
Chapter 11

Origin of Shifts in the Surface Plasmon
Resonance Frequencies for Au and Ag
Nanoparticles

Sandip Dhara

Abstract Optical properties of noble metal (Au, Ag) nanoclusters are of remarkable

interest owing to the understanding fundamental issues of electronic properties in the

small metallic clusters and their applications in nonlinear optics. The surface plasmon

resonance (SPR), defined as resonance frequency of coherently oscillating free

electrons with the exciting light, occurring in the near-UV-Visible region leads to

the major applications. We discuss results, both experimental and theoretical,

reporting the red or blue shift of the SPR frequency with decreasing noble metal

cluster size as an effect of embedding matrix and surrounding porosity as well as in

free noble metal nanoclusters without matrix. Reduction of the electron density

(spillout effect) in the small nanoclusters and the interband screening of electrons

in noble metals for larger nanoclusters shift the frequency of light absorbed either to

the red or blue region, respectively, with decreasing cluster size. A strong dependence

of the cluster size with the SPR frequency is discussed using time dependent local

density approximation (TDLDA) with the consideration of porosity of surrounding

medium. As the most recent report, quantum effect is also considered to understand

blue shift of the SPR frequency of individual Ag nanoclusters with reducing size.

Keywords SPR • Noble metal • Spill out effect • TDLDA • Red shift • Blue shift •

Nanocluster

11.1 Introduction

Optical properties of noble metal (Au, Ag) nanoclusters have attracted considerable

attention in recent years mainly owing to the understanding fundamental issues

related to the electronic properties in the small clusters [1] and their applications in

nonlinear optics [2], optical switching [3, 4], including improved photovoltaic

devices [5], cancer therapy [6] and catalysis [7] as well as surface enhanced
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spectroscopic studies at single molecule level [8–10]. In the present context, the

central feature in the optical response is the surface plasmon excitation with

coherent oscillation of the conduction electrons which results in a resonance band

in the absorption spectra. The other interesting fact about it that for Au, Ag as well

as for the other noble metals, the surface plasmon resonance (SPR) occurs in the

near-UV-Visible (UV-vis) region leading to its application with visible light. A

large number of experimental and theoretical results were reported for the red or

blue shift of the SPR frequency with decreasing noble metal cluster size as an effect

of embedding matrix and surrounding porosity [1, 11–14] as well as in free noble

metal nanoclusters without matrix [15]. Reduction of the electron density (spillout

effect) in the small nanoclusters and the screening of the interaction of valence (s)
electrons by core (d)-electrons in noble metals for larger nanoclusters shift the

frequency of light absorbed either to the red or blue region, respectively, with

decreasing cluster size.

Though strong dependence of the cluster size with the SPR frequency is

predicted by time dependent local density approximation (TDLDA) [1], only a

few experimental evidences are available for the shift in the SPR frequency for Au

clusters with different sizes embedded in alumina [12] and MgO [16, 17] matrices

without any elucidation to the shift as an effect of size. As a matter of fact, few

studies failed to report any shift in the SPR frequency of Au in silica [18–20]. Effect

of porosity surrounding Au clusters is taken into consideration in the TDLDA

calculation to support the experimental observation [1, 13]. A red shift, originating

from the spillout effect with increasing polarizability in the system, was predicted

by TDLDA calculation for embedded Au clusters in alumina [13]. The study in

fully embedded Au nanoclusters in crystalline dielectric matrix showed first exper-

imental evidence of red shift of the plasmon frequency with decreasing cluster size

for clusters with ~157–427 number of Au atoms [21]. Experimental observations of

blue shift of SPR frequency was also reported for Ag [1] and Au [12] clusters

embedded in porous alumina matrix and in case of Au clusters (>5 nm) embedded

in silica matrix [22]. Most recently quantum effect is also envisaged to understand

blue shift of the SPR frequency of individual Ag nanoclusters with reducing size in

the range of 2–20 nm [15, 23].

11.1.1 Red Shift of SPR Frequency: Spillout Effect

A red shift of the SPR frequency, measured using the UV–vis spectroscopy with

decreasing cluster size was reported in the small sized Au clusters (diameter ~1.7–

2.4 nm) embedded in crystalline alumina matrix [21]. The Au nanoclusters were

grown in crystalline alumina matrix using 1.8 MeV Au++ implantation at various

fluence ranges and subsequent annealing at high temperatures. The results of fully

embedded Au nanoclusters in crystalline alumina matrix differ completely from other

studies where clusters were grown in porous alumina matrices by co-deposition

process using pulsed laser ablation technique [12] and sol–gel process [16].
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Dipolar Mie resonance of a spherical metal cluster,ωSPR¼ωP/[2εm+ εd(ωSPR)]
½

where Drude free-electron plasma frequency ωP¼ (n2/ε0me*)
1/2 with n as the

electron density, ε0 as the dielectric function of bulk metal, me* as the effective

mass of electron and εd(ω)¼ (1+ χd) is the core-electron contribution [χd the

interband part of dielectric susceptibility (core d electrons)] to the complex dielectric

function of the noble metal ε(ω) ¼ 1+ χs(ω)+ χd(ω) [χs the Drude-Sommerfeld part

of dielectric susceptibility (valence s electrons)]. The dielectric function of matrix

εm� 3.1 for crystalline alumina in the relevant energy range. The Mie frequency in

the large-size limit can be approximately calculated by solving

ε ωð Þ þ 2εm ¼ 0 ð11:1Þ

in the classical limit, and resulting in

ωSPR 1ð Þ ¼ ωP=
�
2εm ω1ð Þ þ Re εd ω1ð Þð �½ ð11:2Þ

The Mie frequency in the large-size limit for embedded Au nanoclusters in

crystalline alumina is approximately calculated to be ~2.3 eV (539 nm) using Eq.

(11.1). Plasmon frequencies around ~2.14–2.21 eV (~579–561 nm) are observed in

the UV–vis absorption study of the post-annealed samples for two different

annealing conditions 1273 and 1473 K (Fig. 11.1) indicating formation of Au

nanoclusters [21]. Cluster sizes were calculated to be in the range of ~1.72–

2.4 nm (157–427 number of Au atoms¼ 32.6–45.4 atomic unit, a.u. ~0.0529 nm)

using acoustic phonon confinement model in low frequency Raman spectroscopic

(LFRS) studies [24]. The LFRS study for clusters in the small range (<10 nm) were

performed for the determination of the size and the shape of clusters. Low-fre-

quency Raman modes in the vibrational spectra of the materials arises due to the

confined surface acoustic phonons in metallic or semiconductor nanoclusters. The

Raman sensitive spheroidal motions are linked with dilation and strongly depend on

the cluster material through vt, the transverse and vl, longitudinal sound velocities.

These modes are characterized by two quantum indices l and n, where l is the

angular momentum quantum number and n is the branch number. n¼ 0 represents

the surface modes. The surface quadrupolar mode (l¼ 2, eigen frequency η2
s)

appears in both the parallel and perpendicularly polarized Raman scattering

whereas, the surface spherical mode (l¼ 0, eigen frequency ξ0
s) appears only in

the parallel polarized configuration. Considering the matrix effect in the limit of

elastic body approximation of small cluster (core-shell model) [25], eigen frequen-

cies for the spheroidal modes at surface (n¼ 0; l¼ 0, 2) of Au nanocluster in

alumina matrix is calculated to be ηs2¼ 0.84 and ξs0¼ 0.40. The surface

quadrupolar mode frequencies corresponding to l¼ 0, and 2 are expressed by,

ω s
0 ¼ ξ s0vl=Rc;ω

s
2 ¼ η s

2vt=Rc ð11:3Þ

where vl¼ 3240 m/s, vt¼ 1200 m/s in Au and c is the velocity of light in vacuum.

Average cluster radii (<R>� 0.86–1.2 nm� 16.3–22.7 a.u.), calculated using
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Eq. (11.2), corresponding to l¼ 0, 2 are found to be nearly the same conforming to

the indirect technique used for the calculation of very small clusters [21]. For both

the annealed samples a clear red shift of the SPR frequency was observed with

decreasing fluence. For these spherical clusters in the smaller size range, a red shift

was observed with decreasing cluster size (Fig. 11.2a). Though the red shift effect

was predicted to be quenched in case of free Au clusters [1], the large matrix-

induced charge screening lead to a large electron spillout in case of embedded

cluster [13]. A red shift is observed for very small clusters because of the reduction

of average electron density with an increasing electron spillout effect with decreas-

ing cluster size. The physics of the blue shift trend observed in noble metal clusters

(discussed in the subsequent section) is based on the assumption that because of the

localized character of the core-electron wave functions, the screening effects are

less effective over a surface layer inside the metallic particle. Close to the surface,

the valence electrons are then incompletely embedded inside the ionic-core back-

ground. In two-region dielectric model, this hypothesis is taken into account by

assuming that the effective polarizable continuous medium responsible for the

screening does not extend over the whole cluster volume, where χd(ω)¼ εd(ω)� 1

vanishes for radius >R� r; where R is the cluster radius and r is a thickness

parameter of the order of a fraction of the nearest-neighbor atomic distance

(Fig. 11.2b).
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Fig. 11.1 SPR frequencies

for embedded Au

nanoclusters in c-Al2O3

annealed at 1273 and

1473 K showing redshift

with decreasing fluence.

Dashed vertical line is a
guide to eye for the

observed red shift of the

SPR frequency with

decreasing fluence (Ref.

[21]; Copyright (2004) by
the Elsevier Science B.V.)
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Plasmon frequencies fall in between the values calculated using TDLDAmethod

with r¼ 0 and 1 a.u. in the specific size limit. The red shift trend with decreasing

cluster size is clearly depicted for 1> r� 0 as the trend is reversed for r> 1 with

increased screening effect of s and d electrons [13]. Normally spillout effect is

realized in very small clusters where electron density reduces from its bulk value.

Charge density for the clusters upto 170 atoms also showed deviation from its bulk

value in the density functional theory (DFT) based LDA calculations applied to the

spherical jellium-background model (SJBM) [26]. The SJBM at an infinite flat

surface was implemented for high symmetrical potential applicable to significantly

large cluster size. However, charge densities and self consistent potentials for 170

atoms vary in their values across the infinite flat surface due to the nature of

electronic level filling in the spherical potential. The solution to the problem by

introducing lattice structure via pseudo-potentials was limited in the presence of

high lattice symmetry for specific elements. The effect of spin using local spin-

density approximation was found to be important in this context. However, it was

the first effort to address optical response related issues in the DFT-LDA formalism.

The model was later on improved up to 440 atoms in the TDLDA calculation

(Fig. 11.3) [13]. In the two-region dielectric model, in addition to the electron

density beyond the radius R, the magnitude of the red shift was found to depend also

on the surface electron density profile. It is analogous to SJBM model [26],

involving localized pseudo-potentials. Larger red shift was anticipated with softer

surface electron density, as estimated for dielectric function εd in the range 5–10,

and was compared the results with those of the standard SJBM. The surface profiles

of the mean-field potential and electron-density were found quite identical when

Fig. 11.2 (a) Size dependence of the SPR frequency for the samples annealed at 1273 and 1473 K

(unfilled symbols) and estimated values from TDLDA calculations ( filled symbols) (Ref. [13])
corresponding to r¼ 0 and 1 a.u. are presented. Experimental values show a red shift with

decreasing cluster size (Ref. [21]; Copyright (2004) by the Elsevier Science B.V.) (b) Schematic

of two region dielectric model with nanoclusters radius R and screening length r. The reduction in
the electron density as a function of r, n(r) is shown to reduce with decreasing R (spillout effect)
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εm¼ 1. It suggested similar magnitude of red shift of the plasmon frequency for

embedded system as compared to that for free clusters. With number of atoms,

N ~ 427 (<440) for largest cluster of radius R ~ 1.2 nm and 157 for the smallest

cluster of R ~ 0.86 nm (~16.3 a.u.), in the report [21], definitely support the claim

that the observed red shift of SPR frequency with decreasing size is due to electron

spillout effect in the small Au clusters fully embedded in crystalline alumina

matrix. Unlike co-ablated growth of Au in alumina [12], the effect of porosity

leading to the blue shift of SPR frequency with decreasing cluster size was proposed

to be negligible in our study as the samples were grown in a well crystalline alumina

Fig. 11.3 (a–d) Photoabsorption spectra of free gold clusters within the two-region dielectric

model, for different thicknesses of the skin region of reduced polarizability. Thick line curves:
d¼ 2 a.u.; dashed line curves: d¼ 1 a.u.; thin line curves: d¼ 0. The short vertical line in (d)
indicates the dipolar Mie resonance energy in the large-particle limit (Ref. [13]; Copyright (1998)
by the EDP Sciences, Springer-Verlag)

280 S. Dhara



matrix. Carrier escape by interband tunneling, as observed in semiconductor

heterojunction nanostructure where electron dynamics of localized Wannier–

Stark states [27, 28], was reported in the presence of electric field [29, 30]. In this

context dephasing of electron leading to a dynamic localization of electron in

metallic nanoclusters, however was not considered as the coherence lifetime of

electron (limited by scattering centers, e.g., point defects and surface states in the

nanocluster) was expected to be much smaller than the period of oscillatory motion

of electron for all reasonable value of applied electric field.

11.1.2 Blue Shift of SPR Frequency: Screening Effect

The optical response of free and matrix-embedded Au nanoclusters was reported in

the framework of the TDLDA [13]. The characteristics of the SPR frequency with

cluster size showed strong influence of the frequency-dependence of the 5d core-

electron dielectric function in the vicinity of the interband threshold. The size

evolution of the Mie-frequency in free Au nanoclusters exhibited a prominent

blue shift with decreasing cluster size than that for Ag nanoclusters (Fig. 11.4).

Experimental data corresponding to five different particle-size distributions were

shown on composite films consisting of low-concentration (~7 %) of Au

nanoclusters embedded in an amorphous alumina matrix (black squares) [12].

The experimental data were positioned between the extrapolated theoretical curves

corresponding to free and fully-embedded clusters (empty triangles), suggesting

that the experimental results might be explained by taking into account the matrix

porosity. Neglecting volume change in these nanoclusters and with a mean porosity

of about 45 % with respect to crystalline Al2O3 two kinds of model calculations

were carried out to understand and quantify the effect of matrix-porosity in these

systems. Results obtained for εm¼ 2, assuming a fine-grained homogeneous porous

matrix, showed a value corresponding to a decrease of the matrix polarizability by a

factor 2 in the visible spectral range (εm ~ 3.1) (crosses in Fig. 11.4). In spite of the

quantitative agreement for large clusters, the slope of the size evolution was

significantly underestimated and the predicted porosity effects might be too small

for medium and small clusters. As a matter of fact εm¼ 2, corresponding to a large

value of matrix porosity, can be assessed by calculating the dielectric function of

the porous alumina matrix using the Bruggeman effective medium theory [31]. The

experimentally-determined dielectric function of porous alumina films showed a

decrease of ~17 % with respect to that for crystalline in the visible spectral range

(εm~ 2.6). At the cluster matrix interface the porosity is important because of the

fact that the short-scale heterogeneity of the porous matrix in the vicinity of the

interface will play a crucial role as the changes in the induced electron density by

the oscillating external field are mostly confined to the surface. Model calculations

involving a perfect vacuum “rind” were carried out for εm¼ 1 in the radial range

R< r<R+ dm. The size evolutions over the entire studied size range were

displayed (black triangles in Fig. 11.4). For a given mean porosity, matrix porosity
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effects were found stronger in this model. With the slope of the curves in good

agreement with the experimental size trend, the deviation from the experimental

data was minimized with a vacuum-rind thickness dm (<< Fermi wavelength, λF).
Assessment with recent experimental data obtained with composite films of AgN
and alumina (black circles in Fig. 11.4) provides evidence for both the relevance of

the porosity effects and suitability of the two-region dielectric model for Au and

Ag. The results of TDLDA calculations on AgN clusters embedded in alumina,

involving the values dm¼ 2 a.u. and dm¼ 4 a.u., were plotted (empty circles in

Fig. 11.4). An agreement between theory and experiment, for both Au and Ag, in

using the same model parameters, proved the correctness of the model for investi-

gating the size effects in the location of the surface plasmon frequency. In case of

matrix embedded noble metal nanoclusters, however the blue shift trend is largely

reduced. Agreement with recent experimental results on size-selected Au clusters

embedded in an alumina matrix was achieved by taking into account the porosity

effects at the metal and matrix interface. The SPR frequencies of Ag nanoclusters,

calculated in the TDLDA framework, were in good agreement (Fig. 11.5) with

experimental data on free AgN
+ clusters [32] and on AgN clusters embedded in solid

Ar [33]. The size effects were found weak and very sensitive to the matrix, the

Fig. 11.4 The size evolution of the surface plasmon energy of gold clusters within different

models. Black triangles: TDLDA results obtained with an outer vacuum “rind” at the metal/

alumina matrix interface. dm is the thickness of the outer rind. Empty triangles: TDLDA results for

free (upper curve, dm¼1) and alumina matrix-embedded clusters (lower curve, dm¼ 0). Crosses:
TDLDA results with a homogeneous surrounding matrix characterized by a constant dielectric

function εm¼ 2. In all calculations the thickness d of the inner skin of reduced polarizability is

equal to 2 a.u. Black squares: experimental results (Ref. [12]). The short horizontal line at 2.25 eV

indicates the surface plasmon energy in the large-particle limit for fully-embedded AuN clusters.

The circles correspond to experimental (black) and TDLDA (empty) results for alumina matrix-

embedded AgN clusters (model parameters: d¼ 2 a.u. and dm¼ 4 a.u.) (Ref. [13]; Copyright
(1998) by the EDP Sciences, Springer-Verlag)
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porosity at the interface, and the cluster charge. It is shown that the core-electron

contribution to the metal dielectric function is mainly responsible for the quenching

of the size effects in the optical response. In a phenomenological two-region

dielectric model for the thickness of the layer of reduced polarizability, the blue

shift trend is observed for r> 1 as the cluster radius decreases (Fig. 11.2b). Thus,

depending on the experiment, a blue shift [34], or a quasi-size-independent evolu-

tion [22, 35] is exhibited.

The surface plasmon energy of Au nanoclusters formed by Ar+ ion beam mixing

of Au/silica was investigated for the size effect [22]. Core-electron contribution to

the metal dielectric function was mainly responsible for the blue shift with decreas-

ing cluster size in case of nanocluster diameter >5 nm (Fig. 11.6a). This is because

of the fact that at ωSPR>ωmax (Fig. 11.6b) a reduction of Re[εd(ω)], residing in the
denominator of the Eq. (11.2), with increasing ω will further enhance the blue shift.

The effect was depicted as quenching of size effect in the optical response [1]. The

nonzero contribution of Im[εd(ω)] in Au (Fig. 11.6b) was reported to broaden the

resonance peak by coupling with the interband transition [12]. The broadening of

the resonance peak for Au clusters were also reported earlier [11, 18, 19]. A blue

shift of SPR frequency with reducing cluster size was also reported for Au-Ag alloy

nanoclusters grown by laser ablation of an alloy target Au-Ag 1:1 atomic compo-

sition in the size range of 1.9–2.8 nm [36]. The alloy nanoculsters were embedded

with a low concentration in an alumina matrix. Theoretical calculations in the frame

work of the TDLDA, including an inner skin of ineffective screening and the

porosity of the matrix, were in good agreement with experimental results

(Fig. 11.7). In the standard Mie theory, with a single interface no size effects

occur in the dipolar regime (λ>>R), except for a mere volume scaling factor.
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Finite-size effects result when the surface skins (thickness dm) of ineffective

screening are included in the embedded-cluster model. However, these results are

noticeably different from those calculated within the TDLDA-based quantum

model (Fig. 11.7a). This discrepancy originates from the large value of the

λF� 3.3rs (Wigner radius, rs) relative to dm. The comparison with experiment has

been achieved by attributing to the experimental Mie-band maximum the size

corresponding to the mean diameter. A noticeable difference was observed between

theory and the experiment for large Agn clusters. The asymptotic values correspond

to a metal sphere embedded in a porous alumina matrix in the experimental
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findings. Comparing the experimental data of the pure alumina sample with the

theoretically calculated value, it was found that the SPR frequency of mixed

(Au0.5Ag0.5)n clusters was slightly overestimated in the model. The qualitative

analysis, however was quite applicable.

11.1.3 Blue Shift of SPR Frequency: Quantum Effect

A blue shift of SPR frequency for free Ag nanoclusters is described as quantum

plasmonic property for the first time by Scholl et al. [15]. They have excited

plasmons for individual particles using a scanning tunneling electron microscopic

tip where fast electrons are focused on Ag nanoparticles precisely from surface to

the central region. It may be noted that the interaction between electromagnetic

wave corresponding to fast electrons and plasmons is equivalent to the interaction

of light with plasmons. They could differentiate bulk- and surface-plasmon com-

ponents and a blue shift in the frequency of surface plasmons with decreasing

cluster size (Fig. 11.8). The classical electrodynamics does not predict size
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dependence of the SPR frequency in the free Ag cluster [11]. The conduction

electrons respond to electromagnetic fields as a classical electron gas for

nanoparticles with size>10 nm. In this size range, the contribution of each electron

to the plasmons cannot be observed and the SPR frequency is uncertain because of

collisions of the electrons with each other and with the atomic lattice of noble

metal. However, a clear blue shift was observed for the SPR frequency of the

smallest nanoparticles of ~2 nm as compared with 10 nm, along with a significant

(50 %) decrease in the plasmon lifetime. The conduction electrons moving at a

Fermi velocity (vF) of ~10
6 m/s [21] take approximately 10 s to travel across a

10 nm Ag particle. Observed plasmon lifetime of ten plasmon periods of such

particles is close it. However, the blue shift could not be explained using the

concept of reflections of the electrons at the surface for the reduction in the plasmon

lifetime [11]. The electrons appear at a discrete set of energy levels in nanoparticles

smaller than 10 nm, with relatively few conduction electrons (250 electrons for

Fig. 11.8 Correlating Ag nanoparticle geometry with plasmonic EELS data. (a) Collection of

normalized, deconvoluted EELS data from particles ranging from 11 to 1.7 nm in diameter and the

corresponding STEM image of each specimen. The electron beam was directed onto the edge of

the particles so that only the surface resonance is shown. (b) Plot of the surface plasmon resonance

energy versus particle diameter, with the inset depicting bulk resonance energies. Horizontal error

bars indicating 95 % confidence intervals were generated with a curve fitting and bootstrapping

technique (see Methods). Vertical error bars are contained within the size of the data points (Ref.

[15]; Copyright (2012) by the Nature Publications)
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2 nm nanoclusters) participating in the plasmons. These energy levels are increas-

ingly separated from one another as the particle size is reduced and termed as

quantum confinement effect. The individual electron transitions between occupied

and unoccupied degenerate electron energy levels increases the uncertainty about

the SPR frequency leading to the reduction of plasmon lifetime [37]. In fact,

individual transitions cannot in general be resolved owing to the uncertainty

produced by the collisions mentioned previously. Considering the effects of indi-

vidual electron transitions, an analytical quantum mechanical model is described to

understand the blue shift due to a change in particle permittivity (Fig. 11.9). The

model also considers catalytic effect, and surface enhanced techniques SERS and

TERS effects as manifestation of the quantum plasmon mechanical behavior of tiny

noble metal nanoclusters with evanescent field are restricted only to small number

of atoms corresponding to the ‘hot spot’ [38]. Similar observation of blue shift of

SPR frequency with decreasing cluster size (Fig. 11.10), larger than that predicted

in the theory, was also reported for isolated spherical Ag nanoclusters dispersed on

a Si3N4 substrate in the diameter range 3.5–26 nm [23]. A semi-classical model

corrected for an inhomogeneous electron density associated with quantum confine-

ment, and a semi-classical nonlocal hydrodynamic description of the electron

density was used to understand the observed blue shift (Fig. 11.11).

In another report, a blue shift of the quantum SPR frequency with decreasing

size (Fig. 11.12) is reported for 2–10 nm Ag nanoclusters embedded in SiO2 matrix
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Fig. 11.9 Comparison of experimental data with quantum theory. Experimental, EELS-deter-

mined localized surface plasmon resonance energies of various Ag particle diameters are overlaid

on the absorption spectra generated from the analytic quantum permittivity model (a) and the

DFT-derived permittivity model (b). The experimental bulk resonance energies are also included

(grey dots) along with the theory prediction (grey line). Classical Mie theory peak prediction is

given by the dashed white line. The experimental data begin to deviate significantly from classical

predictions for particle diameters smaller than 10 nm. Horizontal error bars represent 95 %

confidence intervals, as calculated through curve fitting and bootstrapping techniques (Ref. [15];

Copyright (2012) by the Nature Publications)
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[14]. Reduction in the size with increasing fluence, as explained by the thermal

spike model, was achieved by high-energy Si5+ ion-irradiations in the embedded Ag

nanoclusters substrate. In the noble alloy system optical properties of mixed

(AuxAg1�x)n clusters in the diameter range 1.5–5 nm of various relative composi-

tions embedded in an alumina matrix were also reported [39]. Two simple phe-

nomenological models were developed in estimating the effective dielectric

function εd(ω) of the Au-Ag ionic background, as the optical properties of the

mixture depend strongly on the topological non-uniformity in the length scales of

the heterogeneities . In one model (Model 1), εd(ω) of the ionic mixture AuxAg1-x is

assumed to be the composition-weighted average of the interband contributions of

bulk Au and Ag metals. The model 1 assumes the mixture as the stacking of small

homogeneous Au and Ag grains, whose optical properties are close to those of the

Fig. 11.10 Aberration-

corrected STEM images of

Ag nanoparticles with

diameters (a) 15.5 nm, (b)
10 nm, and (c) 5.5 nm, and

normalized raw EELS

spectra of similar-sized Ag

nanoparticles (d–f). The
EELS measurements are

acquired by directing the

electron beam to the surface

of the particle (Ref. [23];

Copyright (2013) by the
Science Wise Publishing
and De Gruyter)
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corresponding bulk materials. In the second model (Model 2), relations under band

structure formalism were derived from a the experimental data obtained from

transmission experiments in the energy range of 2.4–4.4 eV [40], and reflection

experiments in the energy range of 0.5–6.5 eV [41] on thin homogeneously alloyed

Au/Ag films of various compositions. The imaginary components Im[εd(x,ω)] are
plotted for both models (Fig. 11.13). The prominent differences are (i) the interband

threshold is independent of the composition in model 1, while it evolves with x in
the second model; (ii) in model 1 the Im[εd(x,ω)] exhibits a two-step pattern, while

a single rising edge is exhibited in model 2, as observed for pure Au and Ag. For a

given relative composition, the blue shift of SPR frequency with increasing size

was reported to become more important as the Au content increases in the alloy

(Fig. 11.14). The size and concentration effects in the optical properties were

investigated in the light of quantum effect. These spectra were compared with

model calculations, considering quantum mechanical description of s conduction
electrons within the TDLDA formalism including both the porosity of the matrix

and an inner skin of reduced ionic-core polarizability. Different models of alloy

Fig. 11.11 Nanoparticle SPR energy as a function of the particle diameter. The dots are EELS

measurements taken at the surface of the particle and analyzed using the Reflection Tail (RT)

method, and the lines are theoretical predictions. We use parameters from Ref. [42]:

�hωp¼ 8.282 eV, �hγ¼ 0.048 eV, n 0¼ 5.9� 10 28 m�3 and νF¼ 1.39� 106 m/s. From the average

large-particle (2R> 20 nm) resonances we determine εB¼ 1.53 (Ref. [23]; Copyright (2013) by
the Science Wise Publishing and De Gruyter)
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Fig. 11.12 (Top panel) Optical absorption spectra of Ag ion-implanted (5� 1016 ions cm�2) SiO2

samples followed by Si ion irradiations (ion dose as indicated) are displayed. Blue shifts of SPR
peak and systematic decrease of the resonance intensity with increase of Si ion fluence may be

observed. (Bottom panel) Graphs A and B display the optical absorption spectra of Ag particles in

SiO2 samples before and after Si ion-irradiations (5� 1015 ions cm�2), respectively. Ag ion-

implantation fluence is 1� 1016 ions cm�2. (Inset) Graph C displays the optical absorption spectra

of Ag particles in SiO2 samples after Si ion-irradiations (5� 1015 ions cm�2). Ag ion implantation

fluence is 3� 1016 ions cm�2. Subsequent annealing (400 �C, 1 h) the SiO2 sample in an inert gas

atmosphere brings back the SPR characteristics of larger Ag nanoparticles (see graph D). Quantum

nature of surface plasmon resonances in fine Ag particles vanishes, revealing ripening of the Ag

particles on thermal annealing (Ref. [14]; Copyright (2014) by the Elsevier Science B.V.)

290 S. Dhara



morphology were introduced to describe the effective dielectric function of the

ionic background in the noble metal alloy nanocluster. A multi-shell model showed

predominant quantum effects. In classical calculations involving a multi-shell

cluster of simple metals of different electronic densities, the spectra were structured

with as many peaks as the number of interfaces. On the other hand, quantum

TDLDA calculations within the jellium model (spillout effect) display only one

main resonance peak in the spectra.

Fig. 11.13 Spectral

dependence of the

imaginary part of the

dielectric function of the

core electrons in the

(AuxAg1�x) alloy, with

x¼ 0, 0.25, 0.5, 0.75, 1 from

top to bottom, within two

different hypotheses (see

text), (a) model 1 (b) and
model 2 (Ref. [39];

Copyright (2001) by the
American Physical Society)
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Fig. 11.14 Size evolution of the peak plasmon maximum for (AuxAg1-x)n clusters (x¼ 0–1)

embedded in an alumina matrix, assuming two hypotheses for the dielectric function associated

with the core electrons (see text): model 1 (a) and model 2 (b). TDLDA results, open symbols

connected with lines; experimental results, large black symbols. Owing to the rather tiny effects

(all the values lie in the energy range 2.3–3 eV) a finer increment Δω, ten times smaller than the

increment involved in the spectra in Fig. 6 of Ref. [39], has been used over the resonance spectral

range in order to unambiguously determine the maximum locations, and thus the size evolution

(Ref. [39]; Copyright (2001) by the American Physical Society)
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