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ABSTRACT

In this paper, we consider dispersed nanogolds, and the aim is a quantita-
tive study of the associated optical absorption and scattering cross-sec-
tions, as a function of their shape and aspect ratio. The finite element
method, known to be a very useful and versatile computational tool for
particles with any arbitrary shape and embedded in a dielectric matrix, is
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used. Our study is focused on the ellipsoid and cylinder shapes. The ob-
tained numerical resultsare naturally compared to those predicted by theo-
retical models. Also, we discuss the effects of the shell on the cylinder
plasmonic behaviors. The main conclusion is that, the shape is another
pertinent parameter that drastically affects the optical properties of the

dispersed nanogolds.

INTRODUCTION

Gold nanodlipsoidsand nanorodsexhibit transverse
and longitudinal surface plasmon resonance(LSP) in
infrared band. At normal incidenceor with s-polarized
light, wheretheincident eectric field vibrates perpen-
dicularly tothedlipsoid long-axis, the spectrarevea
onesnglepesk at around 520nmwave ength. Thisreso-
nanceisassociated with transverse(T) plasmonic exci-
tation in the direction normal to the ellipsoid long-
axes'2, At obliqueincidenceand with p-polarized light,
wheretheincident e ectric field hasacomponent both
along and perpendicular tothedlipsoid long-axes, the
spectra present two peaks : the above-mentioned T
mode aswd | asalonger-wavel ength resonance, the L
mode associ ated with aplasmonic excitation polarized
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along theéllipsoidlong-axes, and thislatter mode oc-
cursat around 700nm. The L-mode resonance wave-
lengthisstrongly dependent on both ellipsoid aspect
ratio and the distance between theinclusionsinthehost
matrix. In accordance with thedipolar plasmonicre-
sponseof dlipsoid, anincreaseintheaspect ratio causes
two resonancesto split further gpart spectraly, withthe
T modeundergoing ablue-shift, whiletheL. modemoves
towardslonger wavelengths?.

These nanoparticles are unique, because of itsin-
triguing optical propertiesthat can beexploited for both
imaging and therapeutic applications. Also, the reso-
nancelight-scatteringisof growinginterest for particles
characterization and biomedical applications. This
makesthat the gold nanoparticles constitute avery at-
tractive platform for cancer diagnosisand therapy. In
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thevicinity of thedesired site, the gold nanoparticles
areactivated through the absorption of radiation of an
appropriatewave ength. Thisstrongly absorbed radia-
tionisconverted than efficiently into heat on apicosec-
ond time domain, by el ectron-phonon and phonon-
phonon processes* 7.

On theother hand, these nanoparticlesareof great
interest owingtotheir uniqueoptica properties, includ-
ing additiona localized surface plasmon resonance ex-
tinction band whichisred shifted, with respect to the
short wave-length peaksof spherica particles. Further-
more, they exhibit inherent plasmonic resonances milar
tothoseartificia materid sa microwaves. Such extreor-
dinary characteristicsenable usto obtain negative per-
mittivity frommaterial asgold. Itisso great interesting
to know their optical properties.

Mixing rules, for discrete scattersimmersedina
host medium, functionsof physicd propertiesof thema-
terid, volumefraction and spatid arrangement of inclu-
sions, have been recently proposed. Itisvery common
to usethe effective medium theory to characterizethis
kind of media. Thisrepresentation isoften based onthe
assumptionthat theinclusonsinthemedium havesizes
and periodicitiesthat are sufficiently small in compari-
sontothewave ength of theimpinging radiation. Under
this condition, the composite can be considered asa
homogeneous materid. Themost popular modelsare
theeffectivemediumtheory (EMT), theMaxwell Garnett
theory (MGT)® and the Bruggeman theory (BT).
Except at low fillingfactors (lessthan 0.1), thetwo ef-
fective medium theories predict strongly different ab-
sorption spectra. TheMGT islikely toyield better re-
sultsfor metallic inclusionsembedded inadielectric
matrix, whenthereisasharp interface between thetwo
materids. TheBT blursthe sharpinterface, and thiswill
broaden the surface plasmon resonance, probably too
much at small fractions. In addition, thistheory pre-
sentstheadvantage of applicability for arbitrary filling
factor, and correctly predictsapercolation threshold to
metallic conduction™. It may well yield better results
for nanocomposites of lessregularly shaped particles
or aggregates. However, aclassical effective medium
andys sneglectsthecorrd aionsbetweeninc usonsthat
become significant astheir concentration increases.
Thesetheoriesoften clamed that awesk particleinter-
actionisaconditionfor thevdidity of EMT and dl the
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inclusionsare assumed to be spherical.

Theoptical response of metal nanoparticlesto an
electromagnetic field of light, for ahomogeneousiso-
tropic sphere, wasfirst anayticaly described by Mid™.
Ontheother hand, for non-spherica particles, gpproxi-
mate numerical methodsaregeneraly required, andin
recent decades, there are several computational ap-
proaches that have been devel oped, which are based
on more advanced scattering theories. Theseinclude
the T-matrix method*?, the discrete dipol e approxi-
mation*¥, and thefinitedifferent timedomain method™.

In this paper, we introduce the Finite Element
Method (FEM)1*52¢ which is designed to solve the
relevant field equation in the computational domain,
subject to the boundary constraints imposed by the
geometry. Without making apriori assumption about
whichfiedinteraction aremost significant, numerical
techniquesanayzetheentire geometry provided asin-
put. TheFEM, whichisapowerful numerica modding
technique, hasbeen widdy used for modeling e ectro-
magnetic waveinteraction with complex materias.

The FEM can provideafull range of plasmon-re-
lated properties, including extinction, scattering and ab-
sorption cross-sections, andlocal eectricfields, some
of which aredifficult to measureexperimentaly. The
computer S mulation model, based onthe FEM wede-
velop, can beapplied to two or three-dimensiond sys-
tems, with two components or more. Within this ap-
proach, the FEM isapplied, to compute the potential
distribution in the compostematerial andto derivethe
stored el ectrical energy, the macroscopic polarization
and the absorption and diffusion sections.

Thispaper isorganized asfollows. In Sec. 11, we
review someworksdealing with theca culation of the
optica propertiesof anisotropicinclusonembeddedin
adielectricmatrix. Thedispersivefunction of goldis
givendielectric dispersion of gold. In numerical com-
putation, we devel op thenumericd evaduation, carried
out on the composite media, and present the FEM for-
mulation for the resolution of Laplace’sequation and
formulaefor calculating the optical propertiesof dlip-
soid shape. We compare the results obtained for the
ellipsoid shapeto those provided by literature. Inthis
section, wea so present theresultsr ativeto thecylin-
der shapeand the shell effect ontheLSP. Finally, some
concluding remarksaredrawninthelast section.
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Figurel: Real and imaginary partsof the complex gold di-
eectricfunction upon ener gy photon, starting from DCP model
(solid line), which waschosen in our calculation. Drudemode
(dashed line) and measurements(QO) arealso r epr esented®
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Figure 3 : Absorption cross-section ver sus photon energy
relativetogold prolateshapefor longitudinal mode. Thesym-
bols(O, [, ® and P>) represent thenumerical resultsfor h 2,
25,3, 3.5, respectively, whereasthesolid linedescribesthe
analytical ones. I n plotting the curves, thenumerical param-
etersareidentical tothoseusedin figure2

Quasi-Saticapproximation

Generdly, theindusonsdimensonsaresmdl| com-
paratively totheincident light wave-length. Thedipolar
gpproximationisauseful method for computing theop-
tical cross-sections, starting from the polarizability of
themetd inclusion.

The present work deal swith acomposite medium
formed by elipsoidd or cylinder goldinclusionsof vol-
umedensity N, which aredispersedinahost dielectric
matrix. Weassumethat dl inclusionshaveequa masses
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Figure 2 : Absorption cross-section ver sus photon energy
relativetogold prolateshapefor longitudinal mode. Thesym-
bols(O, [J, ® and ) represent thenumerical resultsfor h 2,
2.5, 3, 3.5, respectively, whereasthe solid linedescribesthe
analytical ones. Thecurvesareplotted choosing: 2a=20nm,
€=2.25,and f=0.1
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Figure4: Thesymbols(® and O), correspondingto FEM
simulation, represent theabsor ption and thediffusion, re-
spectively, for f=0.3, in thecase of the prolate. Theanalytical
resultsgiven by the Gansfor mula correspond to theabsor p-
tion (solid line) and thediffusion (dashed line). The numeri-
cal parameters are as follows: 2a=40nm, 2b=80nm and

e =2.25
andvolumes. Thefilling factor occupied by inclusonsis
denotedf.

We areinterested in two particular shapes, which
aretheprolate (cigar-shaped) ellipsoid with rotation
symmetry, and the cylinder with diameter 2aand height
2b. The prolate élipsoid is generated by rotating an
dlipsearounditsmgor axis, whichhassemi-mgjor axis
b and semi-minor axisa=c. Thegold élipsoidsand the
surrounding medium havediélectricfunctionse =¢ +¢,
ande _, respectively. In our study, thegold spheroids

flano Science and flano Technology

—— e T ot



80 Optical properties of anisotropic nanogolds from finite element method

NSNTAIJ, 4(2) 2010

Full Paper =

areilluminated by polarizedlight of wave-length k, which
isinthedirectionwith anincluded angle® makeswith
z-axisor withx-axis. Inthecadculation, thesizeof gold
spheroidsismuch smaller than thewave-length of the
incident light. Thegold spheroidsarethen subjected to

auniformgaticelectricfiedz.

Whentheappliedfiddisarbitrary directed, thein-
duced €l ectric di pole moment!*” writesasfollows,

p=soam(mexux+ozyEy uy+aZEzuzJ )

wherez, isthe permittivity of thevacuum, a, g anda,
arethe dementsof the polarizability tensor of anindi-
vidual dipole, wheressthequantitiesE,, E and E, stand
for the componentsof the applied field, relativetothe
principa axesof an anisotropic dipole. Elsewhere, the
macroscopi ¢ polarization, induced in each metd inclu-
sion of vol umeV, isassumed tobealinear isotropic
function and given by,

o_P
P=—
v, )
Theextinction, s, , thescattering, o, andtheab-
sorption, o, , cross-sectionsfor small particles, corre-

sponding to theL. mode (6=0), are eva uated using op-
tical theoremg™.

o, =kim(a,) €)
K,
=1z 4
- @
ce><t = crsca\t + cra\hs (5)

Here, k = s, k,, Wherek, representsthewave-vec-

tor of theapplied field inthevacuum.

If theincorporatedinclusionsare physicaly identi-
cal, thetotal extinctionisdirectly proportional tothe
inclusion volumedensity, accordingtotherelaion.
C..=No_, (6)

Inwhat follows, weshal computetheoptical cross-
sectionsmaking use of eg. (3-5). Todothis, it would
be necessary to know theinclusion’spolarizability. In
facts, different approaches are proposed¥; the
Clausius-Mossotti relation isgenerally used™® for the
sphere shape. Starting from Laplace’sequation, ana-
Iytical expressionswere obtainedintheframework of
the quasi-static approximation, for smplegeometrica
shapes, such as spheres and ellipsoids. The dipolar
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polarizahilitiesalong thesemi-mgor axis(x-axis, y-axis)
and semi-minor axis (z-axis) of the prolate spheroids
aredifferent. Whentheincident light isalong the z-axis,
theapplied eectricfieldispolarized in parallel to the
disk (x-y plane), the corresponding polarizabilitiesare
then given by!8,

(3]

€
o =0 2

L? -1, Y
'(el+ - ‘em) +85 )

where the geometrical factors L, (i = X, y, z arethe
Cartesiandirections) aregivenby L+ L +L,=1, and
L = Ly. Here, L, writes, interm of thesemi-mgor axis,
asfollows,

1-e° 1 (1+2e
L. = -1+ In X
Loel [ 2e, ( 1-e, )] ®)
e =1-70° ©)
n=alb (10)

wheren and e, represent the aspect ratio and the ec-
centricity of thedlipsoid, respectively. Combining eg.
(3) and (7) yidldsthe Gans Formul ag*8l.

3/2
_kVeen €
Oo = 2 2
L3 1-L, )
€, + €, | +¢&;
Li

Thisreationship describestheextinction cross-sec-
tion of theprolateinclusion, inthequasi-gaticlimit, and
itisvery easy tofind the other optical cross-sections.
We al so point out that the aboverdationisvalid only
for monodisperseinclusionsand week fractions. When
the distance between particles becomesweak, how-
ever, thiswill havesgnificant impact ontheir plasmonic
behaviors. Infact, thisis caused by the el ectromagnetic
field coupling?”. In these conditions, the analytical
theory should bemodified for ellipsoid shape.

Dielectricdispersion of gold

Noticethat the optical constants of the metal de-
pend on the photon energy (or light wave-length 1.).
Thisoptica responseisgeneraly related tothedieec-
tricdigpersion. Werecdll that thedie ectricfunctionwas
first computed using the Drude modd?!, becauseof its
simplicity. It describesthe metal confinement and the
surfaceeffectsinaphenomenol ogical damping congtant.

Therefore, thistheory considersonly freeelectrons

(1)

e Tnian el e —



NSNTAIJ, 4(2) 2010

M.Benhamou et al. 81

{If)4 nm:}

Gal) 3

—= Ful] Paper

40

324

2
nm-)
o]

o
1

(10"

T T T T T
12 1.4 16 1.8 2,0 2,2 24

®)

Figure5: Comparison between theabsor ption (a) and thediffusion (b) cross-sectionsof thegold prolate (dashed line) and the
cylinder (solidline), for b/1=3 and 3.5. Thenumerical parameter schosen areasfollows: f=0.1and g =1.77

contributionin metals. Thismeansthat theresponseto
thedectromagneticfiddismainly duetothetrangtions
of theelectronsin the conduction band, i.e. intraband
trangtions.

Furthermore, in order toimprovethismodel, we
have used the so-called Drude-L orentz with two-criti-
cal points (DCP) model? which reproducesthe basic
optical propertiesof metals. Thevirtue of such an ex-
tended model isthat, it describes correctly the gold
permittivity in awide photonic energy band.

Figure 1 depictsthe gold dispersion function upon
the photon energy (el ectron-Volt), described withinthe
DCPmode and classical Drudetheory. A comparison
with measured dataof Johnson & Christy!® ismade.

There hasbeen agrowing interest to the descrip-
tion of metd permittivitiesby meansof andytica mod-
els, and the DCP model givesavery good agreement
with experimentd datainthelargeband of wavelengths.

Inthefollowing section, we shall present thebasic
equationsand draw the numerical approach enabling
usto comprehend the optical propertiesof the aniso-
tropic nanogoldsclusters.

Numerical computation

Theeffectivepermittivity isdetermined for amatrix
didectricwithinclusions, for various shapesand vol-
umefractions of particles. Consider acompositefor
whichthe host materid hasadidectriccongant e . The
displacement fieldisthen given by,

-

D=¢g4e, E+P (12)
Theeffectivepermittivity of theinhomogeneousma-

terid isthen defined as

- -

D=¢gpeg E (13)
Usingeg. (12) and (13) yields
646 E = 8,6, E+P (14)

Theeffectivepermittivity needsto beca culated nu-
mericaly for arbitrary particlesshapes. Thisisdonestart-
ing fromaresol ution of Laplace’sequation, usng FEM
for fixed nanogol ds shape. FEM dlowsthedetermina-
tion of thedectricfidd and potentid distributionsknow-
ing both physical propertiesof materia and boundary
conditions

To describe the FEM formalism, we consider a
gpatial domain, Q2, withacharge density equal to zero.
We assumethat the compositeisnon-magneticand the
frequency islow enough, so-that theinteraction between
themagnetic and e ectricfieldscan beneglected. Inthis
case, the Laplace’s equation reads

e.(e(r)GV(r)J=O

Here, g(r) accountsfor thelocal permittivity and
V(r) for the el ectrostatic potentia . Taking into account
the symmetry and periodicity properties, the geometry
of themedium reducesto aunit cell. Theinterior vol-
ume is enclosed by four side surfaces, atop surface
and abottom surface. It may contain arbitrary dielec-
tricmatrix and metd inclusion, whereL , L, andL ,are
lengthsinthex, y and z-directions, respectively.

Theproblem consststo solvedifferentia equation,
together with the boundary conditions

(15)
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Figure6: Configuration of metalliccylinder incluson with
shell

V(r)=V,=EL3ontop surface) (16)
V(r)=V,=0(on bottom surface) an
whereE, istheamplitudeof theappliedfidd. Theelimi-
nation of fringing effectsaso hasto be satisfied

nxV V = 0(on sides) (18)

Here, p isthenormal vector to the consdered sur-

face.

The FEM’simplementation consigtsindividingthe
domainQ intotetrahedra finiteelements, andfor each
element. Thepotentia and itsnorma derivativeinthis
space can be approximated insi de each e ement using
interpolating functiond. By solving thematrix equa-
tionsresulting from the discreti zation procedure, we
obtained dectrica field and potentid distributionson
each node of themesh.

Based onthispotentid distribution anditsnormal
derivative, we compute both el ectrostatic stored en-
ergy and didectriclosson eachtetrahedral € ement of
the computationa mesh. The €l ectrostatic energy can
beevauated as,

A =§m & (x,y.z)((%)z+(%Jz+(%)z)d"k (19)

and energy lossas

P =2l o, (x,y,Z)[(Z—\;) {2 (%] Jdvk(zo)

wheree,_andv, represent the permittivity and the
volumeof thekth tetrahedral € ement, respectively, and
o isthefrequency of the applied field. The components
of the composite are described through their complex
permittivity ek = &'k +ig’'k. Therefore, thetotal energy,
W, andlossesintheentire composite, Pd, can befound
summing over thetota number of eementsof mesh.

Asalready mentioned, to compute the quantities
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W_and Pd, we assumethat the composite materid is
embedded in aplane capacitor. Thisprocedureallows
usto determinethe effective permittivity inadirection
parale totheapplied dectricfidd. Thus, fromtheca
pacitor electrostatic energy expression, wededucethe
effective complex permittivity. Thereal part, €, and
imaginary one, €', aregiven by,

1. S 2
W, =Eaeff L_S(Vz _Vl) (22)
1. S
P =Eseff (')L_(Vz _V1)2 (22)

Here, S=L xL, isthesurface of in-depth.

Moredetailsof FEM gpplicationsto compositesys-
temscan befound in Refs.[2+2,

Thecomputation of theeffectivedieectricfunction
of the composite, based uponthe FEM (Eq. (21) and
(22)), dlowsusto have accessto the pol arization vec-
tor usingtheeq. (14). Thepolarizability is calcul ated
numericaly using eg. (1) and (2), andtheseverd cross-
sectionsaregiven by eqg. (3-5).

RESULTSAND DISCUSSION

We emphasizethat severa parameters can affect
the optical resonance. These are absorption s, _and
scattering cross-section ., with respect to the pho-
ton energy, the particle volumefraction, their shapeand
theshell (if it exists) surrounding them. Our aimisto
quantify the effects of the volume fraction and shell
aroundtheinclusion.

For acomparison between numerical calculations
by FEM and Gansformula, wefirst consder gold sphe-
roids and excitethelongitudinal plasmon resonance
(LSP). Inthiscaculation, theminor axisof gold prolate
iskept constant and equal to 20nm, whereas, the di-
el ectric constant of thematrix is2.25.

Figure 2 and 3illustratethe variations of the ab-
sorption and scattering cross-section for prolate shape,
upon photon energy, which are calculated by FEM for
f=0.1 and severa vauesof n. Inthesefigures, theana-
lytical resultsare al so represented. We observethat,
for adiameter equa to 20nm, theabsorptionisgreater
than the scattering. In addition, these curves show that,
when f=0.1, theoptical resonanceisproduced around
aphoton energy equal to 1.9eV (A=650nm) for n=2.5
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Figure7 : Effect of theshell on the optical proprietiesof a
gold cylinder inclusion, for L mode and sever al shell depths
(e=0nm, e=2nm and e=4nm), by FEM simulation. Thesolid
liner epresentstheabsor ption, wher easthedashed one cor -
respondstothediffusion. Thecurvesaredrawn choosing:
2a=10nm, 2b=50nm, f=0.1,¢ =1.77and =2.5

andto 1.6eV (A=770nm), if n=3.5. Weobserveasig-
nificant red shift in frequencies, withtheincreasing of
the aspect ratio. A good agreement between FEM cal -
culationsand andytical results, correspondingto afill-
ingfactor f=0.1, isobserved, especidly when the anisot-
ropy isnot strong.

Thevolumefraction can beincreased withthesize
of inclusionsor their number density. In our case, we
choseto keep constant the dimensions (2a=40nm and
2b=80nm) of inclusion and to decreasethe volume of
thematrix intheunit cell, suchaway f isequa to 0.3.
Theoptical cross-sectionsarereportedinfigure4.

The discrepancy, observed between numerica and
anaytical results, isdueto thefact that Gansformulais
valid only for weak inclusion volumefractions, i.e. for
dispersed particles. It isworthwhileto point out that
thefraction f=0.1 often correspondsto the case of iso-
lated particleswithout interaction. Therefore, our ap-
proach providesan appropriatetool for thedescription
of theoptical propertiesof nanoparticlesevenif their
dengity isstrong.

Here, we focus our attention on the comparison
between the two shapes:. cylinder and spheroid. We
consider acylinder of diameter 2aand height 2b. The
minor and the mgjor axisof the prolateinclusion are
chosen equastothediameter and the height of the cyl-
inder, respectively, in order to have the same aspect
ratio. Wereport FEM resultsfor the absorption (Fig-
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Figure 8 : Effect of the shell on the optical proprietiesof a
gold cylinder inclusion, for L mode and sever al shell depths
(e=0nm, e=2nm and e=4nm), by FEM simulation. Thesolid
liner epresentstheabsor ption, wher easthedashed onecor -
respondstothediffusion. Thecurvesaredrawn choosing:
2a=10nm, 2b=50nm, f=0.1,¢_=1.77and e=1

ure 5a) and scattering cross-sections (Figure5b) of a
cylinder and aprolateinclusion, for two values of as-
pect ratios, and 2aisfixed to 40nm. For thisdiameter,
thescatteringincreasesand itisdightly greeter thanthe
absorption. When b/a=3, we observethat the cylinder
and the prol ate have the same absorption and scatter-
ing sections, but thereissome shift in frequency be-
tweenthem. Anincreaseintheaspect ratioimpliesa
discrepancy inthefrequenciesand theamplitudesbe-
tween thetwo considered shapes. Weremark that the
frequency shift ismore pronounced whenthe shapeis
prolate.

Thesescurvesimply that thereexist two competing
key factors, awei ghting factor assigned to the shape
parameter and adiel ectric function of themetal par-
ticle. This means that, for the prolate and cylinder
nanoparticles, evenif they havethe sameaspect ratio,
their effect iscertainly different depending on their ex-
act geometry. In our case, thedlipsoid geometry has
more significant positive contribution from the shape
factor for the enhancement of absorbing and scattering
efficiendes.

The FEM modelingisvery versatileto study the
effect of ashdl surrounding themetd inclusion, where
it representsthe vacuum, amaterial like polymer or
slica, havingapermittivity esand adepth noted e (Fig-
ure6). Inour caculations, thefilling factor isrelativeto
the both meta inclusion and the shell and iskept con-
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stant. We d so keep thedimensions of thegold cylinder
constant, but we increase the depth of the shell; this
meansthat the aspect ratio decreases.

We report numerical results of theoptical cross-
sectionsinfigure7, for thesituation wherethe permit-
tivity of thehost matrix andtheshell are1.77and 2.5,
respectively. Sincethe absorptionisgreater than the
scattering, we have multiplied the scattering cross-sec-
tion by a3-factor. These curves show that, in despite
that the aspect ratio decreases and themetal volumeis
kept constant, the LSPisshifted toward theinfrared
frequenciesin amanner very pronounced. When the
shdl’sdepthisequa to4nm, ardativewave ength shift
of value 0.346 occursfor e =2.5, and takesthe value
0.166, for e =1 (Figure 8). Thisincreasein the LSP,
with decreasing shell-cylinder aspect ratio, isdifferent
from that predicted by Ganstheory and FEM cal cula-
tions, which gtatethat, for aninclusionwithout shell and
when itsaspect ratio increases, the LSP occursinthe
infrared frequencies.

In addition, it isalso noted that both absorption
and scattering cross-sections of thecylinder withashell
aregregter than those of the samecylinder without shell.
Thisdependence of the scattering and abosorption prop-
ertiesof Au nanocylinder ontheir surrounding shell is
worthinvestigation, becausethe use of thekind of metdl
inclusonfor optical and biotechnologica applications
often requiresthat they are surrounding with various
materiasandbiologica molecules.

Concludingremarks

Inthiswork, we haveintroduced anumerical mod-
eling based on the Finite Element Method, in order to
computetheoptical absorption and scattering of gold
anisotropicincdusonsembeddedinadidectricmedium.
We have observed that the optical propertiesstrongly
depend onthe shgpeand theinclusion volumefraction.
A difference between spheroid and cylinder spectrais
aso shown. Theresults associated with nanocylinders
(reportedinliterature), aretreated as prolate spheroids
in Ganstheory, without taking account for the phase
retardation and higher-order contributions. Inthis pa-
per, however, they are exactly treated according to their
sizeand shapein FEM cdculations.

Our approach provides alarge scopefor the de-
scription of theoptica propertiesof nanoparticles, even

flano Soienoe and flano Teohnology

if their density isstrong. Thisnumerical modeling al-
lowed usto study the effect of the shell or thevacuum
between themetal inclusion and thehost matrix (this
can occur whenthemeta growsintheanodic alumi-
num oxide matrix).

Finaly, weemphasizethat the numerica method,
devel opedinthispaper, can beextended toinvestigate
the e ectromagnetic coupling between particlesandits
effect ontheplasmonicbehaviors.
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