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ABSTRACT

Using the finite-difference time-domain method, we show that the plasmons of a nanostar result from hybridization of plasmons of the core
and tips of the nanoparticle. The nanostar core serves as a nanoscale antenna, dramatically increasing the excitation cross section and the
electromagnetic field enhancements of the tip plasmons. Our analysis demonstrates that the plasmon hybridization picture can be combined
with numerical approaches to interpret the physical origin of the plasmons of highly complex nanostructures.

The plasmon resonances of a nanoparticle depend strongly
on its composition and its shape'. The resonant excitation

of plasmons can dramatically amplify the electric field near
the nanoparticle surface. This phenomenon has key applica-
tions in surface-enhanced Raman scattering (SERS)d

also contributes to the strong sensitivity of the plasmon reso-
nance to the local dielectric environment, which is exploited
in localized surface plasmon resonance (LSPR) sersifg.

Of particular interest in SERS and LSPR sensing applica-
tions are tunable plasmonic nanoparticles, where the plasmon
resonance can be placed at wavelengths where convenient
laser sources are availaBfe!” Recently, a new type of nano-

particle, the nanostar, was synthesized and characterized — '

. ; . . Bonding
using single-nanoparticle spectroscdpyhese particles are

formed by seed-mediated, surfactant-directed synthesis, veryFigure 1. Structure of the_gold nanostar investigated ?n this paper.
similar to the synthesis method used for gold nanorods. The Panel (a) shows an experimental scanning electron micrograph. The

. : . scale bar is 100 nm. Panel (b) shows the theoretical model,
optical properties of the nanostars were found to be highly consisting of a truncated spherical core, (c) and tips, consisting of

anisotropic and to strongly depend on the size of the pro- {yncated prolate spheroids (d). Panel (e) illustrates the concept of
truding tips. The long wavelength plasmon resonances wereplasmon hybridization in the nanostar. The core plasmons interact
also found to exhibit unusually large LSPR sensitivities, indi- with the tip plasmons and form bonding and antibonding nanostar
cating the presence of large local electric field enhancements Plasmons. The polarization angle is defined in the upper right corner.
In this paper, we use the finite-difference time-domain . . . .
(FDTD) method® 2! to calculate the near- and far-field insight. Here we show that, by analyzing the spa_tlal sym-
properties of a gold nanostar. The nanostar is modeled as amelztry (;;m(:l wa_vefl_e Tgth (;I]ependence oLthehnur_nelrlcally cal-f
solid core with protruding prolate tips. The shape of this frlljea;‘Zn;s?;rmﬁa;?nossn CZ:CS(TEPJ ;’ dEatZ dp ysical nature o
nanostar agrees qualitatively with the shape inferred from a The Iasmopn resonances of the nanosfar result from the
scanning electron microscopy (SEM) image. The calculatedh b 'd'p ) £ ol iated with th d th
extinction spectra agree very well with the experimentally ybridization of plasmons associated with the core and the

T . - 12023 : .
observed scattering spectra for different polarization anglesmdlvldu"jII tips of the partlc_;lé. . The low energy.bondmg
of incident light. While a computational method like FDTD nanostar plasmons are primarily composed of tip plasmons

is a powerful approach for calculating the optical properties &%Li:\m?na ff![?]'te crontrllb u%or:}t:rl: tge dcrorne] p:ilaslznci)rr:sé The
of a nanostructure, it does not directly provide physical g In-otthe core plasmon mode dramatically Increases

the cross section for excitation of the bonding plasmons and

* Corresponding author. E-mail: nordland@rice.edu. Fax: (713)348- results in very large local ele(_:trlc field e_nhfar_]ceme_ms
4150. compared to those that would be induced for individual tips.
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Figure 2. Experimental scattering (a) and theoretical extinction

(b) spectra of the nanostar particle shown in Figure-déor

different polarizations of the incident light. The polarization angle

0 varies from 0, 30°, 60° to 9C° and is indicated by the arrows in

the panels. The bottom panels show the polarization dependence

of the intensity of the two low-energy peaks indicated by the red Figure 3. Color contour plots of the electric field enhancements

and the blue arrows in panels (a) and (b). for excitation of the (a) 804 nm, (b) 717 nm, and (c) 594 nm
nanostar plasmon resonances. The polarization angles are indicated

In Figure 1, we show the SEM image of an experimentally by the insets to the right of the panels. The maximum field
synthesized nanostar particle and the simple theoretical modefnhancements are indicated on top of each panel.
we propose. The nanostar is modeled as a truncated sphere
with protruding tips of prolate spheroidal shape. For simplic- hanostar was developed to account for the 800 and 720 nm
ity, all the tips are assumed to be pointing in directions within resonances.
the same plane but have slightly different offset with respect  Both the experimental and theoretical spectra reveal that
to the center of the core in the direction perpendicular to the effect of polarization angle is a change in the relative
the graph. This assumption does not alter the calculatedintensity of the peaks. This observation suggests that the
spectra but simplifies the interpretation of the results and different plasmon resonances of the nanostar are distinct
facilitates the graphical presentations of the electric field plasmonic eigenstates of the particle and associated with the
enhancements presented below. Specifically, the longestindividual tips of the nanostar.
protruding tip on the right side of the nanostar can be tilted In the lower panels of Figure 2, the intensity of the 804
out of the plane of the paper without any significant change and 717 nm peaks are plotted as a function of polarization
in the calculated spectra. All spectra are calculated for light angle. The theoretically calculated angular dependence agrees
incident perpendicular to the plane of the graph at a well with the experimental data, indicating that our theoretical
polarization angleé® defined in the inset of Figure 1. model for the nanostar is qualitatively correct. Because of

In Figure 2, the experimentally measured scattering spectrathe asymmetric orientation of the tips, several different
are compared to the extinction spectra calculated using ournanostar plasmons can be observed for an arbitrary polariza-
FDTD method for different polarization angles of the incident tion of the incident light. The probability for excitation of a
light. Because of the large size of the gold nanostars, their plasmon mode depends on the square of its dipole moment
extinction spectra are dominated by scattering, making a along the incident electric field.
comparison between calculated extinction and experimental In Figure 3, the calculated electric field enhancements for
scattering possibf. The experimental spectra are character- the three distinct nanostar plasmon resonances for polariza-
ized by two distinct peaks around 800 and 720 nm and tion angles where the nature of the plasmon resonances
weaker features at 650, 600, and around 500 nm. Thebecome most apparent are shown. The planes of the plots
theoretical spectra show two distinct resonances at 804 andare selected to bisect the centers of the respective tips. The
717 nm, a weaker feature at 600 nm, and several weakelectric field enhancement is defined as the electric field
features around 500 nm. Our theoretical model for the amplitude at a particular point normalized by the incident
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electric field. Panel (a) shows the electric field enhancement
for a polarization angle of = 0° and a wavelength of =

804 nm. For this polarization, the extinction spectrum is
dominated by the 804 nm plasmon resonance. This panel
clearly reveals the existence of large surface charges on the
horizontal tip. The calculated electric field enhancement is
similar in magnitude to those found in junctions of nano-
particle dimerg? The field enhancements on the downward
and upward pointing tips are very small, indicating that only
very small surface charges are induced at this wavelength.
The downward pointing tip appears smaller in size than in
Figure 1 because it is centered in a plane located further
inside the plane of the plot.

In Figure 3b, we show the electric field enhancements for
a polarization angle off = 60°. The contour plot for a
wavelength of 717 nm illustrates that the surface charges
associated with this particular plasmon mode are localized
on the downward pointing tip. For this polarization angle,
the extinction spectra show that both the 804 and 717 nm
plasmon resonances can be excited. The field enhancements
for a wavelength of 804 nm (not shown) look similar to those
in Figure 3a with a maximum of 207.

In Figure 3c, we show the electric field enhancements for
a polarization angle a# = 90°. The extinction spectra reveal
two plasmon resonances, a strong peak at 717 nm, and a
weaker feature at 594 nm. The field enhancements for the
717 nm mode (not shown) look similar to those in panel
Figure 3b but with a larger maximum enhancement of 242.
Panel (c) shows the field enhancement for the 594 nm mode. _
The plot shows that this mode is localized on the upward Extinction [a.u.]

pointing tips with a substantial maximum field enhancement
of 145. Figure 4. Microscopic origin of the three lowest nanostar

. . . . plasmons. The left panels show the extinction spectra of the
The preceding discussion clearly shows that the different j,qjyigual core. The right panels show the spectra of the tips. The

nanostar plasmons have significant surface charges associategiddle panels show the extinction spectra of the interacting system.
with individual tips. We have also verified this explicitly by ~ The dotted lines indicate the interactions that result in the bonding

performing calculations on nanostars with single tips. The and antibonding nanostar plasmons. The contour plots show the
resulting spectrum onlv shows the plasmon resonanceselemnc field enhancements for resonant excitation of the different
g sp Yy P plasmon modes at the different angles. To make the extinction

associated with that particular tip. The energies of a tip gpectra more visible, the spectra for the core and tips have been
plasmon depend strongly on the aspect ratio of the tip and multiplied by factors of 2 and 4, respectively. The same color scale
red-shift with increasing tip length. bar is used in all the insets.

We now analyze the plasmonic structure of the nanostar
using the plasmon hybridization concept. The plasmon method, the microscopic nature of the nanostar plasmons can
hybridization method is an analytical method that expressesbe elucidated.
the plasmons of a complex nanostructure in terms of the In Figure 4, we show the calculated extinction spectra for
primitive plasmons of the elementary surfaces of the the individual core, the nanostar, and the individual tips for
structure?>?® The complexity of the nanostar makes a three different polarizations. The spectra are displayed as a
straightforward application of the plasmon hybridization function of energy. The color insets show the electric field
method impossible. Plasmons are incompressible deforma-enhancements of the structures for specific wavelengths. The
tions of the conduction electron distribution in the nano- extinction spectra for the core are shown in the left panels
structure. A characteristic feature of a plasmon mode is the and are characterized by two plasmon resonances at 2.5 and
appearance of oscillating surface charges that induce local2.6 eV. The spectra show only a minor polarization depend-
electric fields. On an open-ended surface like that of a ence due to the relatively symmetric nature of the core. The
nanostar (in contrast to in a junction between two metallic electric field enhancements are distributed in a dipolar
surfaces), the induced electric fields are directly proportional manner characteristic of the field enhancements for an almost
to the surface charges induced by the collective plasmonspherical structure. The 2.5 eV plasmon resonance corre-
oscillation. By analyzing the symmetry and the spatial sponds to a longitudinal plasmon resonance polarized parallel
distribution of the local electromagnetic field enhancements to the cut of the sphere, and the 2.6 eV mode is a transverse
calculated using a numerical approach such as the FDTDplasmon resonance polarized perpendicular to the cut.
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In the right panels, we show the extinction spectra for the  In conclusion, we have shown that the plasmon modes of
tips (without the core). It can be seen that these spectraa nanostar are formed by hybridization of plasmons associ-
depend sensitively on the polarization of the incident light. ated with the core and the tips. We have demonstrated that
Because the tips are located at finite distances from eachthe plasmon hybridization concept can be combined with a
other, a weak interaction exists between the plasmons of thehighly numerical electromagnetic approach to provide mi-
individual tips. The tip spectra thus consist of bonding and croscopic insight into the nature of the plasmon resonances
antibonding plasmon modes. In the following discussion, we of a complex nanostructure.
will focus on the low-energy bonding tip modes that are
localized on the individual tips. For an angle= 0°, the
spectrum displays a plasmon resonance around 1.9 eV. Th
field enhancement for this feature shows that it is a plasmon
localized on the horizontal tip. The spectrum for a polariza-
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