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Plasmon tunability in metallodielectric metamaterials
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The dielectric properties of metamaterials consisting of periodically arranged metallic nanoparticles of
spherical shape are calculated by rigorously solving Maxwell's equations. Effective dielectric functions are
obtained by comparing the reflectivity of planar surfaces limiting these materials with Fresnel’'s formulas for
equivalent homogeneous media, showing mixing and splitting of individual-particle modes due to interparticle
interaction. Detailed results for simple-cubic and fcc crystals of aluminum spheres in vacuum, silver spheres in
vacuum, and silver spheres in a silicon matrix are presented. The filling fraction of the fmietahown to
determine the position of the plasmon modes of these metamaterials. Significant deviations are observed with
respect to Maxwell-Garnett effective-medium theory for lafgand multiple plasmons are predicted to exist
in contrast to Maxwell-Garnett theory.
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I. INTRODUCTION occur with frequencyos=wp/ V2 ata planar surface, whereas

modes of frequencieso=w,\I/(21+1) are observed in

Artificial materials with tailored optical response func- . i : -
tions (metamaterialsconstitute a rich field of research due to §pherlcal particles in the long-wavelength limit, correspond-

; e s ; . to multipole oscillations of order$=1,2,..., as de-
their applicability to facilitate the design of highly demand- Ing . . . e
ing optical devices for computing and communications tech—scr'bed in the early work of Mié” Multipolar plasmons can

nologies. That is the case of left-handed materials, whicf!SC bz;;)“”d n nsgg‘Spge”Cal nr:elt%{“g ﬁarttl_cles SLéCh as
possess negative index of refracficand permit designing nanorods,” nanorings, - and nanoshetis. L.oflectivé modes

lenses of resolution below the diffraction linditFurther- in these particles and in particle pairs have been explained

more, newly available nanostructured matefi@pose inter- !ntumvely by invoking plasmon_chem|str}zoncepts follow-
ng the general procedure outlined in Ref. 32. For layers of

esting possibilities that deserve detailed exploration to search9 !
for extraordinary optical properties. particles on a substrate, new plasmons are observed as a

Composite materials with components of dimensiong €sult of their mutual interactio#¥. In 3D periodic arrange-

much smaller than the light wavelength can be assimilated ijrents of spheres like the ones discussed below, Inglesfield

21 i
general to equivalent homogeneous media with macroscopﬁl' have reported a comprehensive study of plasmon bands

optical properties such as a dielectric function and a maggnd. htgve f?und mgt_rmde ba}nds do temsftfand th?t|3|grr11|f|cant
netic permeability. The problem of finding the effective op- eviations from oceur in near-touching metal Spheres.
tical response of arrays of homogeneous spheres was alrea\zllj-\?'s connects to previous results_on plasmonlike behavior in
discussed by Maxwell.In fact, effective medium theories red structures at THz frequencies.

that yield simple analytical expressions have been available I_n th|s work, we concentrate on metamatenals formeq by
for nearly a century, as in the case of MaxwelI-Garnett’sper'Od'C arrays of metallic spherical nanoparticles confined
theory (MGT) 2 whic’h is particularly suited to describe within a host dielectric medium. We calculate their effective

spherical inclusions and rather accurate at small concentrgl—'elec.trIC function frqm a rigorous splutmn of M_axwe_zlls
tions of the latterf, or Bruggeman'’s theo/|ess accurate but equations, .therefore mcludmg all multlpple corrections in an
intended to work for arbitrary values df Extensions and exact fashion, as a function of metallic filling fractidn )
corrections to these theories have been reported over the Ia-g'fn"’.‘ble. plasm_ons such as those under study.here can find
decades for periodt-22and disordered18.23-27composites application to light sensors, absorbers and emitters of light,
all of them sharing the assumption of local response " and functional laser®. The relevance of this study is illus-
For metallic components, plasmons are observed as COi[ated by several methods that have been developed for syn-

lective oscillations of the valence electrons. In bulk metalsthes'Zlng nanocomposites, making use of nanoparticles

ealf. 6-38 ; _
they are signaled by the vanishing of the bulk dielectric func-S.(ahc as_se”.‘bﬁﬁ o prepare orc}ered layers of metallic par
icles in dielectric hosts, including fcc arrangements of Au

tion, e=0. For an ideal metallic behavior as that described b)}

Drude’s formula, partlc_les in Si(Ref. 38 and other complex partlcl_e shages.
This paper shows how the plasma frequencies can be en-
W gineered in metallodielectric composites consisting of
e(w):l—w(min), () spherical metallic nanoparticles embedded in a dielectric

host. We consider in particular simple-cul§gr) and fcc ar-

with »— 0", this occurs at the bulk plasmon frequeney rays of aluminum nanoparticles in vacuum, as well as fcc
=wy,. The plasmon frequency is affected by the shape of tharrays of silver nanoparticles surrounded by either vacuum or
boundary of the metal, and, for instance, surface plasmonsilicon. Modes other than dipolar are not resolved by exter-
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particle can exhibit dipolar excitations with triple degeneracy

s @, 2R3 (along the three orthogonal directions of spad&hen the
@ @ I2R A H? dielectric function of the metal is described by Ed), the
4 - frequency of these modes i = w,/ v3.3% However, the in-
@@ o, 1+ R teraction between neighboring nanoparticles can produce
' ' V3 d mixing and splitting of these dipolar modes, in a way similar
oy to the mixing and splitting op orbitals in molecular binding,
c w . .
o @_ :;.—@ T” which suggests the term gflasmon chemistryThe mode
3 A 3 frequencies and their corresponding polarization patterns for
= ) two spheres of radiuR interacting at a certain distandeare
ﬁ @ @ ﬁ 1_? represented in Fig. 1, where the two intermediate frequency
1 g states are doubly degenerate. Of these modes, only the
@ @ L9, 1_2R3 lowest-lying one and the third orev;\V1+R3/d% display a
V3 d’? net dipole moment, and therefore external light with these

two frequencies should couple strongly to this structure,

FIG. 1. Plasmon chemistry in interacting nanoparticles. Thewhereas the other modes are either symmetry-forbidden, de-
nonretarded plasmon energies of two identical metallic particles arpending on the light incidence conditions, or contribute very
shown along with schematic representations of the correspondingttle to light scattering(silent modes
oscillation modes. The particles have radrjgheir center-to-center These conclusions are corroborated by the scattering cross
Qistance ig, and the metal is described by a Drude dielectric func'section represented in Fig. 2 for two small Al spheres as a
tion of bulk-plasma frequency;, [Eq. (1)]. function of light frequency and distance between the sphere
nal light in isolated nanoparticles, which leads to the predicCentersd. Two different polarization directions have been
tion of a single plasmon branch as a function of metaIIicC‘_)”S'dered' as shown in the msets.. Results similar to those of
filling fraction when MGT is used. However, our rigorous Figs- 1 and 2 have been reported in Ref. 32.
solution of Maxwell's equations reveals several plasmon The cross section is obtained by using the multiple elastic
branches as a result of mixing and splitting of individual- Scattering of multipole expansions methGdESME), de-

particle modes of a multipolar nature. signed to solve Maxwell's equations in the presence of large
numbers of particles in arbitrary positioffsin it, the electric
II. PLASMON CHEMISTRY field is expressed in frequency spagén terms of magnetic

The basic ingredients of the composites under conside@nd electric scalar function;sﬂ\’I and lf, respectively, &
ation are metallic nanoparticles. An isolated metallic nano-

0o o/2R* 1

24

-d/R | | | | d/R |

FIG. 2. Total scattering cross sectienof a system formed by two metallic spheres as a function of incident photon eneayy
center-to-center distanak between two aluminum spheres described by the Drude dielectric function dflEgith w,=15 eV andzn
=0.6 eV. Two different polarization directions of the external electric field have been considdedird (b), as shown in the insets: is
normalized to the projected area of the two spheredR?2 The solid curves represent the modes given by the expressions of Fig. 1.
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FIG. 3. Contour plot of If-1/es} as a function of incident photon energyand filling fraction of the metal for aluminium spheres in
simple-cubic(a) and fcc(b) configurations, surrounded by vacuum. Brighter regions correspond to higher values-af ég}. The solid
curves correspond to Maxwell-Garnett theory as given by(Bx.

v comes diagonal and is given by analytical expressi@fsir-
E:Z Lith ‘EV X Ligf |, thermore, we have found convergent results, using a finite
: number of multipoles with <8.
where k=w/c, L;=—i(r-r;)XV is the orbital angular- For a bisphere system, Fig(l2 demonstrates that only

momentum operator, the sum is extended over particle pos;fhe lowest-frequency mode is excited for incident-light po-

; . ; ; _larization along the interparticle direction, whereas Fi@) 2
tionsr;, andM and E refer to magnetic and electric polar shows that only the third hybridized dipolar mode contrib-

ISZC)artTI]cén,e)l;?eSr‘:]Z?tl\Slgluyllcghii 2552&1%9??'&:;5? (;resa;ﬁgrigﬂtes for polarization perpendicular to the in_terparticle direc-
Fon, as expected from the above discussion. The plasmon
waves as modes derived from the simple dipole-mode hybridization
. — model of Fig. 1 follow the regions of large cross section only
YP) = 2K = i) Yi(r -, )i, for relatively large values af (solid curves in Fig. 2 More-

m over, new resonances show up for parallel polarizaftfég.
where j, is a spherical Bessel functiot,,, is a spherical 2(b)] when the spheres are close together, as a result of stron-
harmonic, and a polarization indégither magnetic or elec- ger interaction among multipoles of the spheres that produce
tric) is understood. In the absence of multiple scattering, th&ybridized modes with a net dipole moment along the exter-

induced part of the scalar functiond"=y® results from @l field direction. o
ext In a structure formed by a distribution of small nanopar-

single scatteringsy of " by each object, . . . -
g dss ooy ) ticles, one can use the Clausius-Mossotti forrfhilbat links
S = SUiTh K = F DY (r =1 )5S 2 the polarizability of the particlea to the effective dielectric
) % (K =) YT =) @ function of such materiae,

for r outside the particle centeredrat Here,h* is a spheri- Ceff " € _ 4_772, (4)
cal Hankel function. The relation betweeff and ¢ is €eitt 2€n  3€nv
provided by the scattering matritg, implicitly defined by

L = wherev is the average volume per particle agglis the
gE=tyf, where lﬂiss(exn is a vector of component iﬁﬁxo- dielectric function of the host material. This formula does not
The matrixt; describes the full scattering properties of objecttake into consideration nondipolar interactions, and the effect
ri. In a cluster of several particleg)" takes the same form of |ocal order is neglected. However, it works quite well for
as Eq.(2), except that it is made up af* (single scattering small particle concentrations. The polarizability of metallic
of the external field at;) plus the result of the free propaga- nanoparticles of radiug can be obtained as a function of the
tion of /" from each object; #r;, followed by scattering at  dielectric function of the metad,, as
r; (self-consistent multiple scatteripngrhat is?°

~i ~ ~i a=R¢ Sm—h

o= gt 2 Hy g, ) "+ 26,

I The combination of Eqg4) and(5) is equivalent to MGE

where the operatoH;; describes the noted propagation. In This theory predicts a single plasmon for the composite me-
this work, we consider homogeneous spheres, sotttmd-  dium that obeys the relation

(5
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FIG. 4. Contour plot of Ifi-1/€.¢} as a function of incident photon energyand filling fraction of the metal for silver spheres in an fcc
configuration, surrounded bgga) vacuum or(b) silicon. Brighter regions correspond to higher values of-ie.}. The solid curves
correspond to Maxwell-Garnett theory as given by Hj.

2(f-1) fcc arrays of silver spheres surrounded by either vacuum or
€m= g o (6)  silicon (Fig. 4). The dielectric constants of the materials un-
der consideration have been taken from optical ¢fata.all
as a function of metal filling fractiofi=47R3/3v. Equation ~ cases, the distance between nearest-neighbor sites has been
(6) has been represented in Figs. 3 and 4 by solid curves. taken as 6 nm, although our results are quite insensitive to
When the spheres are relatively close to each other, muthe choice of this parameter, as long as it is much smaller
tipolar terms become relevant in the effective responsethan the wavelength.
which are not accounted for by E¢). Here, we have in- Figures 3 and 4 show contour plots of the so-called loss
cluded them by rigorously solving Maxwell's equations us-function, Im-1/e, illustrating its dependence on metal
ing the MESME formalism sketched above and summarized!ling fraction f and light frequency. In the absence of ab-
in Eq. (3), as applied to periodic composites consisting of gsorption, the _Ioss function diverges at the plasma fr_equenqes
large number of layers of nanoparticles. First, reflectance an ?ff:p)’ but in t_he actual_, '°S$V. systems under discussion,
transmittance matrices of incoming and scattered plan is divergence is turned into finite peaks. Therefore, the re-

waves are obtained for each layer using a MESME-like prog'znir?c]; lggelgsargjgs giéﬁgtggiz fgp?ﬁguggm %ﬁfgsscofet us
cedure. Then, the interaction among layers is described b;ﬁ P P P )

combining their reflectance and transmission matrices. Mor ention that the loss function inherits its name from the

) 9 . i Felevant role that is played in electron-energy-loss spectros-
deFa'lls about this so-galled layer-KKR mEthOd’ along with ancopy(EELS) where it provides the loss spectrum for elec-
efficient implementation, can be found in the excellent Worktrons travers:ing the bulk of a materi&l

of Stefanouet al** We have followed their approach and Aluminum is a good example of a material where the
have used fewer than 151 plane waves to obtain CONVETIENESiiide formula(1l) describes extremely well its bulk dielec-

in the examples that follow, with the largest number Oftric function with the parameters given in the caption of Fig.
waves needed whep the spheres are nearly Close'p"’mked'2F°.‘5Therefore, we consider first a system of Al spheres in
expected from previously reported divergence effétts. vacuum as a prototype system to study plasmon chemistry in

a:::neoiiﬁgvzﬁéiﬁggg ézg?ft.gng{ (')Sf glas'[a:?:cde t());f/ t%%”gom[netallic particle arrays. We observe that there is more than
par . icl u, . one plasmon for each value of the filling fraction, unlike the
posite materials under study to Fresnel's equations fo

equivalent homogeneous medfaWe have found that a Emgle plasmon prediction of E¢6) based upon MGT. The

single value ofe,; can reproduce the angular dependence o lasmon frequency derived from that formuolid curves
eff 1 I i - -
the reflectance coefficients for all light polarizations with ex- n Fig. 9 follows relatively well the highest-frequency plas

cellent numerical precision as long as the lattice period imon of the.rigor'ous calculation. This ggreement s bgttgr in
small compared to the wavelength in the host material the fec lattice[Fig. 3(b)_]._Howe_zver, this _s';ructure e>§h_|b|ts
’ other plasmons that originate in the splitting and mixing of
individual particle modes. These plglsmon frequencies merge
IIl. RESULTS AND DISCUSSION into the isolated particle limitwy/V3 as f—0. For small
values off, there are only two plasmon branches that con-
We have applied the above formalism to study the follow-tribute significantly, arising from dipole-dipole interaction
ing systems: periodic arrays of aluminum spheres placed iamong the spheres, although the low-frequency branch is
vacuum in simple-cubic and fcc configuratiofisg. 3), and  less clear in the simple-cubic lattice. For lardenew plas-
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Both real and imaginary parts of the dielectric function
have been represented in Fig. 5 for fcc lattices of Ag spheres
in Si and with different values of the metal filling fraction

\ (f=0.2 andf=0.5. This figure indicates that the highest-
L Im{€)} energy plasmon branch observed in Figh)arises from the

| vanishing of the real part oéy, with no further features

showing up in the imaginary part, which is consistent with

A the fact that this plasmon is relatively close to the single
0.2 Ag.in 51 plasmon predicted by MGT. This is quite different from the
lowest-energy plasmon, whekegy itself exhibits a resonant
behavior translated into a Lorentzian-type shape, including a
peak in the imaginary part. Other resonances of multipolar
origin at intermediate energigsee Fig. 4b)] are mainly
associated with peaks in the imaginary part, which are par-
ticularly clear in Fig. %b) for f=0.5. Our calculations for the
rest of the combinations of lattice, metal, and embedding
material considered in this work allow us to draw a similar
picture in those cases.

In conclusion, we have shown that the plasmons exhibited
by metallic nanoparticles do hybridize when the particles are
- - ‘ , close to each other, and this produces new plasmon modes

! 15 2 25 whose frequency can be tuned by changing the distance be-
® (eV) tween the particles. This suggests the possibility of designing
temperature and pressure sensors based upon changes in the

FIG. 5. Real and imaginary parts of the effective dielectric func'plasmon frequency with small variations of the filling frac-
tion e for an fcc arrangement of Ag spheres surrounded by Skjgny particularly near the percolation limie.g., using short
(solid and broken curves, respectiveljwo different filling frac-  is|5 1o coat the particles in order to have small separations
tions of the metal have been consider@: f=0.2 and(b) f=0.5.  hopyeen them Our study demonstrates the failure of
;hﬁn%f;\elgtr:g;gggit;i?; has been divided by 50 in the lawegion 1~ \vell.Garnett theory;'® which predicts only a single

: plasmon in these structures, rather than the rich structure of
plasmons revealed by our rigorous solution of the full elec-
mon modes show up in the loss function as a result of intertromagnetic problem, not to mention Bruggeman'’s thédfy,
action between multiples of higher order, in agreement withwhich does not predict a plasmon at 4ll.
Ref. 21. This trend becomes dramatic near the percolation
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