, the spectral agreement between classical and fully quantum results on Ag 19 is partially coincidental. In fact, the comparison of ab initio and classical LSPR induced densities for Ag 19 (see Figure6) establishes the limitations of the electromagnetics predictions. They fail to describe structures in which LSPRs and d-electrons couple strongly.Even in the TDDFT treatment of those systems, a description of exchange and correlation better than the AGGA functionals is required. In contrast, if the LSPR is largely free of d-electron excitations (as it is for Ag 145 and other long rods and atomic chains), the ab initio spectra obtained using PBE AGGA functionals are accurate (see FigureS2of SI). In this situation, classical optics predicts remarkably well the TDDFT spectral position, strength and character of the induced LSPR density.Conclusions.In conclusion, we have presented a comprehensive theoretical study on the plasmonic properties of sub-nanometric elongated coinage-metal systems. Our investigation compares local and nonlocal classical optics and quantum ab initio methods. By preserving the aspect ratio and number of Drude (or s) electrons, we have established simple model geometries, which can be treated within the electromagnetics framework, in correspondence with atomistic structures having sub-nanometric dimensions. We find a remarkable agreement between the ab initio and classical descriptions of the absorption spectral characteristics of Ag rods and chains. The agreement for the equivalent Au systems is significantly worse due to the low-energy onset of d-electron excitations. In addition, we have shown that it is the shape, not the overall size, which determines the degree of d-electron contamination suffered by the localized plasmon resonances sustained by these structures. Finally, we have transferred our comparative analysis from the far-field to the near-field regime. We have demonstrated that, despite its higher sensitivity to atomistic features, the classical and the fully quantum mechanical descriptions of localized plasmon-induced charges are in remarkable agreement for elongated Ag systems. Supporting Information. A detailed description of the mapping between atomistic structures and classical electromagnetics geometries is presented in Section I. Section II shows the comparison between TDDFT absorption spectra obtained using PBE GGA and LC-M06L functionals for three different Ag rods. Finally, an study of the dependence of the nonlocal optics blue-shift on aspect ratio and absolute size of Ag rods is provided in Section
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