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ABSTRACT

The plasmonic properties of a concentric nanoshell, or “nanomatryushka”, are investigated. The plasmon resonant modes are analyzed in
terms of the plasmon hybridization model, where new resonances occur due to a hybridization of the plasmon modes of the inner metallic
shell with those of the outer metallic shell. The plasmon resonant spectra of experimentally realized concentric nanoshells are analyzed in
terms of dipolar and higher order multipolar hybridized plasmon modes. A size-dependent asymmetry in the splitting of the hybridized plasmon
states is observed, which is related to phase retardation effects due to the nanostructure’s finite size.

The experimental development of metal-based nanopatrticlesvances have led to the development of computational
and nanostructures is currently of considerable interest. Thistechniques for the calculation of the electromagnetic
is primarily due to the usefulness of the plasmon-derived responsé2* Quite recently, a new conceptual approach for
optical response of metals, which for nanostructures is aunderstanding the plasmon response of metallic nanostruc-
sensitive function of both geometry and material composition. tures, known as “plasmon hybridization”, has been devel-
Recently, the development of various metal nanoparticle oped?® In a rigorous isomorphism with molecular orbital
morphologies has expanded the use of plasmonic nanopartheory, it was shown that the plasmon resonances of complex

ticles to include a broad range of spectroscépidiomedi- shaped nanostructures arise due to the mixing and hybridiza-
cal®> and photonic applicatiorfs.Various nanoparticle  tion of fixed-frequency plasmon resonances of more elemen-
morphologies, such as rod8,shells?*° cups}!'? rings, tary nanostructures. An ab initio approach to the calculation

11%nd triangle* have emerged from many different syn-  of the electronic properties of metallic nanostructures yields
thetic procedures. This diversity of nanoparticles is comple- the plasmon response in quantitative agreement with elec-
mented by a plethora of nanopatterned planar metal struc-tromagnetic properties calculated using Mie scattering tHéory.
tures, often supporting propagating surface plasmon waves e plasmon hybridization model has been used to explain
as well as localized plasmons, developed from traditional e properties of nanoshells, a tunable plasmonic nanoparticle
and nontraditional planar fabrication techniqéis*'*Metal- consisting of a dielectric (silica) core and a metallic (Au or
based nanoparticles and nanostructures are finding usefuIAg) shell, whose plasmon resonance is a sensitive function
applications in areas such as surface plasmon resonancy ihe inner and outer radius of the shell layer. For this
(SPR) sensing;® selective enhancement of molecular spec- 5 ostrycture the tunable resonances arise from the interac-
troscopies such as the Raman effeet] and nanoscale o0 ang mixing of two fixed-frequency plasmons, that of a
optical waveguide® Both the isolated response of constitu- sphere (the outer surface of the metallic shell layer) and a

Qr:t napostruct(tjres," ast_ welll af tgew st_rong mterpar;lcle cavity (the inner surface of the shell layer). The hybridization
glerac Iolnst a:jn_ tChO ec Il\'le ;_aec rfothynamlc refpo?se, b AVeht the sphere and cavity plasmons gives rise to two new
een exploited In the realization of these nanostructure-based, o mon oscillation modes, referred to as “bonding” and

apé)hclatlt?]ns oft.pla}smolrglcs. vzing the ol f“antibonding“ plasmons in analogy with molecular orbital
arly theoretical work analyzing the piasmon response o theory?”?® The energies of these two eigenmodes are

metal nanoparticles focused on the solution of Maxwell's determined by the strength of the interaction between the

E::]uhelltlC;n?nfr:])retf;licplaer:)emve\/ta:g\;(’ezolréculgggt L?gn?tr?:grc;%iZ;C;Z-Of sphere and cavity plasmons, which is controlled by the
gnly sy 9 ’ q thickness of the shell layer. A thin shell results in strong

plasmon mixing, while a thick shell effectively isolates the

* Corresponding author. E-mail: halas@rice.edu.

lgepaﬂmem 0][ CEIIhem‘istrly- e Erdineeri plasmons of the two surfaces. The symmetric mpadis
epartment o ectrical an omputer Engineering. . .

§ Current Address: Air Force Research Laboratory, Wright-Patterson ass'g_”e_d when th_e inner and OUte_r surfaces of the n"_’mOShe”
AFB, OH. are similarly polarized (large net dipole moment), while the

10.1021/nl049597x CCC: $27.50  © 2004 American Chemical Society
Published on Web 06/26/2004



(a) )
€5
e, 0.,
A |o)
€
€ @ )
-¥]
€ R, 5 @
RZ [w->|_ L W )
R; |6'J..'>
(b)
R S ) +* 4
o g + ++ o _ >
Figure 1. Schematic of a concentric nanoshell wheige; are +++ 2 3 -+:+- :::
composed of SiQ e, €, are composed of Au, anes is the e . b B
embedding medium.
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antisymmetric mOde+D'T°’ aSS|gne_d when the inner and_ Figure 2. (a) Energy level diagram of the plasmon modes of a
outer surfaces are oppositely polarized. The antisymmetric concentric nanoshell, depicted in terms of the “bonding” and
“antibonding” plasmon mode is at higher energies than the “antibonding” modes of the inner and outer nanoshell of the
symmetric “bonding” plasmon mode. This seemingly con- composite nanostructure; (b) induced polarizations of the concentric
tradictory result is caused by the fact that the plasmons are"anoshell modes.
incompressible deformations of the valence electrons of the
metallic shellk® plasmon modew_~[is of lower energy and has a smaller
In this paper we discuss the properties of a concentric dipole moment than the symmetrically polarized hybrid
nanoshell, a multilayer metallodielectric nanoparticle whose plasmonjw-*LThe induced dipole moments at the metallic
plasmonic response can be understood using the plasmorinterfaces of the concentric nanoshell plasmon modes are
hybridization model. A concentric nanoshell consists of shown schematically in Figure 2b. The symmetrically
alternating layers of dielectric and metal, essentially a polarized eigenmod&v-*Chas a higher energy due to the
nanoshell enclosed within another nanoshell, inspiring its increased electrostatic repulsion at its internal adjacent
alternative name of “nanomatryushka”. The concentric interfaces occurring for this plasmon excitation. The relative
nanoshell particle is constructed by first growing a uniform energies of the hybrid modes are tuned by controlling the
nanoscale layer of gold around a silica nanoparticle 2ore, strength of the plasmerplasmon interaction between the
then coating this nanoparticle with a silica layer of controlled shell layers, which in the concentric nanoshell case is
thickness® followed by a second thin layer of gold. A achieved by controlling the thickness of the dielectric layer
schematic depicting the composition of this particle is shown Rs between the two metal shells.
in Figure 1. By fabricating a four-layer concentric nanoshell ~ The energies of the plasmon resonances for a nanoshell
particle, it is possible to independently tune the energies of particle and also for a concentric nanoshell can be calculated
the inner shell and outer shell plasmons, as well as theusing Mie scattering theory. The calculated optical extinction
strength of the interaction between the inner and outer shellspectra are shown in Figure 3. The differences in dipole
plasmons, thus controlling most aspects of the overall moments for the various plasmon modes directly influence
resonant response of the nanostructure. how strongly the nanoparticle plasmon couples to the optical
The plasmon-plasmon interaction of the inner and outer field, which is reflected in the magnitude of the extinction
metal shells in a concentric nanoshell results in a hybridiza- resonance for the various modes. For a single nanoshell
tion of the symmetric and antisymmetric nanoshell plasmon plasmon, the higher enerdy..[Jsymmetric mode couples
resonances (Figure 2). The energy level diagram in Figure only weakly to the optical field, resulting in a much weaker
2a depicts the hybridization of the concentric nanoshell optical resonance (Figure 3&)Using a Drude model for
plasmons in terms of the mixing of the inner and outer shell the dielectric function we predict this resonance to occur at
plasmons. The experimentally observable eigenmodes of theapproximately 8.2 eV, or at a wavelength €150 nm in
concentric nanoshell plasmon resonance are indicated. Thehe vacuum ultraviolet region of the spectrum. Due to the
observable eigenmodes correspond to the hybridization ofweak optical polarizability of théw,[Omode, as well as its
the symmetric modes of the two metal shell layers. In the resonant energy, which for Au corresponds to a region of
case of the concentric nanoshell plasmon, the antisymmetricstrong optical absorption due to interband effects, it is likely
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Figure 3. (a) Theoretical extinction spectrum for a nanoshell ¢sio  uniform silica layer onto their surfaces using a dilute sodium
core, Au shell) calculated using a Drude dielectric function (solid silicate solutior®® This thin silica layer was further increased
line) and an experimentally obtained dielectric function (dotted line) using the chemistry of the Stober method on the already-
for Au (the exP‘;-‘rtir’]“ee;rtl%Ldirﬁ'ricett”;f‘ég?tig:rgggg gftth%XteI;‘gr;%rt]he grown nanoparticles. Once the silica layer reached the desired
ner ran : : .
?eseoggnge)%]?bc; The theoryetical e[xtrnctign spectrum forgconcentricth'_ckness’ it was Cappeq with a S_econd Au layer prepared
nanoshell particle calculated using a Drude dielectric function. In USing the seeded-reduction chemistry used on the inner Au
this geometry both the symmetrie_Oand antisymmetridw. O layer. Extinction spectra were obtained using a Nicolet FTIR
eigenmodes undergo plasmon hybridizatid. € 9 nm;R, = 12 instrument. Samples were prepared for spectral measure-
nm; Ry = 17 nm; Ry = 22.67: R/R, = RyRy = 0.75). ments by derivatizing the concentric nanoshells with 1-dode-
canethiol and either dispersing in £Solvent h a 1 mm
that this mode would be quite difficult to observe using path length cell, or by drying, mixing with KBr, and pressing
optical methods. The stronggp-Cresonance is calculated the sample into pellet form.
using both a Drude dielectric function as well as the By analyzing the extinction spectrum of concentric
empirically obtained dielectric values for Au, Figure 3a. For nanoshells we can elucidate peak assignments and structural
concentric nanoshells the Drude dielectric function predicts features unambiguously and investigate the onset of phase
the four resonances arising from the plasmonic mixing retardation (or finite size) effects in nanostructures of
discussed above, with the relative peak heights relating to experimentally realizable dimensions. The experimental
the polarizabilities of the various plasmon modes, Figure 3b. extinction spectrum of concentric nanoshells is shown in
From these calculations we can infer that, within our Figure 4. This spectrum was obtained for Si&u/SiO,/Au
experimentally accessible UWisible spectral range, mixing  nanoshells of dimensior®/R,/Rs/Ry = 80/107/135/157 nm,
of the |w-Cresonances of the inner and outer shells to form respectively. In this spectrum the observed resonances are
the hybridized resonanc@s_~Cand|w-*[of the concentric  due to the strong mixing of they_Cmodes of the inner shell
nanoshell should be clearly observable. and of the outer shell. The hybridized resonarjees Cand
Experimental synthesis of concentric nanoshells has beenjw-*Oare noted. Due to the size of the composite nanopar-
recently reported® Silica nanoparticles were synthesized via ticle, higher order multipole modes are excited in the shell
the Stober metho#. The nanoparticles were then derivatized layers and participate in the plasmon hybridization. The
with (aminopropyl)triethoxysilane (APTES) to attach small multipole contributions from each shell layer mix with each
Au colloids (2-3 nm in diameter). The small colloidal other and contribute to the overall plasmon response of the
nanoparticles attached to the silica nanoparticle surfacenanostructure. In this case the quadrupole and octupole
served as nucleation sites for the electroless plating of ahybrid plasmon modes are responsible for the higher energy
metallic film onto the nanoparticle surface. Once complete, resonant response measured in this structure.
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In the small nanoparticle (quasistatic) limit the energy
splitting due to plasmon hybridization in a concentric
nanoshell is expected to be relatively symmetric in energy,
in direct analogy with molecular orbital theoty.The
interaction between théw_and the|w,Oplasmons on
different shells within the nanostructure is very weak and
does not induce a visible asymmetry. For finite sized
particles, however, the observed plasmon splitting is strongly
asymmetric, with all states shifted to lower energies. We have
investigated this size dependence theoretically, by studying
the nanopatrticle size dependence of the splitting asymmetry.
We examine the onset of this asymmetric splitting for two
dielectric functions: a Drude model, which neglects the
contributions of the d-band electrons to the dielectric function Total Radius (nm)
of the metal, and an empirical dielectric functi&nThese
calculations use the same approach described previously for
the single-layer nanoshell and neglect contributions due to
electron scattering that lead to homogeneous broadening of
the resonances. The results of these calculations are presented
in Figure 5, which shows the absolute difference in hybrid
peak position ofw_~Cand|w-"Cwith respect to the single-
layer, inner nanoshell plasmon eigenmédeas a function
of total particle size. The particle size was determined by
holding the core-to-shell ratid/R;, constant for both the
inner and outer metal shells, which ensures that the single-
layer plasmon resonance for each shell is at the same
frequency. The total particle size was increased by ap-
proximately 2-5% to generate each data point. In both
Figure 5a and 5b, the hybrid modes are split symmetrically

6 v
10 20 30 40 50 60 70 80 90 100 110

10 20 30 40 50 60 70 80 90 100110
Total Radius (nm)

for small nanoparticle size, as evidenced by the overlay of & (i) (i) (i)

the symmetri¢w_*Cand antisymmetrigw-~Cmodes in each b — —_—

graph (region (i)). As particle size increases, an anisotropic 2 Py - % s N
red shift in the peak plasmon positions is seen as both = o _ —

plasmon resonances shift to lower energies, with the shifts —_— [ [

\?\?iltrf]lgir?::rr(:;gsier:écor:;zi[l)(;vr\:iecrlgg?gg};ﬁégsgg?t?glefzigel?\ri]g(f:l)e)r. F.igure 5. Theor(.eti.cal calculations showing the effe.cts of finite
: ] ] size on the splitting asymmetry of the concentric nanoshell
energy mode is eventually red shifted with respect to the ejgenmodes. (a) Calculations performed with a modified Drude
nonhybridized inner nanoshell plasmon (region (iii)). dielectric function. (b) Calculations using the experimentally
; ; ; P in ielectric function (Au). The diagram den he on
This am;qtropy in the plasmon Sphttmg appears to pe 81? E’f;yr??nitiyeicr: tﬁeuhy%tr?d p(lagr)non gpﬂt%?]gﬁ (i)dgt gﬁzlltpzrgclseet
related to finite size, or phase retardation, as the nanoparticlegj,as the hybrid plasmon modes split symmetrically; (ii) beyond
dimensions become larger with respect to the spatial the quasistatic limit the hybrid modes split anisotropically, with
wavelength of light at the plasmon resonance. The onset ofthe higher energy mode redshifting more strongly than the lower
higher order multipolar resonances strongly influences the €nergy mode; (iii) at larger nanoparticle sizes both modes are red
position of the hybrid peak positions of the dipole resonance. fﬁéﬂ(i%’ht;;i?igzzg m‘zﬂ ;'ggﬂg?fg@:ggf ;%é%egiggs than
This explains the two trends that are seen in Figure 5: the — 75 in all calculations).
higher energy plasmon mode (shorter plasmon resonant
wavelength) begins to red-shift at lower nanoparticle sizes
and shifts more strongly than the lower energy plasmon mode
(longer plasmon resonant wavelength). This trend is seen )
for both of the dielectric functions used in the calculations. The complex structure of the concen.trlc panoshell pla_lsmon
The difference between the two dielectric functions, namely Was shown to be a sum of the contributions of the dipolar
the inclusion of the d electrons, shifts the plasmon resonance2nd higher order hybrid multipolar plasmon modes. Finite
to longer wavelengths, as seen in the spectra in Figure 35 Size effects appear to induce a strong red shift in the energies
This is seen in the Comparison between Figure 5a and 5b aé)f the hybrldlZEd plasmon modes of the concentric nanoshell
well, where the size dependence of the asymmetry is With respect to the single-layer nanoshell plasmon moedél
markedly less strong for the empirical dielectric function This red shift appears to be characteristic of finite size, or
where the plasmon resonances occur at longer wavelengthghase retardation, effects. Excellent agreement between Mie
than for the Drude case. scattering theory and the experimentally measured plasmon

In this work we have examined the role plasmon hybrid-
ization in the concentric nanoshell plasmonic nanostructure.

1326 Nano Lett., Vol. 4, No. 7, 2004


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/nl049597x&iName=master.img-004.png&w=222&h=405

response of the nanostructure allows for a detailed interpreta- (13) Aguirre, C.; Kaspar, T.; Radloff, C.; Halas, hisbiadgsiiit 2003

tion of the interaction between these plasmon modes.
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