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In this paper we overview our recent studies of anisotropic noble metal (e.g. gold and silver) nanopar-
ticles, in which a combination of theory and experiment has been used to elucidate the extinction
spectra of the particles, as well as information related to their surface enhanced Raman spectroscopy.
We used wet-chemical methods to generate several structurally well-defined nanostructures other
than solid spheres, including silver nanodisks and triangular nanoprisms, and gold nanoshells and
multipods. When solid spheres are transformed into one of these shapes, the surface plasmon reso-
nances in these particles are strongly affected, typically red-shifting and even splitting into distinctive
dipole and quadrupole plasmon modes. In parallel, we have developed computational electrodynam-
ics methods based on the discrete dipole approximation (DDA) method to determine the origins of
these intriguing optical features. This has resulted in considerable insight concerning the variation of
plasmon wavelength with nanoparticle size, shape and dielectric environment, as well as the use of
these particles for optical sensing applications.

KEY WORDS: Anisotropic metal nanoparticles; shape-dependent properties; discrete dipole approximation;
surface plasmon resonances; electric field.

INTRODUCTION

Nanoscience and nanotechnology is an emerging and
rapidly developing field that broadly encompasses the fun-
damental understanding and resulting technological ad-
vances arising from the exploitation of materials having
at least one dimension at the nanometer length scale. The
remarkable size-, surface-, and shape-dependence of phys-
ical, optical, and electronic properties of nanoscale mate-
rials make them compelling components of modern mate-
rials chemistry [1–6]. During the last decade, significant
progress has been achieved in controlling the sizes of ma-
terials [7], and engineering their surfaces [2,3,8–10].

More recently, there have been important discover-
ies concerning the generation of anisotropic nanoparti-
cles with well-defined structures other than solid spheres.
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These include nanoscale rods [11–18], disks [19–23],
triangular prisms [4,24–28], multipods [29–32], cubes
[33,34], and nanoshells [35–40]. Beyond their aesthetic
appeal, these new structures are compelling for many fun-
damental and practical technological reasons. First, their
synthesis has motivated experimental progress in under-
standing the intrinsic shape-dependent properties of metal
and semiconductor nanocrystals [4,6,18,20,28,41,42].
Second, some of these structures feature optical and elec-
trical properties that make them desirable for emerging ap-
plications entailing bio-labels, photovoltaic behavior [43],
chemical sensing [44], and surface enhanced Raman scat-
tering (SERS) [5,45,46], among others. Third, the particle
growth mechanism is amenable to study in some cases,
which in turn makes possible the prediction and systematic
manipulation of the final nanocrystal structure [17,30].
Fourth, these nanoparticles provide new template materi-
als for the generation of different nanostructures [47–49].

Accordingly, their synthesis also motivates the de-
velopment and innovation of theoretical methods for
describing the unique properties of these anisotropic
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nanoparticles [5]. Recently, a number of theoretical
approaches have been developed, including the discrete
dipole approximation (DDA) [5,50–52], finite difference
time domain methods (FDTD) [53], and the modified long
wavelength approximation (MLWA) [5,50]. Among them,
the DDA is a particularly useful technique for describing
isolated nanoparticles with arbitrary shape and a complex
surrounding environment [5,51]. In the DDA, the object
of interest is represented as a cubic array ofN polarizable
elements. The response of this array to an applied electro-
magnetic field is then described by self-consistently deter-
mining the induced dipole moment in each element. This
information can be used to determine far-field properties
like extinction efficiencies and also near-field properties
especially the electromagnetic field (E-field) near the par-
ticle surface.

Among the known anisotropic nanoparticles,
nanorods are the most common as this structural motif is
found in a broad range of materials, including CdE (E=
Se, Te) [16,42], Ag [6,14], Au [6,12,15,18], TiO2 [13,54],
and others [55]. Rod-shaped particles provide a useful way
to control nanoparticle optical properties, as spherical Ag
and Au nanoparticles have strong surface plasmon bands
around 400 and 520 nm, respectively, while Ag and Au
nanorods usually show a red-shifted long-axis resonance
and a slightly blue-shifted short-axis resonance [6]. The
long-axis resonance wavelength strongly depends on the
aspect ratio of the nanorods. Another important finding is
that Au nanorods have a one million times stronger fluo-
rescence yield than that of the spherical nanoparticles.

Recently it has been discovered that non-rod shaped
anisotropic particles can also have interesting optical prop-
erties. For example, a photo-driven synthesis of Ag trian-
gular nanoprisms has been developed in which the size of
the particles is controlled by the wavelength of the photol-
ysis. Interestingly, these Ag triangular nanoprisms exhibit
intriguing optical features with distinctive electric dipole
and electric quadrupole modes [4,28].

Although some success has been achieved in de-
veloping synthetic methods for producing anisotropic
nanoparticles, there are still great challenges to developing
these methods, to understanding the shape-guiding mech-
anisms, and to the functional integration of these mate-
rials into real-world applicable devices. Most recently, a
combination of experimental and theoretical results de-
signed to elucidate the optical properties of anisotropic
metal nanoparticles has been developed in our lab
[20,28,32,46,56]. Wet-chemical methods have been used
to prepare these materials, including Ag nanodisks, Ag
prisms, “branched” Au nanocrystals, and Au nanoshells.

In this paper, we give an overview of the synthesis and
characterization of gold and silver anisotropic nanoparti-

cles that we have developed as well as the analysis of their
optical properties using computational electrodynamics
methods. Our goal will be to show both common ele-
ments in their synthesis as well as the diverse strategies
that can be employed. In addition, our analysis of opti-
cal properties will emphasize sensitivity of the plasmon
modes to particle structure, and the contrasting behavior
of silver and gold particles. Although most of our analysis
will be concerned with particles that we have synthesized,
some aspects of related work, such as the silver triangle
synthesis, will be included when useful.

MATERIALS SYNTHESIS

Although the synthetic methods used to make the
anisotropic nanoparticles have been described previously
[20,32,56], here we give a brief summary so that some of
the essential elements are described, as this will help in
our later discussion of the particle structural and optical
properties.

Ag Nanodisks

For a typical synthesis of the silver nanodisks [20],
a fresh Ag solution containing 10% wt AgNO3 and 6%
ammonium hydroxide was prepared. 160µL of 110 nm
diameter polystyrene (PS) spheres and 75µL of the Ag
solution were added to 60 mL of somewhat agedN,N-
dimethylformamide. Then, the solution was heated with
stirring on a hotplate. Within 8–12 min, the solution color
changed from yellow through red to purple, after which
the temperature was quickly decreased via a cold-water
bath. The product was purified by gradient centrifugation
and then kept at 4◦C.

Au “Multipods”

In the synthesis of the Au “multipod” structures [32],
4 mg of bis(p-sulfonatophenyl) phenylphosphine dihy-
drate dipotassium (BSPP) and 0.2 mL of 30% H2O2 were
added to 100 mL of 6.8×10−3 M sodium citrate solution.
Under constant shaking, 200µL of 0.05 M HAuCl4 was
added slowly at room temperature. Over several minutes,
the solution color changed from colorless to blue. The
resulting blue colloids were then kept in a refrigerator.

Au Nanoshells

Au nanoshells [56] have been prepared by reacting
HAuCl4 with silver nanoparticles similar to the method
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published by Sun and Xia [44]. Briefly, Ag nanoparticles
were prepared by injection of NaBH4 (50 mM, 2 mL) to
an aqueous solution of AgNO3 (0.2 mM, 100 mL) in the
presence of sodium citrate (0.5 mM). The resulting Ag
colloid was then kept at 70◦C for 2 hr. While stirring, 0.68
mL of HAuCl4 (0.1 M) was added to 100 mL of the Ag
colloid solution. A color change from yellow to red to dark
blue was observed during the course of the replacement
reaction. After 1 hr of stirring, the particles were purified
by gradient centrifugation, washed twice using an aqueous
solution of sodium citrate (0.3 mM), redispersed in 5 mL
of sodium citrate (0.3 mM), and finally kept at 4◦C.

Discrete Dipole Approximation (DDA) Calculations

The DDA method provides a convenient method for
describing light scattering from nanoparticles of arbitrary
shape. Details of this method have been given elsewhere
[5,27,46,51,52,57,58], so here we summarize the essential
elements. In this method the particle is represented as a
grid of cubical elements. The induced dipole polarization
Pi in each element is determined from

Pi = αi · Eloc(r i ) (1)

whereαi andr i are the polarizability and location of the
i th dipole, andEloc is the local electric field. The local
field at each dipole is given by

Eloc,i = E0 exp(ik · r i )−
∑
j 6=i

Ai j · P j (2)

whereE0 andk are the amplitude and wave vector of the
incident field, respectively. The interaction matrixA has
the form

Ai j · P j = exp(ikr i j )

r 3
i j

{
k2r i j × (r i j × P j )

+ (1− ikr i j )

r 2
i j

×[r 2
i j P j − 3r i j (r i j · P j )

]}
( j 6=i )

(3)

wherek = ω/c. Substituting Eqs. 2 and 3 into 1, we can
we generate the system of equations

A′ · P = E, (4)

where the off diagonal elements of the matrix,A′i j are
same asAi j , and the diagonal elements of the matrix,A′i i ,
areα−1.

For a system withN total dipoles,E andP are 3N-
dimensional vectors, andA′ is a 3N × 3N matrix. Solv-
ing this set of 3N complex linear equations, the polariza-
tions P are determined, and from this we determine the

extinction cross-section (Cext) using

Cext = 4πk

|E0|2
N∑

i=1

Im(E∗inc,i · Pi ) (5)

All calculations here refer to water as the external
dielectric for these novel materials. The dielectric con-
stant in all calculations has been taken from Palik [59] but
smoothed as described by Jensenet al. [51]

RESULTS AND DISCUSSION

Ag Triangular Nanoprisms

Before examining the optical properties of the par-
ticles described above, we first consider the properties
of Ag triangular nanoprisms that were synthesized by
Mirkin and coworkers [4,28]. These particles are relatively
monodisperse, with edge lengths in the 30–120 nm range
and heights of about 15 nm. Their synthesis starts with a
standard reduction of AgNO3 to produce small spherical
particles, and then these are converted to the triangular
prisms by visible light illumination in the presence of the
same BSPP surfactant that we used to make nanoscale
Au multipods. These particles have a plasmon resonance
spectrum that is shown in Fig. 1 for edge lengths of 30,
60, 100 and 150 nm. These results are from DDA calcula-
tions, but they are in excellent agreement with experiment
[4,28] so we don’t present the latter. We see in this figure
that for all particles there are three dominant peaks in the
extinction spectrum, corresponding to different modes of
plasmon excitation. From the DDA calculations, we find
that the red-most band, which is the most intense, cor-
responds to in-plane dipolar excitation. Also, the middle
resonance is associated with in-plane quadrupole exci-
tation and the bluest resonance, which is always at 335
nm, refers to out-of-plane quadrupole excitation. For the
largest particles, additional peaks are found that involve
high multipolar excitation.

We see from Fig. 1 that the calculated extinction spec-
trum is very sensitive to its edge length, with the in-plane
dipole and quadruple wavelengths increasing linearly with
increasing edge length. Further calculations indicate that
the extinction spectrum of the nanoprisms is also sensitive
to the thickness of the particles and to “snipping” (trun-
cation of the tips of the triangles). The long wavelength
in-plane dipole resonance shifts to the red when the edge
length is increased or the thickness is decreased, while
snipping moves the plasmon resonance to the blue. The
quadrupole plasmon mode is less sensitive to size or snip-
ping, as the dominant induced polarization for this mode
is localized to the central portion of the triangle, thereby
avoiding the tip regions.
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Fig. 1. (a) DDA simulations of the extinction efficiency of triangular
nanoprisms. From left to right, the sizes of prisms are 30, 60, 100, and
150 nm. The thickness of all prisms is 10 nm. For all prisms, 15% of the
tips have been truncated (snipped) to mimic the average behavior found
in the experiments. (b) Plasmon wavelength as a function of triangle
edge length.

Ag Nanodisks

The synthesis of Ag nanodisks involves a distinctly
different approach [20] from the triangles that is schemat-
ically shown in Fig. 2. Here the reduction is done under
surfactant-free conditions, and polystyrene meso-spheres
are used to template the particle growth. Under these con-
ditions, the Ag ions can electrostatically bind to the sur-
face of the meso-spheres near to carboxyl groups. Upon
reduction, the adsorbed Ag ions presumably serve to nu-
cleate metal particle formation. Once nucleation is initi-
ated the meso-spheres may block growth in one direction,
effectively constraining growth to occur parallel to the PS
surface. A transmission electron micrograph (Fig. 3a) of a
fresh sample shows individual and aggregated polystyrene
particles inhomogeneously covered by silver disks that

Fig. 2. Schematic procedure for the anisotropic growth of Ag
nanodisks on the surface of polystyrene micro-spheres.

are randomly oriented on the particle surfaces. The disk
shape was verified by tilting the TEM sample plane from
−30◦ through 0◦ to+30◦ (see Fig. 3b), revealing the three-
dimensional structure of the nanoparticles. At this stage
almost no Ag particlesunattachedto polystyrene are seen.
The presence of edge-oriented disks, appearing as rod-like
shapes in the TEM images, allows measurement of their
thickness (9.0± 1.0 nm). The average disk diameter is
36± 8 nm. The available microscopy (see Fig. 3a) also
suggests that anisotropic growth can occur between PS
meso-spheres, leading to aggregation of the templating
units.

The extinction spectrum, as shown in Fig. 4, exhibits
surface plasmon resonances atλmax= 340 nm (weak)
and 574 nm (strong), with other peaks between 430 and
470 nm. To gain insight into the optical properties, we
calculated the extinction spectrum of the Ag nanodisks
considering its dimensions to given by TEM (see Fig. 4,
dashed line). For the Ag disk, the induced polarizations
lead to three bands that qualitatively match the experi-
mental results shown in Fig. 4. Analysis of the induced
field shows that the 574 nm peak is the in-plane dipole
plasmon resonance, the 340 nm peak is the out-of-plane
quadrupole resonance, and the weak 430 nm peak is the
out-of-plane dipole resonance. Only the 574 nm peak is
found to be very sensitive to the disk thickness and di-
mensions. These results are analogous to what was found
for the triangular prisms in Fig. 1 (see the 30 nm result),
although with different peak wavelengths, intensities and
size sensitivities.

Au Multipods

Aqueous Au nanoparticles are usually prepared using
citrate, NaBH4, and surprisingly hydrogen peroxide as re-
ducing agents. The reduction rate with citrate or hydrogen
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Fig. 3. (a) TEM image of a fresh Ag nanodisk/PS sample. (b) TEM images of Ag/PS, tilting
the sample plane from−30◦ through 0◦ to+30◦.

peroxide is very slow at room temperature and much faster
at elevated temperature [60]. To our surprise, the reaction
at room temperature is substantially accelerated when both
are employed, with the formation of blue Au colloids tak-
ing place within several minutes.

As shown in Fig. 5, the gold nanoparticles from this
synthesis have structurally unprecedented branched struc-
tures, with at least one well-defined tip on over 90% of the

Fig. 4. Solid line is the UV-Vis spectrum of Ag nanodisk/PS in DMF.
Dashed line is the DDA simulation of the orientation averaged extinction
efficiency spectrum of a Ag disc (single size as described in the text) in
DMF.

Fig. 5. (a) TEM images of branched gold nanocrystals. (b) TEM image of
gold nanocrystals that were synthesized without BSPP during the initial
particle growth. The arrows point out the presence of tiny triangular
prisms that are discussed in the text.
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total particle population. Three-tipped nanoparticles are
seen to be in the majority, comprising over 50%. It’s worth
mentioning that the sharp curvature of each tip is different
from the “multi-pods” that have been observed recently
in several systems [29–32]. As discussed briefly below,
this points to an unusual particle growth mechanism, dif-
fering from those for the triangular Ag prisms mentioned
above that require a photodriven synthesis [4,28]. Note
that room light illumination has no effect on the Au particle
synthesis.

To date, the standard explanation for anisotropic par-
ticle growth in liquid media assumes that appropriate cap-
ping reagents kinetically control the growth rate of various
facets of a seed particle [17,31]. Alivisatos and co-workers
have recently demonstrated an extraordinary approach to
CdSe nanorods and branched CdTe tetra-pods based on
this concept [30]. In our experiments, synthesis without
BSPP during initial growth produces “three-tipped” Au
nanocrystals (Fig. 5b), indicating that the role of BSPP
is not essential for formation of the branched structures.
In addition, tiny triangular prisms (less than 10 nm edge
length) are found in the same batch. We speculate that the
tiny triangular prisms function as early-stage nuclei for
“three-tipped” particle formation and growth. To produce
“three-tipped” particles starting from triangular prisms,
the growth has to be fastest perpendicular to the edge of the
triangle, i.e., parallel to the{200}direction and perpendic-
ular to the{111}direction. Although BSPP is not involved
in the production of the symmetrical three-tipped particles
in Fig. 5b, it is very important in producing asymmetrical
branched structures (Fig. 5a), presumably by altering the
growth rates of certain crystal facets of the seeds.

In contrast to the characteristic red color of spherical
Au nanoparticles, the colloidal solution of the branched
Au nanocrystals is blue. The measured extinction spec-
trum is shown in Fig. 6, and it shows a plasmon resonance
peak that is red-shifted from ca. 500–530 nm for spheres
to 690 nm for the branched Au particles. From a practi-
cal standpoint, the shape dependent optical properties of
reactive gold colloids represent convenient experimental
reporters in studies of crystal growth.

To understand the measured optical features in Fig.
6, we have solved Maxwell’s equations for light interact-
ing with a 14 nm thick “three-tipped” gold nanocrystal
featuring 48 nm tip-to-tip distances and 4 nm snipping
(meaning that, as mentioned earlier, a 4 nm region at
the tips is removed in order to mimic the expected an-
nealing of the sharpest features). As shown in Fig. 6,
the calculated orientationally averaged spectrum for the
three-tip particle shows two absorption bands at 700 nm
(strong) and 540 nm (weak). Examination of the induced
polarizations associated with these spectral features indi-

Fig. 6. UV-visible spectra of 3-tip branched gold nanocrystals (tip-tip
distance= 48 nm, and thickness= 14 nm, snip= 4 nm). The line
labelled DDA represents the calculated extinction spectrum using the
DDA method.

cates that the 700 nm peak is the in-plane dipole plas-
mon resonance and the 540 nm peak is the out-of-plane
quadrupole resonance. We find that the calculated line-
shape agrees qualitatively with the experimental spectrum,
and quantitatively with respect to the wavelength of the
plasmon maximum. Further calculations indicate that the
plasmon bands of the three-tipped Au nanocrystals are
very sensitive to the length and the sharpness of the tips,
but less sensitive to the thickness and overall size of the
particles.

As shown in Fig. 6, we observed relatively narrow
plasmon absorption lineshapes from the branched Au
nanocrystals. However the Au nanocrystals are not uni-
form (see Fig. 5), so it is surprising that the measured
plasmon band is about the same width as the calculated
one. To study this, we have performed calculations for Au
nanocrystals that have three tips, two tips and even one tip.
We find that these nanostructures have a similar extinction
spectrum to the symmetrical particle, with plasmon reso-
nances that are centered near 695 nm. (One exception is
the one-tipped particles that are blue-shifted to 674 nm).
Based these results, it is clear that in-plane dipole excita-
tion of the particle tips dominates the optical properties of
these particles, and (fortunately) the heterogeneous shape
distribution has a rather small effect on the spectrum.

Au Nanoshells

Metallic nanoshells are one of the most interesting
and possibly useful of the recently developed nanoparticle
structures [35–40]. These particles usually consist of a thin
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Fig. 7. (a) TEM photograph of Au nanoshells. The scale bar is 100 nm.
(b) High resolution TEM photograph of an individual Au nanoshell.

metallic (Au or Ag) shell around a dielectric core (such
as SiO2 or polystyrene) [37,39]. Recently, silver nanopar-
ticles including spheres [40,44,56], rods, cubes [33], and
triangular prisms [48] have been etched with HAuCl4 to
generate hollow particles. Sun and Xia generated seam-
less Au nanoshells having hollow interiors by combining
the replacement reaction with annealing [44]. The result-
ing nanoshells have plasmon resonances that are strongly
red-shifted compared to solid gold spheres, with a wave-
length that is tunable depending on the ratio of the shell
thickness to its diameter.

In our experiments [56], we synthesize Au nanoshells
using a similar approach to that of Sun and Xia [44], but
without annealing at elevated temperature. As shown in
Fig. 7, the Au nanoshells have a broad size distribution
ranging from 20 to 40 nm. The size distribution of the
nanoshells matches that of the Ag nanoparticle templates.
An important feature of these particles is the presence of
pinhole (several nm) structures, which may allow both
HAuCl4 and Ag+ to continuously diffuse across the shell

until the entire Ag template has been etched. Since a TEM
image is a 2-dimensioned view of the nanoparticles, the
white spots on the nanoshells represent the smallest size of
holes, as this is where the electron beams go through holes
in both the top and bottom of the nanoshells. The HRTEM
image (Fig. 7b) of an individual Au nanoshell shows that
the shell thickness for this particle is about 3.0 nm.

It has been demonstrated both experimentally and
theoretically that nanoshells exhibit interesting extinc-
tion spectra that are strongly dependent on size and shell
thickness [35,37–39]. Sometimes these nanoshells have
pinhole-like defects. However, it is not known how the
optical properties of the nanoshells depend on the pin-
hole structures. In order to provide insight into this, we
used Mie theory [61] and the DDA method to calculate
the extinction spectrum of the Au nanoshells.

The extinction spectrum of the initial silver particles
shows a narrow band at 400 nm, however the Au shell spec-
trum shows a broad maximum at 736 nm. Figure 8a shows
Mie theory results for perfect shells, demonstrating the
well-known result that the extinction spectrum is very sen-
sitive to the thickness, with the plasmon resonance shifting
red when thickness is decreased. Note that the dielectric
constant in the DDA calculations is corrected for finite
electron mean free path effects that are determined by the
shell thickness. Similar calculations performed without
this correction yield extinction spectra with sharper and
more intense features. These results are similar to results
for Au nanoshells with dielectric cores that were reported
by Halaset al. [39], and for hollow nanoshells reported
by Xia et al. [44].

Figure 8b shows that the DDA results for the perfect
shells are very similar to the Mie theory results (i.e., exact
electrodynamics) for the same size (Fig. 8b), thus demon-
strating that the DDA method is capable of describing
the shell electrodynamics adequately. Further DDA cal-
culations show that pinholes (2–5 nm in diameter) do not
affect the extinction spectra of the nanoshells. Thus ex-
cept for inhomogeneity, the calculated perfect nanoshell
spectrum for nanoshells that are 36 nm in diameter and
2.5 nm in thickness is sufficient to explain the experi-
mental observations. This result is different from what
was concluded in the nanocup studies of Charnayet al.
[62], who used FDTD calculations to show that cup struc-
tures (50 nm hole in a 50 nm radius shell whose thickness
is 25 nm) produce plasmon resonances that are strongly
shifted from the perfect shell resonances. In this case the
influence of the hole on the shell spectrum is significant,
as the area of the hole is comparable to the projected area
of the shell. This contrasts with what we considered here,
where our pinholes are only a few percent of the size of
the shell.
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Fig. 8. (a) Mie theory extinction spectra of Au nanoshells (18 nm in radii)
with varying shell thickness ranging from 2 to 4 nm. (b) DDA extinction
spectra of analogous Au nanoshells (18 nm in radii) with varying shell
thickness.

Local Electric Field Around Anisotropic
Metal Nanoparticles

Anisotropic metal nanoparticles may be attractive
for applications that use surface enhanced Raman spec-
troscopy for chemical and biological sensing. SERS has
been the subject of extensive studies, and it is generally
agreed that an important contribution to the SERS en-
hancement comes from the electromagnetic (EM) field en-
hancements that occur near the particle surface as a result
of plasmon excitation [63,64]. This E-field enhancement
in turn leads to enhanced Raman scattering intensities.
The electrodynamics of anisotropic metal nanoparticles

Fig. 9. The calculated extinction spectra of (a) silver nanodisks (size=40
nm, thickness= 9 nm); (b) silver triangular nanoprisms without snipping
(size= 60 nm, thickness= 12 nm; (c) 3-tip branched gold nanocrystals
(tip–tip distance= 48 nm, and thickness= 14 nm, snip= 4 nm); and
(d) gold nanoshells (radii= 18 nm, shell thickness= 3 nm).

has thus been of interest to estimates of the SERS en-
hancement factor.

Figure 9 shows the calculated extinction spectra of
metal nanoparticles for several of the shapes that we have
considered above, as well as other important shapes. The
triangular prism has a 60 nm edge dimension with a snip
of 2 nm and with a thickness of 12 nm. 36,480 dipoles
are used in the calculation. The dimensions of the Ag
nanodisks, Au nanoshells, and branched Au nanocrys-
tals are the same as discussed in Figs. 4, 6, and 8. Note
that the Au spectra are consistently broader than the Ag
spectra. This leads to more distinct multipole resonance
structure for Ag, but the wavelengths of the dipolar plas-
mon resonances for the Au and Ag particles are about
the same.

DDA methods can easily be modified to estimate
the electromagnetic field (E-field) near the particle sur-
face. Figure 10 shows the E-field enhancement for dif-
ferent shaped nanoparticles, plotted as contours of|E2|.
The E-field contours for Au nanospheres are similar to
that of the Ag nanospheres (as shown in Fig. 10a). The
peak E-field of the Au nanospheres at 520 nm is about
36 times the applied field. As shown in Fig. 10, the
anisotropic nanoparticles produce much stronger E-fields
than that of the nanospheres, particularly for nanopar-
ticles with sharp points such as triangular nanoprisms
and branched nanocrystals. For nanoshells, the pres-
ence of hole defects does not have obvious influence
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Fig. 10. E-field enhancement contours external to nanoparticles with different shapes, including
(a) Ag nanospheres (radii= 19 nm); (b) Ag nanodisks as described in Fig. 9; (c) and (d) Ag
triangular nanoprisms as described in Fig. 9; (e) three-tipped Au nanocrystals as described in Fig.
9; (f) Au nanoshells as described in Fig. 9, but with a hole defect (hole size= 3 nm).

on the extinction spectrum, but does create “hot” sites
where the E-field enhancements are comparable to those
of the triangular prisms, branched nanoparticles, and
nanorods. The ability to support large E-field enhance-
ments makes these anisotropic nanostructures very at-
tractive for applications in SERS and environmental
sensing.

SUMMARY AND FUTURE WORK

Using wet-chemical methods, we have demonstrated
that it is possible to synthesize several anisotropic metal
nanoparticles, including silver nanodisks, branched gold

nanocrystals, and gold nanoshells. In comparison to silver
and gold nanospheres, these new materials show intriguing
optical properties with tunable surface plasmon bands that
depend on the shapes of the particles.

For silver triangular nanoprisms, the DDA method
provides an accurate description of the experimental re-
sults, indicating that DDA is a powerful tool to study the
optical properties of metal nanoparticles with arbitrary
shapes. The calculated results show that the surface plas-
mon band of triangular nanoprisms is sensitive to the edge
length, to thickness, and to snipping. The long wavelength
in-plane dipole resonance shifts to the red when the edge
length is increased or the thickness is decreased, while
snipping always moves the plasmon resonance to the blue.
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The silver nanodisk synthesis provides new ideas
for the growth of anisotropic nanoparticles using sub-
micrometer sized templates in liquid media. The silver
nanodisks also exhibit interesting optical features that can
be simulated using the DDA calculations. In comparison
to silver nanospheres, the surface plasmon band strongly
shifts to the red, with the wavelength depending on thick-
ness and disk diameter. In many respects the optical prop-
erties of the silver disks are similar to that of smaller silver
triangles, however the disks do not require a photodriven
synthesis.

We also demonstrated that gold nanoparticles may
be synthesized that have branched structures, especially
3-tipped particles. This is a great addition to the family
of anisotropic nanoparticles. Gold triangular prisms were
generated half a century ago, but in low yield, without
distinctive tips, and in the micron-size range. For the first
time, we developed a synthesis in which anisotropic par-
ticles with one, two or three points are produced in high
overall yields. In addition, the extinction spectrum of these
gold nanoparticles is surprisingly homogeneous, with a
plasmon wavelength that is red shifted by more than 130
nm from that of gold nanospheres. The DDA calculations
predict that the relatively narrow absorption is dominated
by the distinctive tips, which is why the spectrum is not
strongly dependent on the number of tips.

Nanoshells provide another way to adjust the surface
plasmon band, here giving a plasmon wavelength that is
strongly dependent on shell thickness and particle diam-
eter. Our synthesis produces gold nanoshells with nano-
hole structures as indicated by TEM measurements. The
theoretical calculations suggest that these pinhole struc-
tures (only few nanometers in diameter) do not affect the
plasmon resonances of gold nanoshells.

SERS has been the subject of extensive studies, and
it is generally agreed that an important contribution to
the SERS enhancement comes from enhanced electro-
magnetic (EM) fields that are associated with plasmon
excitation. Using the DDA method, one can estimate the
SERS enhancement factor by calculating the enhanced E-
field near the particle surface. In comparison to gold and
silver nanospheres, the anisotropic nanoparticles can pro-
duce enormous E-field enhancements upon plasmon exci-
tation, where the peak E-fields typically occur close to the
sharp points for triangular prisms and branched nanopar-
ticles. The pinhole structures of the nanoshells also create
hot spots, leading to larger E-field enhancements. These
results suggest that the current generation of anisotropic
nanoparticles is not only of fundamental interest, but is
also very attractive for applications in SERS, second har-
monic Rayleigh scattering, and biological and chemical
sensors.

The study of anisotropic nanoparticles is an emerging
and rapidly developing research field. Although some suc-
cess has been achieved in generating anisotropic nanopar-
ticles, there are still great challenges, including (1) devel-
oping reliable approaches to different materials; (2) under-
standing the shape-guiding mechanisms, and therefore the
possibilities for systemic manipulation of the final struc-
tures; (3) developing new theoretical methods to better
describe the intriguing optical and electronic properties.
As described above, these novel materials have great po-
tential for advanced applications. However there is always
room for improvement, so the self-assembly and stabiliza-
tion of these materials with well-defined dimensions and
orientations on surfaces will be an attractive direction for
further research.
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