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ABSTRACT
We have designed and fabricated a new hybrid nanoparticle that combines the intense local fields of nanorods with the highly tunable plasmon
resonances of nanoshells. This dielectric core−metallic shell prolate spheroid nanoparticle bears a remarkable resemblance to a grain of rice,
inspiring the name “nanorice”. This geometry possesses far greater structural tunability than either a nanorod or a nanoshell, along with
much larger local field intensity enhancements and far greater sensitivity as a surface plasmon resonance (SPR) nanosensor than any dielectric−
metal nanostructures reported previously. Invoking the plasmon hybridization picture allows us to understand the plasmon resonances of this
geometry, as arising from a hybridization of the primitive plasmons of a solid spheroid and an ellipsoidal cavity inside a continuous metal.

Metals have unusual optical properties and, under reduced
dimensionality, can manipulate light in unique ways. The
interaction of light with the free electrons in a metal gives
rise to collective oscillations of the charge density at optical
frequencies, known as surface plasmons.1,2 Metallic nanostructures have attracted a dramatic increase in attention
recently because of their plasmonic properties, which allows
for the development of fundamentally new metal-based
subwavelength optical elements with broad technological
potential, an emerging field known as plasmonics.3-7 Metallic
nanostructures possess geometry-dependent localized plasmon resonances, which is one of the major reasons for the
growing interest in a rapidly expanding array of metallic
nanoparticle geometries, such as nanorods,8,9 nanorings,10
nanocubes,11 and nanoshells.12 The resonant excitation of
plasmons also leads to large enhancements of the local
electromagnetic field at the nanoparticle surface, resulting
in dramatically large cross sections for nonlinear optical
spectroscopies such as surface-enhanced Raman scattering
(SERS).13-17 However, how to rationally design and controllably fabricate nanostructures that combine highly structurally
tunable plasmon resonances with large, well-defined local
optical fields is still an open question.
Two types of metallic nanostructures that most characteristically illustrate the geometry-dependent plasmon resonant properties of this family of nanoparticles are cylindrical
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nanoparticles, commonly called nanorods,8,18,19 and dielectric
core-metal shell nanoparticles, known as nanoshells.12
Nanorods possess two plasmon resonances corresponding to
the oscillation of electrons along the longitudinal and
transverse axes of the nanoparticle; by changing the length
of the nanorod, the longitudinal plasmon resonance frequency
can be tuned systematically. Nanoshells possess two tunable
resonances arising from the hybridization of the plasmons
on the inner surface of the shell with the plasmons on the
outer shell surface and can be tuned by varying the relative
size of the inner and outer radius of the metallic shell
layer.20,21 The geometrically sensitive hybrid plasmon resonances of nanoshells are rigorous mesoscopic analogues of
the hybridized electronic wave functions of simple atoms
and molecules. Thus, the two plasmon resonances of a
nanoshell are denoted as “bonding” and “antibonding”
plasmons, in direct analogy with molecular orbital theory.
Here we report a new hybrid nanoparticle geometry that
combines the plasmonic properties of both nanorods and
nanoshells in a single structure. This dielectric core-metallic
shell prolate spheroid nanoparticle bears a remarkable
resemblance to a grain of rice, inspiring the name “nanorice”.
Nanorice is composed of a spindle-shaped hematite core
coated with a continuous nanometer-thick Au shell. To apply
the plasmon hybridization picture to analyze the resonances
of this layered nanoparticle geometry, we analyze the
plasmon resonances of a solid metallic nanorod and a
nanocavity of arbitrary ellipticity as the parent plasmons
which, when hybridized, give rise to the plasmon resonances
of nanorice. Within this hybrid nanoparticle geometry we

Figure 1. (A) Schematics of the fabrication of hematite-Au core-shell nanorice particles. SEM (left) and TEM (right) images of (B)
hematite core (longitudinal diameter of 340 ( 20 nm, and transverse diameter of 54 ( 4 nm), (C) seed particles, (D) nanorice particles with
thin shells (13.1 ( 1.1 nm), and (E) nanorice particles with thick shells (27.5 ( 1.7 nm).

also see that the plasmon tunability arising from varying the
thickness of the shell layer is far more geometrically sensitive
than that arising from varying the length of the nanostructure.
The fabrication of nanorice involves seeded metallization
of spindle-shaped hematite nanoparticle cores (see the
Supporting Information) (Figure 1A). Small Au nanoparticles
(∼2 nm in diameter) are immobilized onto the surface of
(3-aminopropyl) trimethoxysilane (APTMS) functionalized
cores at a nominal coverage of ∼30%. The immobilized Au
colloids act as nucleation sites for electroless Au plating onto
the surface of core particles, leading to the gradual formation
of a continuous and complete Au shell layer. This is
essentially the same metallization procedure used in silicaAu nanoshell synthesis12 and shows that this approach is
readily adaptable to produce uniform metallization layers on
the surfaces of other oxide nanoparticles. Further metal
deposition onto the nanostructure increases the thickness of
the metal layer. Nanorice can be dispersed homogeneously
in solvents such as water and ethanol to form colloidal
solutions or be dispersed and immobilized on polyvinylpyridine (PVP)-coated substrates as individual, randomly oriented nanoparticles.
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Extinction spectra of nanorice with varying thicknesses
of the shell layer are shown in Figure 2A (a representative
SEM image of the nanorice sample used to obtain these
optical measurements is shown in Figure 2B). The strong
plasmon resonance feature observed in the spectra in Figure
2A arises because of the longitudinal plasmon of this layered
structure and exhibits a highly sensitive structural dependence
of its optical resonance, which blueshifts as the metal layer
thickness is increased. A finite difference time domain
(FDTD) analysis22 of the far field extinction spectrum of this
nanostructure reveals that the transverse plasmon mode
(Figure 2C inset) has a much weaker extinction cross section
than the longitudinal mode of this nanostructure (Figure 2C).
The weaker, higher energy resonance observed in the
spectrum of nanorice is attributable to the far weaker
transverse plasmon mode, with a small additional contribution from a higher order longitudinal plasmon mode. The
local fields associated with the longitudinal and transverse
nanorice plasmons are shown in Figure 2D and E. Here we
see that the asperities of this structure support very strong
local field intensity enhancements (>7000 for this specific
nanorice geometry) at wavelengths corresponding to the
Nano Lett., Vol. 6, No. 4, 2006

Figure 2. (A) Extinction spectra of hematite-Au core-shell nanorice with different shell thicknesses. Two plasmon peaks are observed
for each sample. The plasmons at longer and shorter wavelengths are the longitudinal and transverse plasmons, respectively. The samples
measured are monolayers of isolated nanoshells immobilized on PVP-glass slides. (B) A SEM image of a monolayer of nanorice particles
(shell thickess of 13.1 ( 1.1 nm) on a PVP-glass slide. (C) Calculated far-field extinction spectra of the nanorice with incident polarization
along the longitudinal and (inset) transverse axis of a nanorice particle using FDTD. The nanorice particle employed for the FDTD simulations
is composed of a hematite core with longitudinal diameter of 340 nm and transverse diameter of 54 nm surrounded by a 13-nm-thick Au
shell. Near-field profile of the nanorice under resonance excitations: (D) incident polarization along the longitudinal axis, λex ) 1160 nm;
(E) incident polarization along the transverse axis, λex ) 860 nm.

longitudinal plasmon resonance of the nanostructure. This
intensity enhancement is several times larger than those
reported for nanofabricated bowtie junctions23 and what has
been predicted and measured in scanning probe junctions.24,25
Such strong, tunable local fields make this geometry highly
attractive for use in designing substrates for surface-enhanced
spectroscopy-based sensing. These large plasmon resonant
local field enhancements are similar in magnitude to the
localized plasmon resonant “hot spots” occurring in junctions
between metallic nanoparticles when a dimer plasmon
resonance is excited.26-28 The nanorice local fields should
give rise to intense SERS enhancements with the added
advantage that the hot spots are completely open to the
surrounding medium in this geometry. From this point of
view, each nanorice particle can potentially serve as a
standalone, optically addressible nanoscale substrate for
surface-enhanced spectroscopies. Moreover, because the
Nano Lett., Vol. 6, No. 4, 2006

enhanced near-field intensities can extend several tens of
nanometers from the surface of the nanorice, these particles
may exhibit unique advantages in the spectroscopic sensing
and characterization of large biomolecules, such as proteins
and DNA, biological samples, or materials placed directly
adjacent to the nanoparticle.
Nanorice plasmons can be understood by applying the
plasmon hybridization picture to this geometry (Figure 3).
The sphere-cavity model for spherical nanoshells20,21 can be
generalized to describe the plasmon resonances of nanorice,
as the hybridization between plasmon modes of a solid
prolate spheroid and an ellipsoidal cavity inside a continuous
metal (see the Supporting Information).
For a solid prolate spheroidal particle of aspect ratio
(semimajor/semiminor axis) ) coth R consisting of a metal
with an electron density corresponding to a bulk plasmon
frequency ωB, a metallic background polarizability of !S,
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immersed in a dielectric with permittivity !E, the energies
of the plasmon modes take the following form:
2
ωS,lm
(R) )

ω2B

Pʹ′lm(cosh R)Qlm(cosh R)
!SPʹ′lm(cosh R)Qlm(cosh R) - !EPlm(cosh R)Qʹ′lm(cosh R)
(1)

For a prolate dielectric cavity of aspect ratio coth R filled
with a dielectric medium of permittivity !C in the same
metallic material, the plasmon energies are
2
(R) )
ωC,lm

ω2B

Figure 3. Simulation of the plasmonic properties of nanorice using
the plasmon hybridization model: (A) Plasmon energy vs aspect
ratio (major radius/minor radius) of the solid prolate spheroid and
prolate cavity. The solid lines refer to longitudinal polarization,
and the dashed lines refer to transverse polarization. Plots of (B)
longitudinal and (C) transverse plasmon energies vs core aspect
ratio of a nanorice particle. The aspect ratio of the spheroid is fixed
at 4.575. The orange and blue lines indicate the relevant plasmon
energies of the solid prolate spheroid and the prolate cavity modes,
respectively. The black and green lines refer to bonding (w-) and
antibonding (w+) plasmons, respectively. The nanorice particle is
made up of a metal with a bulk plasmon frequency of 8.95 eV and
a core dielectric of 9.5.
830

Plm(cosh R)Qʹ′lm(cosh R)
!SPlm(cosh R)Qʹ′lm(cosh R) - !CPʹ′lm(cosh R)Qlm(cosh R)
(2)

In Figure 3A, we show the dependence on aspect ratio of
the transverse and longitudinal plasmon resonances of an
Au nanorod, modeled as a prolate spheroid (eq 1) and that
of an elliptical dielectric cavity embedded in an infinite Au
volume (eq 2). Each of these nanostructures supports
longitudinal and transverse plasmon resonances dependent
strongly upon aspect ratio, where an aspect ratio of 1
corresponds to the spherical particle and cavity case. The
cavity plasmon described here corresponds to a void filled
with a dielectric medium of dielectric constant !C ) 9.5,
that of hematite. For this large dielectric function the cavity
is strongly redshifted to energies lower than the solid
spheroid plasmon resonance. As the aspect ratio increases,
the energies of the longitudinal plasmon of the spheroid and
the transverse plasmon of the cavity decrease, while the
longitudinal plasmon of the cavity and the transverse plasmon
of the spheroid increase. Varying the aspect ratio of the cavity
and spheroid shifts the relative energy of the cavity and
spheroid parent plasmon modes, which ultimately affects the
way in which the cavity and spheroid plasmon states
hybridize in the nanorice geometry.
The nanorice plasmon resonances are determined by a
hybridization of the parent spheroid and cavity plasmon
resonances corresponding to the aspect ratio of the nanoparticle. The outer aspect ratio chosen is 4.575, corresponding
to the 366 nm × 80 nm dimensions of the experimentally
realized nanorice and denoted by the dashed red line in
Figure 3A. For this aspect ratio, we show how the nanorice
resonances vary as the aspect ratio of the core is varied while
the overall particle size and aspect ratio of the nanoparticle
are held constant, for the longitudinal (Figure 3B) and
transverse (Figure 3C) resonances of the nanostructure. As
the aspect ratio of the core is decreased, the hybridization
between the cavity and spheroid modes becomes progressively stronger, resulting in larger energy gaps between the
bonding and antibonding plasmon modes. The lower energy
“bonding” plasmon modes of nanorice are much more
sensitive to the core and shell dimensions than the “antibonding” plasmon modes for both the longitudinal and the
Nano Lett., Vol. 6, No. 4, 2006

Figure 4. SPR sensing using nanorice: (A) Extinction spectra of a monolayer film of nanorice (shell thickess of 13.1 ( 1.1 nm) immersed
in different solvents. (B) The shift of the longitudinal and transverse plasmon energies as a function of the solvent refractive index. The
SPR sensitivity based on the longitudinal and transverse plasmons is 801.4 and 103.0 nm/RIU, respectively. The sensitivity of the (C)
transverse and (D) longitudinal plasmons of nanorice as a function of the shell thickness. The SPR sensitivity decreases as the shell thickness
increases. The SPR sensitivity of the transverse plasmon is more dependent on shell thickness than that of the longitudinal plasmon.

transverse case. The nanorice plasmon modes have a
significantly increased geometric sensitivity and can be tuned
across a broader spectral range than the parent solid spheroid
and cavity plasmon modes. In particular, the low-energy
“bonding” plasmon extends toward zero frequency in the
thin shell limit, for both the transverse and longitudinal case.
For longitudinal polarization, the nature of the bonding
plasmon is solid-particle-like and the antibonding mode is
cavity-like. For transverse polarization, the situation is
reversed. Because the energy of the cavity plasmon for
transverse polarization is lower than the energy of the solid
spheroid plasmon, the nature of the bonding plasmon is
cavity-like and the antibonding mode is solid-particle-like.
Because the solid spheroidal plasmons have a much larger
induced dipole moment and couple more strongly to incident
light than cavity-like plasmons, the extinction cross section
for longitudinal polarization is dominated by the bonding
nanorice plasmon and for transverse polarization, the spectrum is dominated by the antibonding plasmon mode, which
was indeed observed (Figure 2).
The longitudinal nanorice plasmon resonance wavelength
is highly sensitively dependent on surrounding dielectric
media, with a sensitivity as high as 801 nm RIU-1 (RIU )
refractive index unit). To the best of our knowledge, the
longitudinal plasmon of nanorice exhibits the largest SPR
sensitivity among all of the experimentally realizable metal
Nano Lett., Vol. 6, No. 4, 2006

nanostructures reported thus far, including triangular nanoprisms,29 nanorods,18 spherical nanoshells,30,31 and nanocubes.32
This was studied by exposing a monolayer of isolated
nanorice particles immobilized on a PVP-coated glass slide
to solvents with varying refractive indices. Both the longitudinal and transverse plasmons of nanorice redshift as the
refractive index of solvents increases with a linear dependence of plasmon wavelength on the refractive index, as is
characteristic of other nanoparticle structures.18,29-32 The
longitudinal plasmon is far more sensitive to the change of
the dielectric medium than the transverse plasmon, at 103
nm RIU-1. The difference in SPR sensitivity between the
longitudinal and transverse nanorice plasmons can also be
explained in the context of the plasmon hybridization model,
where the spheroid-like plasmon resonance has increased
sensitivity to changes in its dielectric environment while a
cavity-like resonance has greater sensitivity to changes in
the dielectric properties within the nanoparticle core.21 The
experimentally measured SPR shifts of the longitudinal and
transverse plasmons are in very good agreement with theory,
according to both FDTD simulations (1060 nm RIU-1 and
115 nm RIU-1) and plasmon hybridization modeling (620
nm RIU-1 and 80 nm RIU-). Figures 4C and D show the
SPR sensitivity of nanorice plasmons as a function of Au
shell thickness. The SPR sensitivity of the longitudinal
plasmon is maintained as shell thickness is varied, whereas
831

that of the transverse plasmon decreases as shell thickness
increases. Such environmental sensitivity of the plasmons
of nanorice holds great potential for monitoring local
environmental changes during chemical and biological
processes.
In summary, nanorice is an important new geometry for
plasmonic nanoparticles, combining the highly attractive
nanoscale optical properties of both nanorods and nanoshells.
The unique properties of this new nanostructure are highly
attractive for applications such as standalone nanosensors
exploiting surface-enhanced spectroscopies or SPR sensing
modalities. Applying the plasmon hybridization model as
design principles to realizable nanostructures will result in
the selective implementation of optimized optical properties
into structures and devices of mesoscale dimensions.
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Experimental details:
Ferric chloride (FeCl3•6H2O), (3-aminopropyl)trimethoxysilane (APTMS, 97%), tetrachloroauric acid
(HAuCl4•3H2O), tetrakis hydroxymethyl phosphonium chloride (THPC) were purchased from
Sigma-Aldrich (St. Louis, MO). 37% formaldehyde, potassium dihydrogen phosphate (KH2PO4) and
200-proof ethanol were obtained from Fisher Scientific (Hampton, NH). All the chemicals were used as
received without further purification. Ultrapure water (18.2 M

resistivity) was obtained from a Milli-Q

water purification system (Millipore, Billerica, MA).
Monodisperse spindle-shaped hematite particles with controllable aspect ratios were fabricated by
forced hydrolysis of ferric chloride solutions.1 Hematite particles with aspect ratio of 6.3 (340 nm x 54
nm) were prepared by aging 100 mL of aqueous solution containing 2.0 x 10-2 M FeCl3 and 4.0 x 10-4 M
KH2PO4 at 100 C for 72 hours. The resulting precipitate was centrifuged and washed several times with
water and ethanol. Finally, the precipitate was redispersed in 25 mL ethanol.
The seed particles used in the present study were fabricated following a similar procedure as the
previously reported method for the immobilization of Au nanoparticles on silica surfaces. The surface of
the spindle-shaped hematite particles was functionalized with organosilane molecules (APTMS) to
generate an amine moiety coated surface. Typically, 600 µL of APTMS was introduced into 5 mL of
ethanolic solution of hematite particles under vigorous stir. The surface functionalization of hematite
particles were accomplished by stirring the mixture for 12 hours. The resulting particles were
centrifuged and redispersed in ethanol several times to get rid of the excess APTMS. THPC-capped Au
nanoparticles (~2 nm in diameter) were prepared following Duff’s method,2 and then attached to the
functionalized hematite particle surfaces through the gold-amine interactions.3 These attached Au
colloids acted as the nucleation sites for the reduction of Au ions from solution onto the hematite surface
until continuous and complete Au nanoshells were formed.4
Nanorice particles were fabricated via seed-catalyzed reduction of AuCl4- ions by formaldehyde in
S-1
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aqueous solutions at room temperature. The growth of complete Au shells typically took 5-10 min. By
adjusting the amount ratio between seed particles and AuCl4- ions, the thickness of the Au shells can be
precisely controlled. The resulting nanorice particles can be homogenously dispersed in water to form
colloidal solutions.
Nanorice films were prepared by immobilizing nanorice particles on polyvinylpyridine (PVP)-coated
glass substrates.5,6 Briefly, glass slides were cleaned in piranha solution (sulfuric acid : hydrogen
peroxide, 7:3) and immersed in a 1% wt. solution of PVP in ethanol for 24 hours. The slides were rinsed
thoroughly with ethanol and dried with N2 gas. The PVP-functionalized slides were immersed in an
aqueous solution of nanorice for 1 hour. Upon removal from the nanorice solution, the films were rinsed
with ethanol and dried with N2. This resulted in a monolayer of isolated nanorice particles with random
orientations.
Scanning electron microscope (SEM) images were obtained on a Phillips FEI XL-30 environmental
scanning electron microscope at an acceleration voltage of 30 kV. The samples for SEM measurements
were prepared by drying a drop of colloidal solutions on silicon wafer surface under ambient air. TEM
images were obtained using JEOL JEM-2010 transmission electron microscope. The extinction spectra
were obtained using a Cary 5000 UV/Vis/NIR spectrophotometer in the wavelength range of 400 nm to
2400 nm.

Plasmon hybridization:
The plasmon hybridization method can be used to describe the plasmon modes of the nanorice
particles in a manner analogous to the plasmon modes in the spherical nanoshell system.7 The plasmons
can be viewed as resulting from hybridization of the aspect-ratio-dependent primitive plasmon modes of
a solid metallic prolate spheroid and the primitive plasmon modes of a prolate spheroidal dielectric
cavity in a uniform metallic background. For simplicity we assume a uniform metallic electron density
of n0 corresponding to a bulk plasmon energy

B

4 n0 e 2
.
me

The scalar potential used in the plasmon hybridization method to describe the deformations of the
electron liquid in a prolate spheroidal system takes the form: 8

[ S lm (t ) Plm (cosh ) C lm (t )Qlm (cosh )] Plm (cos )e im ,
lm

where Slm are the amplitudes for the primitive plasmons of the solid particle, and Clm are the amplitudes
for the primitive plasmons of a cavity. The functions Plm and Qlm are the associated Legendre
S-2

Supporting Information

polynomials of the first and second kind. In prolate spheroidal coordinates, the surface of constant

is

an elliptical spheroid, and coth is the aspect ratio of the spheroid that is formed.8
Prolate spheroidal coordinates are defined with a unique focal length, and the nanorice particles are
modeled by confocal ellipsoidal shells. The outer and inner surface of the shell will therefore have
different aspect ratios and the shell thickness will be nonuniform. The Lagrangian for the nanorice
particles is diagonal in multipolar indices lm. For this reason, the nanorice plasmons can be expressed as
bonding and antibonding modes resulting from an interaction between a solid particle plasmon and a
cavity plasmon of a common multipolar index lm.
A straightforward application of the plasmon hybridization method to a solid prolate spheroid of
aspect ratio coth gives the following plasmon modes:
2
S ,lm

( )

where

S

2
B

P 'lm (cosh )Qlm (cosh )
,
S P ' lm (cosh )Qlm (cosh )
E Plm (cosh )Q ' lm (cosh )

is the background polarizability of the metal and

E

is the dielectric permittivity of a possible

embedding medium. The plasmon energies of a prolate spheroidal cavity filled with a medium with
dielectric permittivity
2
C ,lm

( )

2
B

C

take the form:

Plm (cosh )Q'lm (cosh )
.
S Plm (cosh )Q' lm (cosh )
C P' lm (cosh )Qlm (cosh )

The presence of dielectrics plays a large role in the plasmon frequencies of the solid spheroid and
cavity.

For the nanorice particles, which contain a hematite core with a dielectric constant of

approximately

C=

9.5, the cavity mode lies below the spheroid mode for the transverse polarization for

all aspect ratios. For the aspect ratio considered in the present paper,

= 4.575, the cavity plasmon lies

above the solid spheroid mode for longitudinal polarization.
The nature of the plasmon modes in a shell particle depends on the relative position of the primitive
plasmons. For transverse polarization, the bonding nanorice plasmon is primarily composed of the cavity
plasmon while the antibonding mode is solid particle-like. In a shell geometry, the multipolar moments
of the cavity plasmons are smaller than those of the solid particle plasmons. In the electrostatic limit, the
probability for excitation of a plasmon mode is proportional to the square of its dipole moment.7 For this
reason, for longitudinal polarization, the bonding plasmon is much brighter than the antibonding
plasmon. For the transverse modes, the situation is reversed and the antibonding plasmon is much
brighter than the bonding plasmon.
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