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he electron oscillations in metal

nanoparticles, known as surface

plasmons, dominate the optical re-
sponse of individual nanoparticles. When
two metal nanoparticles are placed in close
proximity to each other, the properties of
their surface plasmons are dramatically
modified." > This configuration of nanopar-
ticles is known as a “dimer” since the surface
plasmons of the individual nanoparticles
mix and hybridize in direct analogy with the
molecular orbital theoretical description of
the quantum states of diatomic molecules.
Also in analogy with diatomic molecules,
nanoparticle pairs can be formed” from
nanoparticles with indistinguishably identi-
cal properties—homodimers—or pairs of
metallic nanoparticles with differing
properties—heterodimers. The homodimer
has been studied extensively.2368-20 |n this
structure, the plasmon coupling increases
with decreased interparticle spacing, result-
ing in red-shifted energies of the hybrid-
ized modes®'>'” until the quantum regime
is obtained, where electron tunneling be-
tween the adjacent nanoparticles alters the
classical response.?'?2 This structure is of ex-
treme interest for surface-enhanced Raman
spectroscopy applications due to the high-
intensity “hot spot” formed in the junction
between nanoparticles when light polarized
along the interparticle axis excites the
dimer plasmon.23~3!

In contrast, the plasmonic heterodimer
is not nearly as well-studied or understood.
We can anticipate that this structure would
give rise to new physical effects not seen in
matched nanoparticle pairs. While plas-
monic nanostructures can support both
bright and dark modes,*? symmetry-
breaking relaxes selection rules and en-
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ABSTRACT Heterodimers—two closely adjacent metallic nanoparticles differing in size or shape—exemplify
a simple nanoscale geometry that gives rise to a remarkably rich set of properties. These include Fano resonances,
avoided crossing behavior, and a surprising dependence of the scattering spectrum on the direction of excitation,
known as the “optical nanodiode” effect. In a series of studies, we experimentally probe and theoretically analyze
these properties in heterodimer nanostructures, where nanoparticle size and plasmon resonance frequency are
varied systematically. Polarization-dependent dark-field microspectroscopy on individual heterodimer structures
fabricated using a novel electromigration assembly method allows us to examine these properties in detail. These
studies expand our understanding of the range of physical effects that can be observed in adjacent metallic
nanoparticle pairs.

KEYWORDS: dimer - Fano resonance - diode effect - plasmon
hybridization - electrostatic self-assembly

hances coupling between all of the plas-
mon modes of a nanostructure 333 In the
case of two adjacent, mismatched nanopar-
ticles, this allows modes with different char-
acteristics, such as angular momentum or
line shape, to interact strongly with each
other. These interactions can be a strong
function of interparticle distance, resulting
in energy shifts and avoided crossings of
the plasmon modes as the constituent
nanoparticles coalesce into the dimer struc-
ture. Interactions between broad and nar-
row resonant modes can occur, resulting in
a Fano resonance with its characteristically
asymmetric line shape. While first observed
in atomic systems, Fano resonances have
recently become evident in a wide range of
optical media, including excitonic systems,
metamaterials, and plasmonic
structures.3>~#! Fano resonances in plas-
monic media are of particular interest be-
cause they are extraordinarily sensitive to
their local dielectric environment. This sen-
sitivity may be exploitable in the develop-
ment of ultrasensitive chemical or
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biological nanosensors that show large optical effects
in response to individual molecular binding events. The
low scattering intensities associated with Fano reso-
nances make these modes of interest also in plasmonic
waveguide applications. Another property specific to
heterodimers is the “optical nanodiode” effect.*? For
two different, closely adjacent nanoparticles excited
with optical polarization transverse to the interparticle
axis, the optical response of the nanoparticle pair may
differ depending upon the direction of incident light.
This effect results from the asymmetric excitation of the
pair of nanoparticles in series, where the incident field
exciting the second nanoparticle arises both from far-
field incident light and from the near-field response of
the first nanoparticle. The asymmetry, which is a charac-
teristic feature of heterodimers, may enable the design
of nanoscale photonic diodes in nanophotonic circuits.

Size and shape variations of nanoparticles or nano-
structures that occur naturally within typical fabrica-
tion methods provide sufficient structural variation to
result in frequent occurrences of mismatched nanopar-
ticle or nanostructure pairs. The assembly of heteroge-
neous pairs of plasmonic nanoparticles with detuned
resonant properties offers a practical and systematic
method to explore this regime in experimentally realiz-
able nanostructures. In this article, we describe a series
of studies of the optical properties of individual plas-
monic heterodimers. Two types of heterodimer struc-
tures were studied: (1) dimers consisting of two solid Au
nanoparticles, where the relative nanoparticle size was
varied, and (2) dimers consisting of one solid Au nano-
particle in close proximity to a silica—Au nanoshell,
where the solid Au nanoparticle size was varied. The
heterodimers were assembled using an electromigra-
tion method developed for this purpose, which results
in the coalescence of isolated, individual nanoparticle
pairs on a dielectric substrate. The heterodimers were
studied using polarization-dependent dark-field mi-
crospectroscopy, correlated with scanning electron mi-
croscopy images of each dimer. This combination of
physical measurements allows us to study, in a system-
atic manner, how heterodimer properties such as Fano
resonances and the optical nanodiode effect depend
on the geometric properties of the heterodimer and its
constituent nanoparticles.

RESULTS AND DISCUSSION

Heterodimer Fabrication and Assembly. The dimers fabri-
cated and utilized in this study consisted of solid Au
spherical nanoparticles (NPs) and Au nanoshells
(NSs).#44 NPs with radii of 25, 50, and 75 nm were pur-
chased from Ted Pella, Inc. To remove excess surfactant
molecules, the colloidal suspensions were centrifuged
and resuspended in deionized water. Silica nanoparti-
cles with radii of 60 nm (Precision Colloid, 50 wt %) were
used as cores for NSs, which were fabricated by a previ-
ously reported method where CO was used as the re-
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ducing agent for chemical deposition of the metallic
shell.*46 The NSs were then rinsed by centrifugation
and resuspended in deionized water.

The dimer synthesis and sample preparation are il-
lustrated schematically in Figure 1. Combinations of
NP and NS suspensions, which ultimately determined
the composition of the heterodimers, were mixed in 1:1
volumetric ratios. Each mixture was deposited onto a
glass coverslip functionalized with
3-aminopropyltriethoxysilane (APTES). After deposi-
tion, the substrate-bound nanoparticles still remained
predominantly discrete, due to the electrostatic repul-
sion of their charged surfaces. The nanoparticles were
then functionalized with 11-mercaptoundecanol
(MUOH), which partially neutralized their surface
charge. Following MUOH functionalization, the nano-
particles coalesced on the substrate. After 8—24 h, the
nanoparticles had migrated along the substrate, having
formed dimers and other small aggregates; however,
their distribution on the substrate was too dense for
dark-field microspectroscopy on individual aggregate
structures. Therefore, all particles were removed from
the substrate by sonication in deionized water, which
resulted in a very stable suspension of dimers and other
aggregates. The particles were redeposited onto a glass
coverslip that was functionalized with poly(4-vinyl pyri-
dine) (PVP) and patterned with alignment markings.
These markings allowed us to determine the exact loca-
tion and orientation of individual dimers by using envi-
ronmental scanning electron microscopy (ESEM, FEI
Quanta 400). Further details of the dimer synthesis pro-
cedure are provided in the Supporting Information (Fig-
ures S1 and S2).

High-resolution ESEM images of the specific dimers
studied are shown in Figure 2. These consist of three
NP —NP heterodimers (Figure 2A—C) and three NP—NS
heterodimers (Figure 2D—F). In both sequences, the
size of a Au nanosphere (nanoparticle 1) is varied, while
the size of the adjacent nanoparticle (nanoparticle 2) is
essentially held constant. In sequence A—C, nanoparti-
cle 2 is a solid nanosphere; in sequence D—F, nanopar-
ticle 2 is a silica—Au nanoshell. Although dimer C is
technically a homodimer, we will refer to these nano-
structures collectively as heterodimers A—F in the sub-
sequent discussion of their properties.

Spectroscopic analysis of each dimer was performed
using an inverted dark-field microscope equipped with
a polarizing filter and a spectrometer.’® The incident
beam consisted of s-polarized white light from a halo-
gen lamp, and the angle of polarization parallel to the
plane of the sample was adjusted by rotating the
sample stage. Scattering spectra were obtained with
light polarized parallel and perpendicular to the dimer
axis. For each polarization angle, two measurements
were obtained, with the k-vector of the incident light
oriented in opposite directions, resulting in a total of
four polarized scattering spectra for each dimer.
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Figure 1. Schematic diagram of heterodimer synthesis. A 1:1 mixture of NPs and/or NSs is deposited onto a glass coverslip
functionalized with APTES (dark blue). The nanoparticles are functionalized with MUOH (black) and then released into wa-
ter via sonication. They are redeposited onto a glass coverslip functionalized with PVP (green). SEM images of (A) nanopar-
ticle deposition onto APTES, (B) MUOH functionalization, and (C) dimer deposition onto PVP.

Electromagnetic Simulations. Scattering spectra of the each structure. To achieve the closest possible agree-
heterodimers studied experimentally were calculated ment between our simulations and the experimentally
using the finite difference time domain (FDTD) method.  obtained spectra, a realistic dielectric function for Au
In each simulation, the nanoparticles in each dimer was used (JC).#” The heterodimers were simulated on a
were surrounded by a 2 nm dielectric layer with &€ = dielectric substrate®® with & = 2.25, with the dimer axis
2.25, corresponding to the MUOH layer adhering to parallel to the dielectric surface.

Figure 2. ESEM images of six individual dimers to be discussed in this paper. Dimers are on PVP-functionalized glass. Nano-
particles (NPs) are identified by facets and uniform contrast. Nanoshells (NSs) are identified by non-uniform contrast due to
the thin Au shell. (A—C) NP—NP heterodimers; (D—F) NP—NS heterodimers. See Table 1 for specific dimensions of the nano-
particles used in FDTD simulations.
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TABLE 1. Dimensions of Heterodimers in FDTD Simulations

dimer nanoparticle 1 nanoparticle 1 radius (nm) particle 2 particle 2 inner radius (nm) nanoparticle 2 outer radius (nm) gap size (nm)
A NP 24 NP 76,907 2
B NP 50 NP 76 4
C NP 76 NP 76 2
D NP 24 NS 66 84 2
E NP 50 NS 66 84 4
F NP 76 NS 66 84 2

“Minor and major axes, respectively.

All nanoparticles were assumed to be spheres, ex-
cept nanoparticle 2 in heterodimer A, which was mod-
eled as a prolate spheroid, in agreement with the ESEM
image of this structure (Figure 2A). This adjustment
was necessary because the scattering spectrum of a
prolate particle is broader and more red-shifted than
that of a spherical particle when the incident light is po-
larized parallel to the major axis (Supporting Informa-
tion Figure S3).

The interparticle gap of each heterodimer was deter-
mined by the geometry resulting in the best agree-
ment between the experimentally obtained and calcu-
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Figure 3. Experimental and theoretical scattering spectra for
heterodimers A—F with longitudinally polarized incident light.
Because the spectra for opposing k-vectors are identical due to
symmetry, theoretical spectra include only one direction of
propagation. Dimensions for each dimer simulation are given
in Table 1.

VOL. 4 = NO.2 = BROWN ET AL.

lated dimer spectra. As the size of the gap decreases,
the scattering spectrum red shifts when the incident
light is polarized parallel to the dimer axis.%'® With ex-
tremely small gaps and touching particles, many plas-
mon modes can be identified.' In this study, touching
particles can be excluded because each particle is
coated with a layer of MUOH molecules, and the experi-
mental spectra agree with simulations in which the in-
terparticle gap is 2—4 nm (Figure S3). The specific di-
mensions of the heterodimers used in our simulations
are listed in Table 1.

To simulate the optical excitation and collection ge-
ometries in our experiments, the incident light in our
simulations was s-polarized with the k-vector parallel to
the substrate, where the incident polarization angle
was adjusted slightly to achieve optimal agreement be-
tween experimental and theoretical spectra. Scattered
light from the simulations was collected in a 64° angu-
lar cone above the nanostructure, corresponding to the
collection angle defined by the dark-field objective
used in the experiments (NA = 0.9).

Longitudinal Excitation of Heterodimers. When the inci-
dent beam is polarized parallel to the dimer axis, the
plasmon modes of the constituent nanoparticles hy-
bridize, forming bonding and antibonding* het-
erodimer plasmon modes. The experimental and theo-
retical scattering spectra for heterodimers A—F for exci-
tation along the interparticle axis are shown in Figure
3. The spectra are displayed sequentially for direct com-
parison between the coupling of the smaller, size-
dependent Au nanosphere (nanoparticle 1) to the adja-
cent Au nanosphere (A—C) or Au nanoshell (D—F)
(nanoparticle 2).

It is immediately apparent upon comparison of
these spectra that the plasmonic properties of a solid
nanosphere coupled to either a second nanosphere
(A—CQ) or to a nanoshell (D—F) are remarkably similar.
This striking resemblance indicates that the plasmon
modes of nanoparticle 1 couple primarily with the plas-
mon modes associated with the outer surface of nano-
particle 2. In each spectrum, two main features can be
identified: a large, broad peak between 800 and 1000
nm in wavelength and a smaller peak appearing at a
wavelength of nominally 600 nm. As the size of nano-
particle 1 is increased, the larger peak broadens and red
shifts, while the smaller peak essentially retains its spec-
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Figure 4. (A) Absorption spectra for heterodimer A with dimensions scaled down to 10% of the actual size, where the dimer
is composed of spherical NPs with radii of 2.4 and 7.6 nm and a gap of 0.2 nm; (solid line) absorption calculated by FDTD us-
ing JC dielectric data; (dashed line) absorption calculated by the plasmon hybridization method using a Drude fit of the JC
data with an artificially small damping parameter of & = 0.01 eV. Plasmon modes are identified as follows: bonding
dipole—dipole (®gpp, dark blue), antibonding dipole—dipole (®app, green), bonding dipole—quadrupole (Pgpq, red), anti-
bonding dipole—quadrupole (Pxpq, light blue), and bonding dipole—octupole (®gpo, yellow). (B) Energies of the adiabatic
plasmon modes of heterodimer A as a function of interparticle gap size. Avoided crossing behavior between modes ¥, and
W5 and between W, and Ws are apparent. Plasmon hybridization diagrams for large (C) and small (D) gap sizes. In these dia-
grams, the dipolar energies of nanoparticles 1 and 2 are the same because the particles are in the quasistatic limit.

tral location at or near 600 nm. Because of the strong
similarity among these spectra, a more detailed analy-
sis of the plasmonic properties of heterodimer A will
provide the essential information to describe the plas-
mon mode behavior in all of these structures.

Plasmon Modes of Heterodimer A: Heterodimer A consists
of two adjacent Au nanospheres with one nanosphere
(nanoparticle 1) significantly smaller than the other
(nanoparticle 2). This size asymmetry provides the es-
sential physical mechanism for plasmon hybridization
in these structures: the dipole plasmon of the much
smaller nanoparticle can couple efficiently to both the
dipole and higher multipolar plasmons of the larger
nanoparticle.

To obtain accurate mode assignments for het-
erodimer A, a systematic comparison must be per-
formed between the experimentally observed spectral
features and the hybridized plasmon modes of the het-
erodimer in the quasistatic limit. This is because plas-
mon hybridization theory, necessary for rigorous mode
assignments, only applies to nanostructures in the qua-
sistatic limit. This comparison is accomplished by first
obtaining FDTD simulations of the heterodimer spec-
tra that agree quantitatively with the experimentally
obtained spectra, then by scaling down the nanoparti-
cle sizes in the FDTD simulations to the quasistatic limit.

www.acsnano.org

The scaled-down FDTD simulations then agree quanti-
tatively with the plasmon hybridization model and en-
able accurate mode assignments. Good agreement be-
tween FDTD simulations and experimental data has
already been shown in Figure 3. To simplify our analy-
sis for the identification of plasmon modes, we will ad-
just the geometry of heterodimer A from that reported
in Table 1 to a dimer composed of two spherical NPs
with radii of 24 and 76 nm and a gap size of 2 nm. To
simulate this structure in the quasistatic regime, we re-
duce its dimensions by 90%, such that the particles
have radii of 2.4 and 7.6 nm and a gap size of 0.2 nm.
In Figure 4A, we compare the absorption spectrum of
this reduced geometry calculated by FDTD (solid line)
with that calculated by the plasmon hybridization
method (dashed line), where we have used an artifi-
cially small damping parameter to more easily identify
peak positions. Excellent agreement between these two
approaches is obtained. This close correspondence en-
ables us to rigorously identify the plasmon modes of
heterodimer A.

In a homodimer, the inversion symmetry results in
plasmon modes that can be classified as symmetric or
antisymmetric. For longitudinal polarization, the sym-
metric modes are bonding modes and red shift with de-
creasing dimer separation; conversely, the antisymmet-
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ric modes are antibonding modes and blue shift with
decreasing dimer separation. Since the bonding and an-
tibonding modes belong to different irreducible repre-
sentations, the modes remain distinct for all interpar-
ticle separations and can cross each other. The lack of
a mirror plane in a heterodimer reduces the symmetry
of the overall structure and introduces coupling be-
tween all modes. To understand the plasmon modes re-
sponsible for the absorption spectrum of heterodimer
A, we analyze the evolution of the plasmon modes with
respect to interparticle separation, as shown in Figure
4B.

In this asymmetric dimer, the smaller nanoparticle 1
can couple to the dipolar and higher-energy multipo-
lar modes of the larger nanoparticle 2. From low to high
energy, the hybridized heterodimer modes that con-
tribute to the spectrum are denoted W, —V,. Due to the
reduced symmetry, the microscopic composition of
some of these states will change with interparticle sepa-
ration due to avoided crossings. We first consider the
plasmon modes for large dimer separations. In this limit,
hybridization is relatively weak, and the bonding and
antibonding plasmon modes are formed as illustrated
in Figure 4C. The modes are: (®gpp) the bonding
dipole—dipole (BDD) mode, resulting from symmetric
hybridization between the dipolar plasmon of nanopar-
ticle 1 with the dipolar plasmon of nanoparticle 2 (dark
blue); (Papp) the antibonding dipole—dipole (ADD)
mode, resulting from asymmetric hybridization be-
tween the dipolar plasmon of nanoparticle 1 with the
dipolar plasmon of nanoparticle 2 (green); (Pgpq) the
bonding dipole—quadrupole (BDQ) mode, resulting
from symmetric hybridization between the dipolar plas-
mon of nanoparticle 1 with the quadrupolar plasmon
of nanoparticle 2 (red); (Papg) the antibonding
dipole—quadrupole (ADQ) mode, resulting from the
asymmetric hybridization between the dipolar plasmon
of nanoparticle 1 with the quadrupolar plasmon of
nanoparticle 2 (light blue); (®gpo) the bonding
dipole—octupole mode (BDO), resulting from the sym-
metric hybridization between the dipolar plasmon of
nanoparticle 1 with the octupolar plasmon of nanopar-
ticle 2 (yellow).

In Figure 4B,D, we see how the hybridized plasmon
modes of the heterodimer are modified as the distance
between the two nanoparticles is decreased. The gap-
dependent interactions between modes determine the
energy of the hybridized modes in the intact het-
erodimer. This behavior is quite complex: in particular,
we see that several of the antibonding plasmon modes
exhibit avoided crossings with the bonding modes. A
more detailed analysis of the eigenstates is necessary to
interpret the exchange between plasmon mode ampli-
tudes that gives rise to this behavior.

Because the modes interact very strongly, the Hamil-
tonian matrix for this system is not diagonal. In the
present plasmon picture, each adiabatic plasmon mode
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(eigenvector) can be represented as a linear combina-
tion of the diabatic plasmon modes:*

[W,) = ool Peop) + Chop| Paoo) + CgDqu)BDQ> +
Canal Pana) T Copol Pepo) (1)

where C; are the separation-dependent expansion coef-
ficients of the ®; modes. The adiabatic energy trajecto-
ries shown in Figure 4B correspond to linear combina-
tions of the plasmon eigenvectors, each denoted by a
different color. The avoided crossing behavior observed
in this calculation arises due to the strong dependence
the coefficients of these modes have on interparticle
separation.

In Figure 5, the avoided crossing that occurs be-
tween V¥, and V3 seen in Figure 4B is examined in
greater detail. In Figure 5A, the adiabatic states ¥, and
W3 and dashed green and red curves with approximate
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Figure 5. Avoided crossing between plasmon modes of het-
erodimer A. (A) Solid curves are the adiabatic eigenstates W,
and W; with respect to gap size, as plotted in Figure 4B. Dot-
ted curves are the diabatic ®pp (green) and ®gpq (red)
states. (B) |Cgpp|? (blue), |Capp|? (green), and |Cgpq? (red) cal-
culated by the plasmon hybridization method for W3. |Capp|?
decreases at small gap sizes due to contributions from |Cg-
op|?, |Cepq|* and higher-order modes not shown. (C) Same co-
efficients in (B) calculated for W,. |Capo|? decreases at small
gap sizes in (C) due to contributions from |Cgpp|? and higher-
order modes not shown.
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values corresponding to the diabatic ®app and Pgpq
modes, respectively, are shown. At small gap sizes, V3
has less energy than the ®,pp mode because it also in-
teracts with higher modes. Figure 5B gives the squares
of the expansion coefficients C; for Ws. For large gap
sizes, |Capql? is equal to 0.9996, and |Capp|? and |Cappl?
are almost zero. As the nanoparticles approach each
other, W3 gradually transitions from the ®gpq mode to
the ®,pp mode with a crossover point at a gap of 0.7
nm. When the gap reaches 0.4 nm, |Capp|? begins to de-
crease due to contributions from |Cgppl|* |Cspal? and
other higher-order modes. At 0.2 nm, |Cappl? is still the
largest, with a value of 0.39. These data give clear evi-
dence that the peak at 2.64 eV in Figure 4A corresponds
to the ®,pp Mmode. The sum of these probabilities does
not equal 1.0 because the remaining ~35% is attribut-
able to other terms in the linear combination that are
not shown.

The amplitudes C; for the diabatic modes contribut-
ing to ¥, are given in Figure 5C. At large separations,
|Capp|? dominates with a value of 0.9996, and |Capql? is
almost zero. With decreasing gap size, the modes be-
gin to mix, resulting in a decrease of |Capp|? and an in-
crease of |Cgpgl>. Unlike the case for Ws, |Cappl? also be-
comes larger because the ®gpp mode experiences
significant coupling with the ®gpq mode. At about 0.5
nm, the contributions from ®gpp, Papp, and Pppq are
similar in magnitude, and for smaller separations, the
dgpp mode begins to dominate W,. At 0.2 nm, |Capgl?
has a value of 0.023, which is much greater than that for
|Capp|? at 1.97 X 107°. Therefore, we can assign the
peak at 2.56 eV in Figure 4C to the ®gpq mode. These
observations illustrate the true implications of non-
spherical symmetry in plasmonic systems, where each
energy level is in fact an extended mixture of many dif-
ferent hybridized modes rather than a single hybrid-
ized mode. Further evidence of this is seen in Support-
ing Information Figure S4, which shows the
probabilities of all five modes (Pgpp, Papp, Pepa, Panas
and dgpo) in the first four adiabatic eigenstates. For sim-
plicity, however, we assign W, to the ®dgpq mode and
W, to the ®gpp mode because, in Wy, |Cgpp|? has the
greatest contribution at all gap distances (Figure S4).

Similar avoided crossings exist for the higher-order
adiabatic eigenstates. As the states become closer at
higher energies, they experience increasingly complex
avoided crossings, where many exchanges between
plasmon modes can occur for a single eigenstate. For
example, in addition to the exchange of modes already
indicated between V¥, and Vs, closer inspection of Fig-
ure 4B reveals that ¥s undergoes an additional avoided
crossing with W at a gap of 0.3 nm. Similarly, ¥, under-
goes additional interactions with W3 at 0.3 nm, which
is why W5 decreases in energy below the diabatic ®app
state indicated in Figure 5A.

An understanding of these mode assignments al-
lows us to better interpret the relative peak ampli-

www.acsnano.org

1.0

1 0.9

-

o ¢
©
(<)
[

I I 0.7 ! 1 0.7
1 1
3 (0 ( 3 1
3 1 1 : 1
% J\M 8 h 0.6
S I g ]
g 1 5 { 1
3 N\ 05 & ! 0.5
Q [4)
< 1 2 1
1 1 1
1 1 0.4 1 0.4
1 1 1 {
1 ! 1
N\ 0.3 N\ 0.3
1 1 1
1 I
! 0.2 ! ! 0.2
1 1 1
1 1
1 1
1 0.1 ) 1 0.1
1 1 [
T — 1 i | L B S B |
400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 6. (A) Absorption and (B) scattering spectra calculated by FDTD
for heterodimer A scaled to different sizes. The bottom spectra corre-
spond to the quasistatic structure, which has spherical NPs with radii
of 2.4 and 7.6 nm and a gap size of 0.2 nm. In each subsequent spec-
trum, the size is scaled up by a factor of 0.1 until the experimental size
is reached, in which the dimer has NPs with radii of 24 and 76 nm
and a gap size of 2 nm. Dashed lines indicate the red shifting of the
Dgpq (red) and Pgpp (blue) modes.

tudes in the spectrum in Figure 4A. In the quasistatic
limit, the peak amplitudes are proportional to the
strength with which each mode couples to the inci-
dent light field, which is in turn determined by the
square of the overall dipole moment of that mode.
One would expect the ¥, mode to have the highest in-
tensity. However, in the plasmon hybridization spec-
trum, the W5 mode is the most intense, followed by the
V¥, and ¥, modes, with the W, mode having a slightly
higher intensity than the ¥; mode. Although the W3
mode is primarily a combination of the dipole modes
of nanoparticles 1 and 2, it also contains significant con-
tributions from higher-order modes of nanoparticle 2,
which enhance the strength of the overall dipole mo-
ment of the dimer for Ws.

As can be seen from the properties of heterodimer
A, which consists of a smaller nanosphere adjacent to
a larger one, a size disparity between nanoparticles re-
sults in significantly more complex plasmon mixing be-
havior than in the case of a homodimer. For small gap
sizes, the dipole mode in the smaller nanoparticle in-
duces a localized charge on the larger nanoparticle
(Supporting Information Figure S5). The overall charge
distribution in the larger nanoparticle is therefore al-
tered such that it is no longer purely dipolar in charac-
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a NP with a radius of 76 nm, and (B) a dimer consisting of each
of the nanoparticles in (A) and (C) with a gap of 2 nm. (A) and (C)
were calculated with Mie theory using unpolarized incident
light and the Drude model for the permittivity of Au. (B) was cal-
culated by FDTD using longitudinally polarized light. Blue lines
correspond to the ®gpp mode. Red lines correspond to the ®gpq
mode. (i—iii) Surface charge plot distributions of positive (red)
and negative (blue) charge intensities calculated by the finite el-
ement method. The plot in (i) predominantly exhibits the ®gpp
mode but also contains small, localized charge regions within
the junction that are not visible in this figure (see Supporting In-
formation Figure S5).

ter. As a result, higher-order modes in the larger nano-
particle couple more strongly to the dipole mode in the
smaller nanoparticle. This is the physical mechanism be-
hind the changes in the diabatic eigenstate probabili-
ties (Figure 5B,Q). Also, it means that contributions from
higher-order hybridized modes in a given eigenstate
actually increase the net dipole moment of the entire
dimer structure, allowing it to couple more strongly to
the incident light field. This is evident in the peak am-
plitudes of the modes in the quasistatic spectrum (Fig-
ure 4A).

Fano Resonance in Heterodimer A: With the plasmon modes
of heterodimer A identified, we examine the plasmonic
properties of the heterodimer A acquired in our experi-
mental studies, where size-dependent phase retarda-
tion effects are very important. Our starting point is to
rescale the size of the quasistatic geometry back to the
experimental regime. Figure 6A,B gives a series of ab-
sorption and scattering spectra, respectively, for differ-
ent sizes of heterodimer A, calculated by FDTD. The bot-

tom spectrum in each panel corresponds to the
quasistatic geometry previously introduced, and in
each subsequent spectrum, the heterodimer dimen-
sions are increased incrementally until the experimen-
tal dimensions (two nanospheres of radii 24 and 76 nm
with an interparticle gap of 2 nm) are reached (top
spectra).

As the dimensions of heterodimer A are increased,
retardation effects cause all modes to shift to lower en-
ergies. The dashed blue and red lines in Figure 6A,B rep-
resent the spectral shifts of the ®gpp and Pgpq Mmodes,
respectively. With increasing heterodimer size, the ®gpq
mode red shifts to a greater extent than the ®gpp mode.
In the full-size structure, the ®gpq mode overlaps the
®gpp mode in energy sufficiently to produce a Fano
resonance, indicated by a dip in the scattering
spectrum.

Figure 7 illustrates how the hybridization of the
Dppp and Pgpg modes gives rise to the Fano resonance
of heterodimer A in greater detail, by comparing the
spectra of the individual constituent nanoparticles with
the spectrum of heterodimer A. Panels A and C show
the dipole resonances of nanoparticles 1 and 2 at 2.61
and 2.35 eV, respectively; the quadrupole resonance of
nanoparticle 2 is at 2.63 eV. When the interparticle gap
is 2 nm (Figure 7B), the plasmon modes hybridize and
red shift in energy. The dipole resonances hybridize into
the ®gpp Mmode (blue), and the dipole of nanoparticle 1
and the quadrupole of nanoparticle 2 hybridize into the
Dgpg mode (red). The Pgpp and Pgpg modes couple
strongly to each other in the quasistatic limit (Figure
50). In the full-size structure (Figure 7B), the energy
shifts of these modes due to phase retardation cause
an increasing energy overlap, allowing them to couple
to an even greater extent, resulting in a Fano resonance.

Surface charge plots of heterodimer A at 2.44, 2.28,
and 2.09 eV provide a local field picture of the Fano
resonance (Figure 7i—iii). The charge distributions at
2.44 and 2.09 eV are consistent with the ®gpp mode.
However, in the spectral minimum at 2.28 eV, nanopar-
ticle 1 exhibits a dipolar pattern while nanoparticle 2 ex-
hibits a quadrupolar pattern. This charge distribution
corresponds to the ®gpg mode. This provides strong lo-
cal evidence that the ®gpq mode is narrow in compari-
son to the ®gpp mode, and that the coupling between
these two modes is what gives rise to the Fano
resonance.

Plasmon Modes of Heterodimers B— F: Following the identifi-
cation of the plasmon modes in heterodimer A, similar
mode assignments can be made for heterodimers B—F.
The plasmon hybridization schemes for heterodimers
B and C are comparable to the scheme of heterodimer
A, except that, as the size of nanoparticle 1 increases,
the dgpp mode red shifts and the dgpg mode retains its
location (Figure 3). This occurs due to changes in the
amount of coupling between the modes of the indi-
vidual nanoparticles. The progressively larger cross sec-
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tion of nanoparticle 1 results in a larger dipole mo-
ment closer in energy to that of nanoparticle 2.
Therefore, stronger coupling exists between the dipole
modes of the constituent particles, causing a red shift in
the ®gpp mode. However, now the coupling between
the dipole mode of nanoparticle 1 and the quadrupole
mode of nanoparticle 2 is weaker because these modes
are further apart in energy. This should cause the ®gpq
mode to blue shift but does not because it is balanced
by the red-shifted dipole mode of the larger size nano-
particle 1.

A similar argument can be made when comparing
the scattering spectra of heterodimers A—C to those
of heterodimers D—F (Figure 3). These spectra are virtu-
ally the same because plasmon coupling occurs prima-
rily at the surfaces of the nanoparticles, and when nano-
particle 2 is a nanoshell, the effective plasmon coupling
weakens due to the differences in energy of the plas-
mon resonances of the two nanoparticles. This should
cause a blue shift in the ®gpp and Pgpq Mmodes, but it
does not because it is balanced by the initially lower en-
ergy of the dipole resonance of the nanoshell. As a re-
sult, the ®gpp and Pgpg Modes in heterodimers D—F
have nearly the same energy as those in heterodimers
A-C.

Fano Resonances in Heterodimers B—F: Because the plas-
mon hybridization schemes for all heterodimers are
quite similar, they all support Fano resonances similar
to the one described for heterodimer A. As with het-
erodimer A, both peaks in the scattering spectrum cor-
respond to the ®gpp mode, and the dip corresponds to
the ®gpq mode (Supporting Information Figure S6).
However, when the size of nanoparticle 1 is increased
and the ®gpp mode is red-shifted, the two modes over-
lap less and the Fano resonance weakens. Replacing
the solid nanoparticle in dimers A—C with a nanoshell
in dimers D—F does not significantly alter the Fano
resonance because the plasmon energies of the corre-
sponding structures are nearly equal.

Dimer C is unique in that it is a homodimer with a
Fano resonance, while the rest of the structures are het-
erodimers. The presence of a Fano resonance in the
spectrum of this structure shows that strong asymme-
try is not always necessary to produce a Fano resonance
in a plasmonic nanostructure. Here, Fano resonances
are possible simply because dark modes of higher mul-
tipolar composition overlap with the bright continuum
of the ®gpp mode.® The nanoparticles do not need to
have different sizes for this to occur. Therefore, other
plasmonic homodimers consisting of spherical nano-
particles are expected to exhibit Fano resonances, as
long as the bright ®gpp and dark dgpq modes overlap
sufficiently in energy. For example, nanoshell ho-
modimers that were recently studied'® also show this
behavior. Although the nanoshells were slightly smaller
than those used in the present study, the spectrum for
longitudinal excitation of the strongly interacting dimer
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was strikingly similar to the spectra for dimers C and F
in Figure 3. It is therefore quite likely that the spectra of
the nanoshell dimers previously reported contain Fano
resonances (we have included surface charge plots of
nanoshell dimers that support this claim; see Figure S6
in the Supporting Information).

We have seen here that, although the experimental
geometries in Figure 2 show deviations from ideal
shapes, the theoretical fitting and assignment of plas-
mon modes is possible. In an arbitrarily selected dimer,
typical abnormalities in the geometry of the individual
particles might include rough surfaces, facets, or prolate
shapes. For incident polarization in the longitudinal di-
rection, such deviations will affect the scattering spectra
primarily when they are in the junction region of the
dimer or along the dimer axis. In our experiment, the
particles had sufficiently spheroidal shapes that an ad-
equate theoretical fitting and assignment of modes
could be performed satisfactorily.

Transverse Excitation of Heterodimers. Excitation of plas-
monic dimers with polarization transverse to the inter-
particle axis has received far less attention than the case
of longitudinal excitation because the field enhance-
ment and plasmon coupling are far weaker for this case.
In heterodimers composed of a solid Au nanosphere
(NP) and a Au nanoshell (NS), however, polarization in
the transverse direction gives rise to a striking asymme-
try in the scattering properties, depending on the direc-
tion of propagation of incident light.

Experimental and theoretical scattering spectra of
heterodimers A—F for transversely polarized incident
light are shown in Figure 8. Conditions for all spectra are
the same as those used to obtain the data in Figure 3,
except the angle of polarization is now perpendicular to
the dimer axis and parallel to the substrate with the
k-vector parallel to the dimer axis.

Heterodimers A—C have similar spectra, with a
single prominent peak appearing at nominally 600 nm.
This feature for heterodimer A is slightly red-shifted and
broader than for heterodimers B and C. This appears
to be because nanoparticle 2 in heterodimer A is pro-
late with a larger radius in the transverse direction. Het-
erodimers D—F have spectral features that are red-
shifted relative to the spectra of heterodimers A—C
due to the initially lower energy of the NS resonance.
Also, heterodimers D—F have noticeably different spec-
tra with increasing nanoparticle 1 size, particularly
when light is directed onto nanoparticle 1 first (green
curves).

Transverse Excitation of Heterodimer F: This asymmetric scat-
tering behavior may be understood by examining het-
erodimer F in detail since this heterodimer shows the
most prominent asymmetry of the heterodimers stud-
ied. With transverse excitation, plasmon coupling is
relatively weak, and therefore, the hybridized modes
have nearly the same energies as the modes of the con-
stituent nanoparticles (Figure 9A). In heterodimer F,
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Figure 8. Experimental and theoretical scattering spectra (calcu-
lated by FDTD) for heterodimers A—F with transversely polarized
incident light. The theoretical spectrum for heterodimer C in-
cludes only one direction of propagation due to the symmetry of

the structure. The theoretical spectra for opposing k-vectors in
heterodimers A and D are nearly identical.

the higher-energy mode is closer to the dipolar reso-
nance of the NP and the lower-energy mode is closer
to the dipolar resonance of the NS. These modes are the
transverse symmetric (®rs) and transverse antisymmet-
ric (dra) dipole resonances, respectively.

Using the plasmon hybridization method, we can
mathematically express the dipolar part of the ®1s and
®r, modes as linear combinations of the dipolar reso-

E nances of the nanoparticle (dbnp) and the nanoshell

(dns):

|@rs) = Cldye) + (\/1 - ?;2)|¢Ns> (2)

105 = —(V1 = e + Ce) 3)

where ( is a constant that depends on the relative ener-
gies of the NP and NS modes and their interaction
strength. In these expansions, the dyp, dns, Prs, and
®;, modes are orthonormal. Given that the ®s mode
is closest in energy to the ¢yp mode, we can conclude
that ¢np will have a significantly larger contribution
than ¢ys to the drs mode. Similarly, dbys will have a
larger contribution than ¢yp to the d7a mode. In eqgs 2
and 3, this condition is satisfied when { > (1 — (?)"2.
The asymmetric scattering behavior of the het-
erodimer is caused by retardation effects, that is, the fi-
nite speed of light. To understand the dependence of
the scattering spectra of the direction of excitation, we
generalize the argument put forward in an application
to metallic nanorings.>! For light incident from the left
where the incident light front first encounters the NP,
only the NP will be polarized (Figure 9B). The instanta-
neous polarization of the NP is equivalent to a superpo-
sition of both the ®15 and ®;4 modes. Since the O is
more NP-like, left-handed incidence will result in a
stronger excitation of ®rs. This can be seen in the E-field
enhancement shown in Figure 9D, calculated for 571
nm, the wavelength of excitation of the & mode. The
nanoparticle, on the left side of the figure, clearly has a
greater enhancement at its surface, indicating that it is
coupling more strongly to light than the nanoshell. In
the opposite case, where the incident light first encoun-
ters the nanoshell, the instantaneous polarization of
the NS (Figure 9C) results in a stronger excitation of the
®ra mode. Again, this is evident in the E-field plot (Fig-
ure 9E), where the nanoshell provides a higher near-
field amplitude than the nanoparticle at 675 nm, the
wavelength of excitation for the ®r, mode.
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Figure 9. (A) Schematic plasmon hybridization diagram of heterodimer F. Schematic polarization of the dimer when transversely polar-

ized incident light first encounters the NP (B) and NS (C). Electric field enhancement plots calculated by FDTD of the dimer when trans-
versely polarized incident light first encounters the NP (D) and the NS (E) at A = 571 and 675 nm, respectively.
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These data suggest that, when a certain particle is
excited more than the other, the corresponding hybrid-
ized mode is excited. We can examine this mathemati-
cally by rearranging eqs 2 and 3 to solve for the ¢yp and
dns modes:

o) = ClDrg) — (1 = D)oy, @)

|fns) = (\/1 - C2)|¢Ts> + C|Drp) (5)

These expressions clearly show that a transient po-
larization of the NP or the NS is equivalent to a coher-
ent superposition of both the ®1, and ®s modes. Us-
ing the condition that { >=> (1 — {)"?, it is evident that
a transient polarization of the NP is equivalent to a pre-
dominant excitation of the ®1s mode, while a transient
polarization of the NS results in a predominant excita-
tion of the ®1, mode.

A more detailed numerical investigation of the scat-
tering properties of heterodimer F is presented in Fig-
ure 10. In panel A, we compare the scattering spectra of
the dimer with the scattering spectra of the individual
NP and NS under the same simulation conditions. When
light incident on the heterodimer encounters the NS
first, the ®1, mode has a much higher intensity than the
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Figure 10. (A) Theoretical scattering spectra of a NP with a
radius of 75 nm (dashed green), a NS with an inner radius of
66 nm and an outer radius of 84 nm (dashed yellow), het-
erodimer F with transversely polarized incident light inci-
dent on the NP first (solid green), and heterodimer F with
transversely polarized incident light incident on the NS first
(solid yellow). (B) Scattering distribution of heterodimer F
with transversely polarized incident light incident on the NP
first (green) and the NS first (yellow). The blue shaded re-
gion represents the solid angle corresponding to collection
of scattered light from the structure. Both distributions in (B)
are for A = 675 nm light. All calculations were performed us-
ing three-dimensional finite difference time domain (FDTD)
simulations.
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higher-energy ®rs mode, which appears as a weak
shoulder. However, when the excitation direction is re-
versed and light incident on the heterodimer encoun-
ters the NP first, both modes decrease in intensity, and
the &5 mode is somewhat more prominent. These nu-
merical findings are in excellent agreement with the
qualitative picture according to eqs 2 and 4.

The angular distribution of the scattered light de-
pends on which hybridized mode is excited and thus on
to the direction of heterodimer excitation. The scattering
distributions for light of wavelength 675 nm incident on
the NS first (yellow) and on the NP first (green) are shown
in Figure 10B. The shaded region between 26 and 154°
represents the solid angle defined by the numerical aper-
ture of the dark-field objective used to collect the experi-
mental spectra. Since the cone angle encompasses a
larger portion of the NS first case (yellow pattern) than
the NP first case (green pattern), more light is collected
in the case of NS first excitation, which agrees with our ex-
perimental observation that the scattering spectrum for
the NS first case is significantly higher in intensity than the
case of NP first excitation. Such a prominent depen-
dence of the scattering behavior on the direction of inci-
dence of light suggests potential application of these
structures as photonic nanodiodes.

Transverse Excitation of Heterodimers A—E: The transverse ex-
citation scattering properties of the heterodimer are pri-
marily determined by the relative sizes of the scatter-
ing cross sections of each constituent nanoparticle. In
heterodimer F, the NS has a larger scattering cross sec-
tion than the NP (Figure 10A). In any dimer, if the scat-
tering cross section of one nanoparticle is significantly
larger than that of the adjacent nanoparticle, then the
larger nanoparticle will dominate the scattering proper-
ties regardless of which nanoparticle gets excited first.
For example, heterodimer F has the most noticeable dif-
ference in scattering spectra (Figure 8). Heterodimer E,
however, has only a slight asymmetry, and heterodimer
D has virtually no asymmetry at all. For heterodimer D,
the NS dominates the scattering properties of the
dimer. In this case, the much smaller NP has no effect
on the scattering properties of the much larger NS. Het-
erodimer E has a slight scattering asymmetry because
the scattering cross section of the NP is large enough to
have an effect on the overall scattering properties of
the heterodimer. This effect is even greater in het-
erodimer F, where the scattering cross section of the
NP is even larger.

Heterodimers A, B, and C exhibit only a very small
scattering asymmetry depending on the direction of in-
cident excitation (Figure 8). In these three cases, both
nanoparticles are solid nanospheres, and the dipolar
plasmons of the constituent nanoparticles are ex-
tremely close in energy for transversely polarized exci-
tation. In these cases, the symmetric and antisymmet-
ric modes have a much smaller difference in energy
than for longitudinal polarization excitation, and they
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cannot be distinguished in the scattering spectra. We
do observe in heterodimers B and C, however, that the
overall scattering distribution does change shape when
the two nanospheres become more equal in size. Al-
though heterodimer C was simulated as a homodimer,
resulting in identical theoretical spectra, deviations in
the experimental geometry caused asymmetric scatter-
ing profiles (Figure 8). We speculate that when nano-
particle 2 is excited first, the scattering intensity is larger
because the particle is slightly prolate (Figure 2C).

SUMMARY

Individual plasmonic heterodimers assembled by
an electrostatic surface migration method have been
studied using polarization-dependent dark-field mi-

METHODS

Dimer Synthesis. Au nanoparticles (NPs) and nanoshells (NSs)
were prepared as described in the text. Centrifugation speeds
and final concentrations of all NP suspensions are given in Sup-
porting Information Table S1. Extinction spectra of NP and NS so-
lutions were obtained by a Varian Cary 5000 UV—Vis—NIR spec-
trometer (Figure S2A). For the synthesis of heterodimers A, B, D,
E, and F, appropriate combinations of NP and NS suspensions
were combined in 1:1 volumetric ratios. NP—NP homodimers
(dimer C) were prepared with a rinsed suspension of NPs with ra-
dii of 75 nm.

Glass coverslips coated with (3-aminopropyl)triethoxysilane
(APTES, Sigma Aldrich) served as substrates for the surface mi-
gration of NPs and NSs. Coverslips with dimensions of 22 X 22
mm with 1.5 thickness (Fisher) were cleaned by oxygen plasma
for 1.5 min and placed in an ethanolic solution of 10% v/v APTES
for 30 min. Then they were rinsed and sonicated in 200 proof
ethanol for 5 min in a Teflon coverslip minirack (Invitrogen). Rins-
ing and sonication was repeated four times. Thorough cleaning
of APTES-functionalized substrates is important for removing
multilayers of APTES, which can cause aggregation of particles
upon deposition.

To ensure proper cross-linking of the APTES monolayer, the
coverslips were laid flat in a glass dish and annealed at 120 °C
for 30 min. The substrates were cooled to room temperature and
placed in the particle suspensions for 2 h. Then they were quickly
rinsed with ethanol and placed in an ethanolic solution of 1
mM 11-mercaptoundecanol (MUOH) overnight, during which
time the particles underwent surface migration to form dimers.
The substrates were rinsed with ethanol, let dry in a fume hood,
and sonicated one-by-one in 5 mL of deionized water, resulting
in very stable dimer suspensions. The particles/mL concentration
of each suspension increased as more substrates were soni-
cated (Figure S2B). After the desired concentration was reached,
the solutions were stored in sealed containers at room tempera-
ture. These suspensions remained stable for more than 8
months, requiring 10 min of sonication or less to redistribute
the particles (Figure S2Q).

Analysis of individual dimer structures by dark-field scatter-
ing was possible by mounting the dimers on glass substrates.
Fresh glass coverslips were cleaned with oxygen plasma for 1.5
min and placed in an ethanolic solution of 0.01 wt % poly(4-vinyl
pyridine) overnight. Then they were rinsed with ethanol and
dried with nitrogen gas. Indexed grids designed for transmis-
sion electron microscopy were attached to the substrates to
serve as stencils to prepare alignment markings. An electron
beam evaporator was used to evaporate a 2 nm adhesion layer
of Ti, followed by a 20 nm layer of Au. The grids were removed,
and a few drops of the fresh dimer suspensions were placed on
the substrates for 15 min to 3 h. The coverslips were lightly rinsed
with deionized water and dried in air in a fume hood. This re-

crospectroscopy. Analyzing our experimental observa-
tions of these structures using a combination of plas-
mon hybridization and FDTD, we are able to provide a
universal picture for understanding several of the
unique optical properties of these structures. Avoided
crossing behavior, Fano resonances, and asymmetric
scattering of heterodimer structures are all examined,
and the dependence of nanoparticle size and resonant
energy to these effects has been studied in detail. It is
remarkable that such a simple structure, consisting of
two adjacent metallic nanoparticles of mismatched size
and resonant energy, gives rise to this range of proper-
ties. As studies of plasmonic structures extend to more
complex geometries, it is likely that these, or analogous,
effects will be observable.

sulted in substrate-bound dimers spaced far apart for adequate
spectroscopic analysis without interference from neighboring
particles.

Dark-Field Microspectroscopy. The instrumentation for spectro-
scopic analyses of dimers was identical to that reported previ-
ously.” Briefly, the sample was placed on a rotatable stage on a
Zeiss Axiovert 200 MAT inverted optical microscope equipped
with a 100X dark-field objective with a numerical aperture of 0.9
(Zeiss). A halogen lamp served as a white light source. A linear
polarizing filter (LPVIS 100, Thorlabs) was placed in the incident
light path and rotated appropriately for s-polarization. To main-
tain s-polarized light at the sample plane, an aluminum disk with
a small wedge-shaped cutout was placed next to the polarizing
filter in order to block certain parts of the beam that would oth-
erwise reflect off of an annular mirror to result in mixed polariza-
tion. This configuration ensured not only a fixed polarization
angle with respect to the substrate but also a fixed direction of
incidence. Therefore, the polarization angle and direction of inci-
dence with respect to individual dimers could be adjusted by ro-
tating the sample itself. Spectroscopic data were collected with
an Acton Microspec 2150i spectrometer attached to a thermo-
electrically cooled CCD camera (Princeton Instruments Photon-
Max 512).

FEM Simulations. Surface charge plots of the dimers were ob-
tained by COMSOL Multiphysics, a commercial software that
uses the finite element method (FEM). The geometries of the
simulations were identical to those used in FDTD with the excep-
tion of all dielectric materials, including the MUOH passivation
layer, the PVP layer, and the substrate. These were removed to
avoid computational difficulties due to small mesh elements. Al-
though the absorption and scattering spectra were blue-shifted
from those in the FDTD simulations, hybridization between plas-
mon modes was the same. Therefore, charge plots were se-
lected at the appropriate wavelengths corresponding to those
in the FDTD simulations (Figure S6).
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Supporting Information Available: Scanning electron micros-

copy images and further discussion of electrostatic surface mi-
gration; experimental parameters for dimer synthesis; ensemble
extinction spectra of nanoparticles and nanoshells and suspen-
sions of heterodimers; backscattering spectra of heterodimer A
calculated by FDTD with different particle shapes and gap sizes;
probability as a function of dimer gap size calculated by the plas-
mon hybridization method for diabatic plasmon eigenstates in
the first four adiabatic states of heterodimer A; surface charge
plots of heterodimer A calculated by FEM at different viewing
angles; surface charge plots and accompanying extinction spec-
tra of heterodimers A—F and nanoshell homodimers calculated
by FEM with longitudinal excitation. This material is available free
of charge via the Internet at http://pubs.acs.org.
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