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Abstract: A full-interaction electromagnetic approach is applied to
interpret the local- and far-field properties of AuAg alloy nanoplanets
(i.e. a central cluster surrounded by small "satellite” clusters very close
to its surface) fabricated in silica by ion implantation and ion irradiation
techniques. Optical extinction spectroscopy reveals alarge plasmon redshift
which is dependent on the irradiation conditions. Simulations strongly
suggest that the peculiar topological arrangement of the satellite clusters
is responsible for the observed plasmonic features. Theoretical results also
indicate that strong local-field enhancement is obtained between coupled
clusters. Calculations for Ag models show that enhancement factors as high
as ~100 are readily achievable.
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The interaction of light with metal nanoclusters (NCs) in insulating matrices has received in-
creasing attention in the last decade. Glass-embedded noble metal NCs exhibit strong surface
plasmon absorptionin the visible spectrum[1, 2], and can increase the third-order susceptibility
2@ of thematrix by several ordersof magnitude[3]. In the case of spherical isolated metal NCs
the plasmon resonance frequency and electromagnetic field configuration depend on the cluster
size and on the metal and matrix dielectric functions. In ensembles of interacting clusters the
plasmon peak position and the local-field are influenced by the interparticle electromagnetic
coupling. Parameters like particle size, number and relative position as well as incident light
polarization state influence the extinction spectrum and the local-field enhancement [4, 5, 6]. If
metal alloy NCs are considered, alloy composition is one additional parameter to play with for
the plasmon tuning [7, 8]. Given their far- and local-field properties, strongly coupled clusters
attracted much interest in the field of single molecule sensing applications, such as surface en-
hanced Raman scattering and molecular plasmon rulers[9, 10], and are promising for miniature
nonlinear optical elements and polarization sensitive photonic devices [11, 12]. The possibil-
ity of three-dimensional (3-D) subwavel ength confinement and plasmon waveguiding has been
explored aswell [13, 14].

The aim of the present letter is to describe, by a full-interaction electromagnetic approach,
the plasmonic properties of peculiar nanocluster structures, which will be called nanoplanets
(NPs, i.e. a central cluster surrounded by small "satellite” clusters very close to its surface)
[7], synthesized by keV ion irradiation of AuyAg; x alloy NCs obtained by ion beam process-
ing. In particular optical extinction spectra show a marked plasmon redshift as the irradiating
ion mass increases. These modifications are investigated by an hybrid Mie-Maxwell-Garnett
(MMG) method [1, 15], and by Generalized Multiparticle Mie (GMM) theory [16], with the
aid of acode expressly developed for this purpose, to take into account full interaction among
the nanoclusters[17].

The investigated systems are fused silica (type I, Heraeus) slides embedding AugsAgo.4
nanocrystals with a bimodal size distribution obtained by the procedure reported in Ref.[18].
Thisisthereference sample, labeled as AuAg. Subsequent Ne, Ar and Kr ion irradiations were
performed on the reference sample: parameters, reported in Ref.[19], were chosen so asto keep
deposited energy and power density constant. These samples will be labeled according to the
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Table 1. Nuclear fraction of the total energy loss, satellite diameter, maximum satellite

distance from central cluster and satellite Au/Ag ratio.

lon Sn(%) Dt (hm)  d(m)  (Au/AQ)sgt
He" 10 11+01 25+05 25+07
Ne™ 43 16+03 38+02 28+09
Krt+ 67 21+05 47+07 40+04

irradiation ion utilized. Structural and compositional characterization was performed at CNR-
IMM (Bologna, Italy) with afield-emission gun (FEG) FEI TECNAI F20 microscope operating
at 200 kV equipped with an EDAX energy-dispersivex-ray spectrometer (EDS). Optical extinc-
tion spectrawere collected with a CARY 5E UV-VIS-NIR dual beam spectrophotometer in the
200-800 nm wavelength range.

Figure 1(a) shows the experimental optical extinction for the AuAg and the subsequently
irradiated samples. The unirradiated sample presents one single extinction band located at 478
nm, between the silver (410 nm) and gold (530 nm) plasmon resonances in silica (refractive
index 1.45), as might been expected considering the alloy formation [8, 20]. Subsequently to
the He™ irradiation the extinction peak redshifts to 485 nm, its peak intensity is slightly re-
duced, whileits full-width at half-maximum (FWHM) presents a moderate increase [21]. Ne ™
irradiated sample shows a similar behavior: one single extinction feature is present at 497 nm,
with reduction of the peak intensity, an increase of its FWHM and a slightly more pronounced
damping than in the helium case. Thistrend is only partially followed in Kr ™ irradiated sam-
ple. While stronger band damping and redshift are evident, the extinction spectrum shows two
clearly distinct features: a shoulder at about 495 nm and a principal peak at 538 nm, beyond the
pure gold plasmon peak in silica.

Figure 2(a) shows the TEM cross-section of AuAg sample. While the overall size distribu-
tionisbimodal, at the projected range (Rp ~ 70 nm) the size distribution is found to be roughly
gaussian, centered at (D) = 23.7 nm with op = 4.0 nm. In the following discussion the at-
tention will be only focused on these clusters, since the quasi-totality of the implanted species
precipitates at the projected range [18, 19]. Figure 2(b) reports a TEM image of a typical post
irradiation situation, i.e. the Ne™ irradiated sample. A new topological cluster arrangement is
the most evident result of the irradiation process. each original nanoparticleis now surrounded
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Fig. 1. (a) Experimental optical extinctions for unirradiated and irradiated samples as de-
scribed in Table 1, measured with unpolarized light. (b) Theoretical extinction spectrafor a
single Aug gAdo.4 particle of 12 nm of radius (black line), and for targets reported in Fig.4

(dashed, dot-dashed, and short dashed lines), following GMM approach. Empty and filled
circles correspond to spectra calculated following MM G approach.
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Fig. 2. Cross-sectional TEM images of unirradiated and Ne™ irradiated samples. (a) AuAg
sample beforeirradiation, (b) 100 KeV, 5.2 x 10* ions'cm? Net irradiated sample.

by a set of satellite clusters. Average satellite size and distance are increasing functions of the
nuclear component released energy as reported in Table 1. Compositional EDS analysis per-
formed with a focused 2 nm electron beam of the FEG-TEM in the central part of the mother
cluster as well as in the satellite halo indicates a typical Au/Ag atomic ratio of 1.4+ 0.1 for
the central clusters, and a preferential extraction of gold during the irradiation process (Tab.1).
Mechanisms of the satellite NCs formation, as well as adetailed analysis of the obtained struc-
tures, have already been reported elsewhere [18, 19].

Hybrid Mie-Maxwell-Garnett and Generalized Multiparticle Mie formalism are employed to
understand the experimental observations[17], and to investigate |ocal-field enhancement phe-
nomenawhich may arise. The inability to model non-spherical targets and to provide detailed
local-field pictures are two principal drawbacks of the MMG approach. The use of full inter-
acting solutions like the GMM theory is therefore needed, while the MMG application will
be restricted to He' and Ne' far-field calculations. Driven by the observation that modeled
extinction spectra for the AuAg sample are quite insensible to the introduction of a statistical
size distribution, model targets are built taking into account the following TEM results: (i) av-
erage composition and size of central clusters, (ii) average composition and distance-dependent
size distribution of the satellites. AuAg alloy experimental dielectric function is obtained from
Ref.[22] and corrected for the reduced electron mean free path [23]. To take into account the
atomic metal dispersed in the matrix after the irradiation treatment, the local refractive index
israised to n = 1.50, corresponding to a local atomic concentration of about 1% in an effec-
tive medium picture while, at the same time, alloy composition is set to AuggAdo.4 for the
central clusters and to Aug 75Ado.25 for the surrounding satellites. We remark that slight varia-
tions of alloy composition have minor effects on modeled spectral features. In the case of the
hybrid MMG model a Mie core-shell target is used, where the shell thickness is the smallest
possible one containing all the satellites. Its dielectric function comes from a Maxwell-Garnett
effective medium built upon the original topological configuration, with filling factor p defined
as P = Vgallites/ Vahell (Fi9-3). Small changesin the shell thickness result in minor spectral
variations, since volume and filling factor effects level off. In the case of the GMM simulation,
optical extinction spectra are calculated for unpolarized light, with wavevector normal to the
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Fig. 3. Schematic representation of MM G model target construction.
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Fig. 4. (Color online) Assumed targets, corresponding TEM images and |E| plots at the
plasmon wavelength for each of the three irradiated samples. Field polarization and propa-
gation direction aways asin (b).

sample surface. Spectral convergenceis aways checked against the number of included multi-
poles.

Figure 1(b) shows calculated extinction spectrafor asingle AuggAdo.4 particle (AuAg sam-
ple) and for the model targets reported in Fig.4, corresponding to the irradiated samples. Spec-
tral shapes and extinction peak trends are in excellent agreement with experimental data, for
each of the examined cases. A dlight underestimation of peak width, as well as a small blue-
shift of the simulated extinction peaks can be noted, nevertheless complexity of the studied
systems must be kept in mind, since parameters such as local refractive index, experimental
dielectric function and implantation damage are not easily determined and modeled. In spite of
this, general spectral behaviorsare reproduced with remarkable accuracy. Optical extinctions of
the He™ and Ne™ samples are cal culated with both GMM and MM G formalisms, with obtained
results reproducing the observed experimental behaviorsand in mutual quantitative agreement.
The abovetheoretical matching is corroborated by the fact that GMM far-field spectra converge
by including only dipolar interactions. Plasmon shift and damping are attributed to the electro-
magnetic coupling between the central and satellite clusters, and to the atomic metal locally
dispersed in the matrix after the irradiation treatment. With reference to the Kr ++ irradiated
sample, the above mechanism is unable to reproduce the measured spectral properties, and thus
amodel target which includes high multipolar coupling between neighboring NPs is proposed,
wherethe coupling is provided by larger satellites which are present at most of the satellite halo
intersections (Fig.4(e)). The correspondence between theoretical and experimental extinctions
is especially noteworthy, with the observed spectral features at 495 and 538 nm correctly repro-
duced, and interpreted as the contributions of different light polarization states [6]. Redshifted
peak arises from polarizations parallel to the axes of nanoplanet dimers or multimers, like the
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ones reported in Fig.4(e), while the lower wavelength shoulder is assigned to the normal polar-
ization states [4]: extensive numerical calculations show that the theoretical spectral shapeis
robust against modifications of the assumed target, as far as planar coupling is preserved. The
same calculations prove that satellite clouds strongly enhances planar NPs coupling in the case
of parallel polarization states, and can therefore trigger the 538 nm peak intensity.

The large plasmon shift observed above is an evidence of strong interparticle coupling, and
therefore of a substantial |ocal-field enhancement and focusing [4, 6]. Figure 4 shows theoret-
ical targets and TEM images of typical NPs configurations for each of the irradiated samples,
along with the plots of the local-field modulus |E|. Electric field is computed on a nearly equa-
torial target cross-section, at the plasmon peak wavelength, with alinearly polarized planewave
normalized to unity chosen as incident field. Figures 4(b) and 4(d) report fields calculated for
Het and Ne™ samples at 462 and 466 nm, while acloseup of the field hot-spotsis shown in the
insets. Strong enhancement and focusing are present at the interparticle gap between satellites
and mother cluster, being a function of satellite distance and orientation with respect to the
field polarization: maximum intensity is in fact obtained when satellite to central cluster axis
is parallel to field oscillation [6, 9]. In the studied cases enhancements as high as |E| ~ 20 are
obtained, confined to a region whose size is comparable to the satellite one. Enhancements of
the order of |E| ~ 7 are expected for a AuggAgo.4 Single particle with a 12 nm radius. Let us
now finally discussthe Kr** case: we shall focuson local electromagnetic configuration at the
resonance correspondingto parallel polarization states, sinceit isof moreinterest for local-field
enhancement [4]. The assumed target of Fig.4(e) consists of two nanoplanetswhose interaction
is bridged by a bigger satellite located at the satellite halos intersection. Local-field is calcu-
lated at 512 nm, with field oscillation parallel to the multimer principal axis. Figure 4(f) shows
again that field enhancement is mainly localized at the interparticle gaps: the most significative
difference with the previous casesis that clusters of comparable dimensions provide a stronger
coupling than observed before, reaching enhancement factors as high as |E| ~ 25. Field local-
ization is comparable with NPs sizes, while hot-spots at the junction between smaller satellites
and central clusters are still present. As afinal remark we notice that the role of satellite clouds
in NPs coupling enhancement is here clearly shown.

Preliminary calculations on silver structures, with identical topological configurationsto the
ones utilized above, show that enhancement factors as high as |E| ~ 100 are readily achievable.
Synthesis and characterization of these materials are underway.

In conclusion we have shown that it is possible to model optical extinction and local-field
evolution of nanoplanets produced by ion irradiation of silica containing bimetallic NCs. Topo-
logical arrangement of NPs, and consequently their far- and local-field properties, can be tai-
lored by modifying irradiation condition parameters, with plasmon shifts as high as 60 nm.
The modification of the plasmon band is explained by a variation of the nanocluster local di-
electric environment, which includes coupling with satellites and neighboring NPs. Theoretical
GMM calculations and MMG model for the He™ and Net far-fields reproduce accurately ex-
perimental optical extinctions and strongly corroborate the proposed interpretations, addition-
ally revealing large local-field enhancementsin the satellite cluster hal os. These structures are
therefore a promising candidate for linear and nonlinear optical applications.
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