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ABSTRACT  

Localized Surface Plasmon Resonances are ubiquitous for the characterization and in 

applications of noble metal nanoparticles. Their dependence on chemical composition, size, shape 

and environment is widely studied since decades but still many aspects are subject of controversy. 

In this article we experimentally investigate surfactant-free and mass-selected silver nanoparticles 

embedded in alumina matrices in the size range between several atoms and more than 4 nm 

diameter, spanning the whole range from large nanoparticles, accurately described by classical 

Mie theory, down into the range of quantum size effects. Strong and stable resonances are observed 

for all sizes down to less than 50 atoms, i.e. ~1 nm diameter, without significant line shift or 

broadening as a function of size. With the help of semi-quantal simulations, we identify all signals 

as surface plasmon resonances. The absence of peak shifts is rationalized as due to the dielectric 

oxide environment and the constant width of the resonances as a convolution of inhomogeneities 

in the local environment and inherent broadening due to Landau damping. We discuss our results 

in comparison to ligand-stabilized nanoclusters and rationalize the different contributions to the 

Hamiltonian describing the systems. 

  



 3 

Introduction 

Metal clusters and nanoparticles play an ubiquitous role in everyday science and technology. 

They are widely studied for their plasmonic [1], magnetic [2], spintronic [3], catalytic [4], imaging 

[5] or biosensing [6] properties. Their electronic structure, which defines their physico-chemical 

properties, not only depends on their chemical composition but also sensitively on their size [7, 8] 

and environment through chemical bonds at the interface [9]. It is thus of central importance to 

know (1) whether such clusters retain their metallic band structure with delocalized valence 

electrons and below which size their electronic structure becomes more molecular-like, with 

spatially and energetically localized orbitals and transitions; (2) how this electronic structure is 

influenced by the local environment of the particle; and (3) how to theoretically describe such 

strongly correlated many-electron systems and their optical response. This last point specifically 

includes the question of the degree of precision required for a correct reproduction of experimental 

results, i.e. the trade-off between the complexity of ab-inito methods and the simplicity of 

corrected solid-state approaches.  

One of the most prominent fingerprints of the electronic structure of noble metal nanoparticles is 

their Localized Surface Plasmon Resonance (LSPR), a collective excitation where all delocalized 

valence electrons in the cluster oscillate coherently with respect to the ion cores in an external 

electric field. The LSPR gives rise to strong colors in colloidal solutions and stained glasses [10] 

and depends sensitively on the chemical composition, the size, the shape and the local environment 

of the particle. It is commonly established that for small clusters the electronic band structure 

fragments into molecular-like, spatially and energetically localized levels and instead of collective 

LSPRs one rather finds single-electron transitions [11, 12, 13]. In these cases, highly structured 

absorption spectra and the observation of fluorescence indicate a “molecular-like” or “non-
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metallic” electronic structure [14, 15]. The LSPR is thus one way of tracking the size-dependent 

metal-insulator transition in metals [16]. 

The way how the transition between a metallic nanoparticle, with continuous electronic band 

structure, and a molecular-like system takes place and how this transition is influenced by the 

chemical environment is still highly debated today despite many years of research. Throughout the 

last decade an enormous amount of research has addressed the wet-chemical fabrication of 

passivated metal nanoclusters and the dependence of the electronic structure and optical response 

on the choice of ligands [9, 17, 18, 19, 20]. All these systems have in common that metal core and 

ligand shell form a hybrid system where often the interface disturbs the electronic structure and 

dominates the resulting optical response. Furthermore, due to the covalent bonds at the interface, 

the size of the core with metallic properties (delocalized electrons, collective plasmonic response 

etc.) is necessarily smaller than the volume occupied by metal atoms. 

In our work we address intrinsic properties of metal clusters and nanoparticles, more precisely how 

the plasmonic response depends on size and how it is influenced by a dielectric environment. In 

this article we study a plasmonic benchmark system, silver nanoparticles embedded in alumina 

matrices, and investigate if and how the LSPR is sustained for smallest sizes. In order to 

discriminate from other influences, we work with physically prepared, surfactant-free particles and 

mass-select them prior to embedding them in the protective oxide matrix. We then interpret our 

findings with the help of semi-quantal simulations which permit correlating the spectroscopic 

response with collective electronic excitations. By showing evidence of plasmonic responses down 

to ~40 atoms we furthermore demonstrate the absence of covalent bonds between metal cluster 

and oxide environment. 
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Experimental 

Silver nanoparticles are fabricated in the gas phase using a magnetron sputtering/gas aggregation 

source [21]. Pure silver cluster ions are generated in the gas phase using a home-built magnetron 

cluster source (based on the principle introduced by Haberland et al. [22]) and guided towards the 

deposition chamber. Time-of-Flight Mass Spectrometry (ToF-MS) is used for in-situ 

characterization of the cluster ions in the gas phase and shows no trace of cluster oxidation or other 

complexes.  

Small clusters are fabricated following a log-normal size distribution and the large diameter tail 

of the distribution might dominate the spectral response of the deposited ensemble. In order to 

avoid this bias, we mass-select the cluster ions prior to deposition. Mass selection is achieved with 

a Quadrupole Mass Spectrometer (QMS, Extrel) operated at 440 kHz. Changing the control 

parameters of the QMS electronics (mass command, M and Res) allows adjusting the mean and 

width of the transmission window over a large size range, the low cut-off being limited to ~200 

Ag atoms maximum. The lower and upper limits of transmitted masses have been carefully 

calibrated by placing the QMS between the cluster source and the ToF-MS. The uncertainty of the 

mass cut-offs increases from atomic precision at low masses to 5 atoms for upper cut-off values 

above 300 atoms. 

For larger sizes a narrow Gaussian diameter distribution is obtained and size selection is not 

necessary. For the largest sizes presented in this work, deposited without mass selection, the width 

of the distributions was measured by ToF-MS to d = 2.9 0.6 and 4.3  0.3 nm and confirmed 

by Transmission Electron Microscopy (TEM), as shown in the Supporting Information.  
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The kinetic energy of the clusters is adjusted to below 0.5 eV/atom in order to ensure soft-landing 

conditions with minimal fragmentation [23]. The cluster ions are neutralized after deposition by 

thermal electrons evaporated from a filament in the deposition chamber. The alumina matrix is 

evaporated in a commercial electron beam evaporator and co-deposited simultaneously at room 

temperature onto fused silica substrates. Our alumina matrices are porous (~70% density with 

respect to the solid [24]), which has to be taken into account in the numerical simulations (see 

below). 

The nanoparticle concentration is controlled and adjusted so as to avoid inter-particle 

interactions with typical loadings of <1 vol.%. Samples were removed from vacuum after 

fabrication and measured in a Perkin-Elmer Lambda 900 spectrophotometer. Linearly polarized 

light (TM) at the Brewster angle was used to minimize Fabry-Perot interferences between the two 

alumina interfaces. In order to obtain a sufficient optical density for conventional UV-vis 

absorption spectroscopy, alumina films with embedded particles were typically between 1-2 µm 

thick.   

Theory 

The theoretical model used for the calculation of the optical excitation spectra has been described 

in detail elsewhere [25, 26, 27], a pedagogical and short (but complete) summary of the approach 

is given in the supplementary material of [8]. In short, the ionic background of the metal cluster is 

taken as spherical and continuous, jellium-like. Density functional theory (DFT) is used to describe 

the ground state, optical excitations are obtained within the Time-Dependent Local-Density-

Approximation (TD-LDA). This description includes phenomenologically (but self-consistently) 

the absorption/screening properties of the ionic core background (effects related to the bulk 
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interband-transitions contribution) and the screening properties of the surrounding transparent 

matrix. In particular, the model describes self-consistently the interplay between the optical 

excitations and induced fields in the various media.  

The conduction electrons of the metal particle, corresponding to the bulk s-p band, are 

responsible for the collective surface-plasmon excitation and for most of the (quantum) finite-size 

effects. They are quantum mechanically treated, whereas the spherical ionic background is 

approximated by a homogeneous positively charged distribution of radius R. We then describe the 

optical properties of the more localized d electrons through an additional homogeneous 

polarizable/absorbing dielectric medium characterized by a frequency-dependent complex 

dielectric function ib() and extending up to R1 = R – d, where d is the skin thickness of reduced 

ion polarizability [25, 28, 29].  

This self-consistent description accounts for all important contributions:  

(1) the electronic spill-out, i.e. the extension of electron density beyond the jellium radius due 

to the finite depth of the confining Kohn-Sham potential; 

(2) the silver surface layer of ineffective ion-core polarizability of thickness d; 

(3) the surrounding dielectric matrix, including a possible local porosity and 

(4) all the relevant finite-size quantum effects, in particular the non-locality of the electronic 

response. 

The complex dielectric function of silver related to the interband transitions, ib(), was  

extracted from experimental data [30] by a Kramers-Kronig analysis [31]. The bulk-alumina 
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dielectric function )(m
 was taken from the same reference [30] and the values for porous 

alumina from Ref [24]. In the DFT-TDLDA approach, the computed spectra depend on a 

parameter  entering the independent-electron Green’s function. This parameter acts as a 

smoothing parameter which can be considered as introducing phenomenologically dissipative 

channels which are not included in the modelling (see supporting information of [8]) and 

consequently a finite life time and line broadening. It accounts, in the large size limit, for all size-

independent effects and can, in this case, be identified with the bulk contribution to the line width. 

In this work we either fix  to this large particle size limit value of 60 meV, consistent with classical 

Mie simulations using dielectric functions from the literature [30, 32], experimental data on larger 

particles [33] and all our recent publications, or adjust it empirically to reproduce the 

experimentally observed width of the absorption peak, as described below. The choice of  is 

discussed in detail in the Supporting Information. 

 

Results 

We have measured the optical absorption spectra for mass-selected, alumina-embedded, 

surfactant-free silver clusters. In order to make sure that the large diameter tail of the log-normal 

size distribution, as produced in the cluster source, does not dominate the optical response of the 

ensemble, we select a specific interval of deposited sizes using a quadrupole mass filter. Fig. 1 

shows the optical absorption spectra for sizes between more than 4 nanometer diameter and several 

atoms only, i.e. across the entire range from nanoparticles large enough to be described by classical 

Mie theory down to cluster deep in the range of quantum size effects [29, 34]. The absence of 

coalescence upon deposition was verified by Transmission Electron Microscopy of thin samples 
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deposited on TEM grids, fabricated under identical conditions. We furthermore estimate 

fragmentation during the deposition as negligible, as no signals from smallest clusters [34] or 

atoms [35] are observed in the energy range between 3 and 4 eV. We can thus unambiguously 

attribute the observed optical resonances to the corresponding size ranges stated in Fig. 1. Except 

for the smallest sizes (below 1 nanometer diameter), a clear surface plasmon resonance at ~2.9 eV, 

followed by the rise of the interband transitions in the further UV, is visible. Note that the 

variations in maximum energy between the shown spectra are of the same order as the variations 

between successive measurement of the same sample and are attributed to variations of local 

alumina environment across each sample. There is thus no evidence of clear size dependence of 

the plasmon resonance band (mean energy and width).  
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Figure 1. Optical absorption spectra for silver nanoparticles of varying size, embedded in alumina 

matrices. The topmost, black and red curves are for non-mass-selected ensembles centered on 

diameters of d = 4.3 and 2.9 nm, the other curves are for mass-selected distributions. The minimal 

and maximal numbers of atoms per particle transmitted through the mass spectrometer (n) and the 

corresponding diameters (d) are indicated.  



 11 

We have furthermore verified the sample stability over time. Earlier work on silica-embedded 

silver clusters showed that these oxidize within several hours, with the sample color disappearing 

rapidly due to oxygen diffusion through the evaporated and porous glassy silica matrix [36, 8]. 

Alumina matrices, prepared under identical conditions, however, provide a much better protection 

against oxidation. Fig. 2 shows example absorption spectra measured over the range of 18 months 

without any sign of significant signal shift or loss. The slight differences are attributed to different 

probed positions on the sample. Even though our evaporated alumina matrices display significant 

porosity (70% density as compared to bulk alumina [24]), the permeability towards oxygen or 

water is much lower than in silica.  
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Figure 2. Temporal evolution of the optical absorption of the sample with n=153-336. No 

significant change in spectral position or width is detectable. The spectra have been scaled and 

shifted vertically for better comparison. 
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In order to verify if the intense peaks observed in the experimental spectra down to smallest 

sizes are consistent with a collective plasmonic excitation of the electron gas, we simulated the 

optical absorption for several sizes in the range between n = 40 and 2048. In order to avoid biasing 

effects both open and closed electronic shell structures are considered.  

Fig. 3 shows the experimental spectra and the simulated counterparts, computed for a single but 

appropriate size and for two values of each time (see the theory section for the significance and 

practical effect of this smoothing parameter). A rather small value allows to resolve, in the small 

particle range, the fragmented pattern of the collective plasmon excitation. This fragmentation 

leads to a broadening of the band, reflecting the increasingly rapid decay of the plasmon with 

decreasing size into single electron-hole excitations, the so-called Landau damping [37]. When the 

size increases, the individual fragments bunch together in a narrow spectral range, gradually 

approaching a Lorentz profile with conspicuous shoulders (see e.g. Fig. 3b). Simulating the spectra 

with an increasingly large value for  with decreasing size allows reproducing phenomenologically 

the experimental curves without changing the underlying electronic structures. The spectra shown 

were calculated for a porous alumina matrix [24]; simulations for other matrices are discussed in 

the supporting information.  
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Figure 3. Comparison of experimental and simulated absorption spectra. In each figure the scaled 

experimental curve is shown at the top. The lowest curve is the simulated spectrum with fixed 

 = 60 meV, the intermediate one with adjusted to best reproduce the shape and width of the 

experimental curve. The curves with increased have been multiplied with a given factor for better 

comparison. The same values for as in e), f) and g) were used to simulate a curve for the smallest 

size (Fig. 3h). 

 

Discussion 

In view of the huge amount of literature treating the optical properties of noble metal clusters, 

the spectra in Fig. 1 are a further manifestation of how the environment crucially influences the 

collective electronic response of noble metal clusters. We now discuss our results in comparison 

with other works on gold and silver clusters (1) in a strongly (covalent) interacting environment, 

i.e. monolayer-protected nanoclusters and (2) in the gas phase and in very weakly interacting rare 

gas matrices. 

The important role of the interface is most obviously seen in the vast literature on ligand-

stabilized metal clusters [10, 38]. In that case the metal-insulator transition and thus the minimal 

size for the appearance of the LSPR is generally found for gold around sizes of 2 nm diameter, 

with the limiting size estimated in the range between 144-187 [11], ~279 [12] or 246-279 [13] 

atoms, highly dependent on the choice of surfactant molecule. The presence or absence of an LSPR 

strongly depends on the covalent bonds at the metal-ligand interface and the metallic core, in the 

sense that only a reduced fraction of gold atoms actually provides delocalized valence electrons to 

the LSPR. The ligand shell (and to a lesser degree the solvent in which the particles are dispersed) 
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also acts as dielectric environment to the plasmonic cores and thus influences the spectral position 

of the resonance. Much less is reported on ligand-stabilized silver nanoparticles, but the general 

observation of an LSPR appearing only above ~150 atoms diameter is consistent with the results 

on gold [39, 40]. 

The systems discussed here are different in the sense that the cluster surface is not saturated by 

covalent bonds. Some strong and localized bonds between metal and oxide cannot a priori be 

excluded, but the fact that strong absorption bands at the LSPR energy are observed down to less 

than 50 atoms rather supports a description of a metallic particle in an effective inert dielectric 

environment. Even slight oxidation has been demonstrated to rapidly disperse the oscillator 

strength across a very large spectral range [41], contrary to our experimental findings. 

Previous studies have already shown that silver clusters in the gas phase [42, 43, 44] or supported 

on substrates [45, 46, 47] show a continuous blue shift of the LSPR with decreasing size. This size 

effect is, however, quenched in solid glassy matrices like photosensitive glass [35], silica [8] or 

alumina [25].  

Our semi-quantal simulations of the absorption cross-sections of matrix-embedded silver 

clusters help us understand the differences between the various systems, the influence of the 

environment and the plasmonic behavior of the observed response. Two main quantum corrections 

to the classical Mie theory prediction occur when the size of the nanoparticle is reduced below ~3 

nm diameter [8]. Spill-out, on the one hand, i.e. the extension of the electronic density beyond the 

atomic particle radius, leads to a red-shift of the LSPR, an effect, which is all the more important 

as the size decreases. A layer of reduced d-electron polarizability at the particle surface, on the 

other hand, results in a continuous blue-shift of the resonance with decreasing size [25, 28, 29]. 
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This delicate balance, resulting in a net blue-shift for gas-phase clusters [42], is perturbed by the 

presence of a polarizable matrix due to screening effects. Not only is the classical Mie resonance 

shifted to smaller energies but the relative importance of the two opposite shifts is altered, leading 

in some cases to a complete quenching of size dependency.  

In our case of alumina-embedded Ag clusters we find an overall absence of marked size-

dependency (cf. Fig. 1). Depending on how the porosity of the evaporated matrix is described 

theoretically (overall mean porosity or dense matrix with a thin vacuum layer at the interface, see 

Supporting Information), a slight blue-shift may be seen in the simulations but it remains within 

the scatter of both simulated and experimental results. In contrast, the results differ significantly if 

the dielectric function for a dense bulk alumina is used (cf. Fig. S1). The dielectric effects of the 

surrounding alumina are thus correctly described in our model and in the following we focus on 

simulated spectra obtained for the porous matrix described above. 

We next address the question whether the observed absorption bands can really be attributed to 

surface plasmon resonances. Recent Time-Dependent Density-Functional-Theory (TD-DFT) have 

shown that silver clusters down to 20 atoms display a concentration of oscillator strength in the 

spectral range of the LSPR, associated with spatial electron density oscillation typical of the 

surface plasmon excitation [15, 48, 49].  

These theoretical findings, obtained from first principles/ab-initio calculations in which the 

atomistic structure of the particles is taken into account, are consistent with our less refined 

theoretical DFT-TDLDA calculations where the ionic background is described by a homogeneous 

structureless jellium. This approximation, which is all the more suitable the larger the cluster, 

allows explaining the observed findings within a very simple Hamiltonian theoretical framework. 

Such an approach, combined with the “Generalized Kohn’s Theorem” (GKT, also termed 
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“harmonic potential theorem” (HTP) in the literature) was described in detail in previous works 

[37, 50] but it is worthwhile summarizing the main prominent features. The implication of the 

GKT stems from the fact that the electron-jellium interaction potential is parabolic in the inner 

jellium volume ( 2)( rRrV jele  ). The total Hamiltonian can be split into three parts, describing, 

respectively: (1) the motion of the center-of-mass (CM) of the electron gas (RCM coordinate) and 

concomitantly –in view of the GKT- the electron gas oscillation as a whole (indeed the 

Hamiltonian HCM describing the CM motion (i.e. the plasmon excitation) is that of a 3D isotropic 

harmonic oscillator); (2) the intrinsic -or relative- internal electron motions (coordinates ri) in the 

CM frame (the associated Hamiltonian Hint gives rise to a quasi-continuum of excitations); (3)  the 

surface-induced coupling of the CM and intrinsic coordinates resulting from the spill-out, where 

the electron density tail probes the non-harmonic component of the electron-jellium interaction 

potential at the surface ( rRrV jele /1)(  ).  

Actually this coupling Hamiltonian (3) is responsible for the size-evolution (average 1/R 

behavior) of the characteristics of the plasmon excitation (shift and broadening of the LSPR band). 

In this Hamiltonian analysis the broadening/fragmentation of the LSPR band in the linear 

excitation regime can be straightforwardly interpreted in terms of a “discrete state coupled to a 

continuum”: when the full Hamiltonian is taken into account, the eigen-wavefunction describing 

the CM motion, associated with the n=1 eigen-energy of the oscillator Hamiltonan HCM, is 

“diluted”, more precisely distributed, in a finite energy range. For large particle sizes, where the 

energy spectrum of the Hint Hamiltonian forms a quasi-continuum, the envelope of this distribution 

is Lorentzian. Since the electron gas - light interaction in the quasistatic regime writes as 

)()( ttW CM ER  , for small sizes, the plasmon excitation (CM motion) manifests itself in a 

fragmented absorption cross-section pattern (distinguishable peaks when a small  value is used). 
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This fragmentation is in fact the direct signature of the “dilution” of the CM-wavefunction in the 

many-body energy spectrum of the full Hamiltonian. When the size increases the number of 

fragments increases drastically and moreover the fragments bunch together into a narrow 

continuous band (width 2 ), which can be considered as the classical quasistatic limit. In the 

jellium model used here, the decay of the plasmon excitation in the time domain therefore has to 

be attributed to its coupling, via the particle surface, to one-electron excitations (single particle-

hole (p-h) transitions), a mechanism referred to as Landau damping. This mechanism is indeed the 

main dissipative decay channel of the collective plasmon excitation (lifetimes on the order of a 

few femtoseconds). It should be pointed out that, at least qualitatively, the physical pictures 

described above hold true also in the presence of dielectric media (surrounding matrix and 

interband dielectric medium) [37]. 

Note that the LSPR is highly sensitive to changes in cluster charge, shape or environment, which 

would continuously shift the resonance to lower or higher energies, depending on which parameter 

is changed. Bearing in mind this sensitivity, the agreement between experiment and simulations 

underlines the validity of our assumption of spherical and neutral particles.  

In the frame of this description of the optical excitation, all our experimental and theoretical 

results are consistent. Even though the computed absorption spectra show considerable 

fragmentation, an underlying and collective center-of-mass motion, and thus a plasmon excitation, 

is still visible in the simulations, in good agreement with the experimental observations. We can 

consequently give a lower size limit of approximately 40 atoms for the persistence of surface 

plasmon resonances of silver clusters in both silica [8] and alumina matrices. Below this size no 

more LSPR is observed and we tentatively attribute this absence to chemical interface effects. 

Theoretical calculations show plasmon-like oscillations for gas-phase clusters down to 20 atoms 
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[49], in agreement with our semi-quantal simulations (cf. Fig. 3h), consequently we presume either 

charge transfer [51] or oxidation [41] as responsible for the plasmon quenching in very small 

oxide-embedded silver clusters. 

Let us finally have a look at the widths of the experimental absorption peaks. Simple “limited 

mean free path” corrections to the classical Mie description of LSPRs predict an increasing peak 

width with decreasing cluster size, an argument that has also been rationalized within a quantum 

mechanical picture for a long time [1]. It is thus surprising that not only the mean experimental 

peak position but also its width do not change with size for silver clusters embedded in both silica 

[8] and alumina matrices. It is difficult to unambiguously define an accurate FWHM for the 

experimental curves, but values around 0.8-1.0 eV are found for the oxide-embedded particles, in 

agreement with previous data [52]. These values are considerably larger than for comparable 

clusters in rare gas matrices at very low temperature (0.3-0.5 eV) [15]. 

We have performed the same simulations as described above with elevated values for the 

parameter, in order to try to take into account phenomenologically the size- and possibly energy-

dependent broadening effects of the individual excitations, as well as all the inhomogeneous 

broadening. The aim was to qualitatively reproduce the shape of the experimental absorption 

profiles. Fig. 3 shows the experimental absorption spectra, together with simulated spectra for = 

60 meV and the width required for reasonable agreement. The simulations with = 60 meV are 

very useful as this value is a good compromise to visualize the fragmentation and as they describe 

the intrinsic contribution to line broadening via Landau damping. Satisfactory agreement is 

obtained for all sizes for increased values of  (slight variations of the peak maximum between 

experiment and simulation are within the scatter of experimental reproductivity as well as of the 

scatter using different numerical descriptions for the matrix porosity). We note that the values of 
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needed in order to reproduce the experimental spectra increase with decreasing size. This 

observation allows a qualitative argumentation of consistency. As the cluster size decreases, the 

oscillator strength fragments over a certain spectral range, thereby broadening the resulting band. 

But at the same time less electrons participate in the optical excitation, and less transitions are 

possible. In the end, this leads, for very small sizes, to an overall reduction of spectral width over 

which the transitions are spread. This is best seen by comparing the simulated spectra for n = 780 

and 50 at = 60 meV, where the apparent simulated FWHM decreases from 440 to 130 meV. In 

order to reproduce the experimental peak shapes, larger values are needed for smaller clusters. 

The measured peak widths are significantly broader than for clusters in the gas phase or in rare 

gas matrices. In our case this cannot be attributed to inhomogeneous line broadening due to large 

size dispersions, we rather believe local inhomogeneities of the matrix to be mainly responsible 

for the overall broadening. It is furthermore reasonable to assume that the sensitivity to local 

environmental fluctuations increases with decreasing size as the degree of coordination decreases. 

In the simulations, these local environmental fluctuations lead to a line broadening, too, in addition 

to Landau damping inherent to our description. This is reflected in the larger scatter of calculated 

mean absorption energies for smaller cluster sizes if different descriptions of matrix porosity are 

considered, as shown in Fig. S1 of the Supporting Material. Empirically, we can thus reproduce 

the experimental curves in our simulations with increasing values for decreasing cluster sizes. 

 

Conclusion 

We have shown that alumina embedded silver clusters sustain surface plasmon resonances down 

to sizes around 1 nm diameter (<50 atoms). The samples are stable at ambient conditions for at 

least one year, contrary to ones with identical clusters embedded in silica films. The optical 
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absorption spectra show no size dependence regarding the mean energy and the width of the 

plasmon band. Semi-quantal simulations using DFT and TD-LDA in the frame of the jellium 

model, including background and environment dielectric media, reproduce the experimental 

observations and permit disentangling the various contributions to the optical response. The 

constant spectral peak position, on the one hand, is rationalized as due to the impact of the porous 

effective dielectric environment on the balance between red-shift (spill-out) and blue-shift (layer 

of reduced d-electron polarizability at the interface). The width of the experimentally observed 

LSPR bands, on the other hand, is attributed mainly to inhomogeneous effects, i.e. variations in 

local environment. These become more important for smaller sizes and compensate the spectral 

narrowing due to the reduced number of electrons participating in the resonance.  

Our combined experimental and theoretical study not only presents a comprehensive description 

of a complex nanoscale many-electron system but supplies the necessary tools for the conceptual 

comprehension of the transition between collective and molecular responses in small metal 

clusters, and thus also of the size-dependent metal-insulator transition. Notably we identify three 

parts in the electronic Hamiltonian: firstly, the electronic center-of-mass movement responsible 

for the surface plasmon resonance, secondly the internal single-electron excitations and thirdly the 

coupling between these two as mediated by the anharmonic character of the electron-jellium 

interaction potential. With decreasing cluster size this third term leads to a spectral fragmentation 

of the optical density (Landau damping). We identify chemical interactions (covalent bonds, 

oxidation) as decisive for the disappearance of the LSPR and thus of the metallic character. This 

is, however, no contradiction to narrow molecular-like transition leading to fluorescence, as 

sometimes observed for small silver clusters in different chemical surroundings. 
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We furthermore demonstrate that the conceptually simple jellium description of small metal 

clusters satisfactorily reproduces all size and effective environmental effects and provides the 

missing link between ab-initio approaches such as TD-DFT and effective solid-state models like 

Mie theory. 

Solid oxide matrices provide weakly perturbing environments for such metal clusters and 

thereby allow identifying collective plasmonic responses for sizes much smaller than what is 

reported in the literature on ligand-stabilized particles. This underlines that great care has to be 

taken in the correct description of the electrons participating in either the delocalized and collective 

response or in localized covalent bonds at the metal-ligand interface. 
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