
Takuo Tanaka

RIKEN  Metamaterials Lab.
Hokkaido University Joint Lab.

Towards three-dimensional metamaterials

14:10-14:30  June 14, 2011  QNANO 2011@Visby, Sweden

1．Plasmonic Metamaterials  - Background

2．Structures of plasmonic metamaterials that works in 
visible light region

3.  Two different fabrication techniques for 3D metamaterials
     - Two-photon-induced metal ion reduction
     - Self-organization process using DNA template
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Expansion of material variety along ε& µ direction
in particular µ-direction!!

Extend the variety of electromagnetic 
properties of materials

How to create magnetic material 
using non-magnetic substances?

Fe Cu Al

attract no force

Fe Cu Al

Coil

Shapes and structures 
creates new electro-
magnetic properties

electromagnet

Circular current

Applied magnetic field

Integrate a mechanism which creates magnetic response

Metallic ring structure
Current (Motion/Vibration of electrons)

Induced current: J

How to create artificial magnetism in high freq. band

C: capacitance
L: inductance=

resonant frequency:

Introduce slits (gaps) as capacitance

L
C

To gain large magnetic responses

Using plasmonic oscillation of free electrons inside the 
metal nano structures for control both ε&μ

Change of effective mass of electron -> change ωp -> change ε
Electron’s oscillation (Current flow) -> change μ

Plasmonic metamaterial Theoretically investigation of metamaterials in visible region

A. Ishikawa, T. Tanaka, S. Kawata, Phys. Rev. Lett. 95, 237401 (2005).

Rs:surface resistance
Xs:internal reactance
τ:penetration depth
w :width of the ring

Zs = Rs + i Xs

Internal Impedance
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   F   : filling factor
  Cg   : geometrical capacitance
  Lg   : geometrical inductance
Z(ω) : impedance of the circuit

A. Ishikawa, T. Tanaka, S. Kawata, PRL 95, 237401 (2005).

Internal Impedance

Rs:surface resistance
Xs:internal reactance
τ:penetration depth
w :width of the ring

Zs = Rs + i Xs

Properties of metals

s

for F = 6.41%
εr = 2.25 (e.g. glass)
w = τ = 2.5 δ(ω)

The saturation of the magnetic responses
due to the decrease of resonator size (L)

frequency dependence of μRe

l is fixed

Phys. Rev. Lett. 95, 237401 (2005).

frequency ~ 100THz 100THz ~

structure

required large C & wide ring small C & large L

resonant
frequency

magnetic
response

decreased due to
resistance: Rs

saturation due to
the decrease of L

double ring SRR single ring SRR

Design strategy of nano-resonator

J. Opt. Soc. Am. B, 24, 510 (2007).
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How to make?

Requirements for metamaterials

1. plasmonic material
     low resistivity (good conductor)  ->  metal 

2. resonator with high Q-value 
     shape shoud be well designed
     resonant frequency -> C, L

3. Array
     Three-dimensional array structure

Resolution metal 3D

Photolithography △ ○ ×(2D)
E-beam lithography ○ ○ ×(2D)
nanoimprint ○ △ ×(2D)
Focused Ion Beam/
FIB-CVD ○ ×

4x10-6Ωm
○

Bulk silver
Resistivity=1.62 x 10-8 Ωm

nano-scale 3D metal strcuture

Developed new fabrication technique for 
3D metal structures.

(1) Two-photon reduction technique

・T. Tanaka et. al, Appl. Phys. Lett. 88, 81107 (2006).
・JPN Patent Applied 　 2003-175819, 2005-96327
・USPatent  10/808,517

Two-photon reduction technique
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Absorption spectrum of Ag+

Wavelength of Laser(800nm)

Irradiation UV light (One photon absorption)

Ions on the light path were 
reduced

metallize ions only at the laser beam spot．

Metal-ions

not suitable for 3D fabrication

Two-photon absorption

Irradiate tightly focused fsec pulse NIR laser

Energy of two photons are added.
Equivalent to UV irradiation 
at the laser beam spot.

・T. Tanaka et. al, Appl. Phys. Lett. 88, 81107 (2006).
・JPN Patent Applied 　 2003-175819, 2005-96327
・USPatent  10/808,517

Direct drawing metal structures by light spot
SilverGold

diameter = 10,  20µm

AuHCl4 AgNO3

Two-photon reduction of complex metal ions
Au3+ doped PMMA
（λ=800nm, two-photon reduction, Stage-scan ）
Direct drawing of Au wires of 1μｍ in width.

High conductive metal structures

1.5μｍ

2μｍ

2!m

Metail Ions

fsec laser

Ag+

Ag

reduction

Surfactant

Inhibit metal growth

Surfactant assisted improvement of resolution

+

Inhibitor of crystalization
Surfactant

N-Decanoylsarcosine Sodium(NDSS)

hydrophilichydrophobic

Y. Cao, N. Takeyasu, and T. Tanaka, Small 5,  1144 (2009)

Laser beam spot

120nm
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Fabricate nano-scale 3D metal structures

Self-standing on 
glass substrate

Y. Cao, N. Takeyasu, 
and T. Tanaka, Small 5,  
1144 (2009)

JP Patent2008-077913

(2)  For mass production

frequency ~ 100THz 100THz ~

structure

required large C & wide ring small C & large L

resonant
frequency

magnetic
response

decreased due to
resistance: Rs

saturation due to
the decrease of L

double ring SRR single ring SRR

Design strategy of nano-resonator
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Nano-size metal particles aligned roundly 300 nm

10 trillion (1013) gold rings in 1 cm-3

~100 nm

20 nm

Ohshiro, T.; Zako, T.; Watanabe-Tamaki, R.; Tanaka, T.; 
Maeda, M. Chem. Commun., 2010, 46, 6132-6134.

gold NP
ligand
DNA

template
DNA

supporting
DNA

-SH

building block

Ohshiro, T.; Zako, T.; Watanabe-Tamaki, R.; Tanaka, T.; 
Maeda, M. Chem. Commun., 2010, 46, 6132-6134.

gold NP
ligand
DNA

template
DNA

supporting
DNA

-SH

d ≒ 20 nm

58 mer ≒ 19.7 nm

Ohshiro, T.; Zako, T.; Watanabe-Tamaki, R.; Tanaka, T.; 
Maeda, M. Chem. Commun., 2010, 46, 6132-6134.

gold trimer ring

Preparation of gold trimer ring

-

+ 0.5 TBE buffer
2 % AG
100 V

hybridization

overnight at r.t.

dimer
trimer

cross-
link 

UV
irradiation

cross-linker: 
psoralen

Electrophoresis

AFM observations : monomer

scan area = 2.5 !m " 2.5 !m
z scale = 25 nm

height image phase image

AFM observations : trimer

z scale = 22 nm
scan area = 2.5 !m " 2.5 !m

height image phase image

STEM observation of triangle rings

TEM

SEM

Gap : ~1 nm

CL1 used trimer
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Conclusion

・Brief introduction of plasmonic metamaterials 

・Fabrication techniques for 3D metamaterials
         Two-photon reduction technique.
              Inhibition of crystallization of metal is crucial

         Self-organized formation of metal ring structure
             using DNA-templates

building block

Ohshiro, T.; Zako, T.; Watanabe-Tamaki, R.; Tanaka, T.; Maeda, M. 
Chem. Commun., 2010, 46, 6132-6134.

gold NP
ligand
DNA

template
DNA

supporting
DNA

-SH

d ≒ 20 nm

58 mer ≒ 19.7 nm

Ohshiro, T.; Zako, T.; Watanabe-Tamaki, R.; Tanaka, T.; Maeda, M. 
Chem. Commun., 2010, 46, 6132-6134.

gold trimer ring

-

+

agarose gel 
electrophoresis 
(AGE) separation

0.5 TBE buffer
2 % AG
100 V
40 min

AGE

-

+ 0.5 TBE buffer
2 % AG
100 V
70 min

Preparation of gold trimer ring

hybridization
overnight at r.t.

dimer
trimer

cross-
link 

UV
irradiation

cross-linker: 
psoralen

STEM observation of nanostructure

30 nm30 nm 30 nm

30 nm

trimerdimermonomer

gap = a few nanometers

capillary force
during dryingd ≒ 20 nm

58 mer ≒ 19.7 nm



Experimental
modified with 3-aminopropyl 
trimethoxysilane (APTMS) 
providing positive charges

quartz, t = 0.15 mm

colloid solutions
-monomer
-dimer
-trimer

concentration ~0.35 nM

immersion for 1 h

gradual 
dilution by 
TBE buffer

gradual 
dilution by 
water

gold NPs 
adsorbed on 
both sides

AFM observations : monomer

scan area = 2.5 !m " 2.5 !m

z scale = 25 nm

height image phase image

AFM observations : dimer

scan area = 2.5 !m " 2.5 !m

z scale = 23 nm

height image phase image

AFM observations : trimer

z scale = 22 nm

scan area = 2.5 !m " 2.5 !m

height image phase image
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Transmission spectra

vis-spectrometer: UV3600 (Shimadzu)

normal incident, unpolarized

light
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- detailed observation & analysis on ring geometry
- numerical calculation

Spectral changes

split

polarized in the y-direction thus contribute equally to the particle
polarization at infinite separation, and there is no internal phase
shift !.

To understand the origin of the spectral peaks seen in the
experimental data, we combined the symmetry analysis tech-
nique described above with the DDA calculations. The latter
yield the elementary polarizations p(r) of all mesh elements
within each trimer configuration as a function of wavelength.
We sum the elementary polarizations for each particle and
wavelength to obtain the corresponding total dipole moment
components in the x- and y-directions, i.e. the vector P("). This
is then projected on the different SACs. Figure 5 shows the
results of this procedure for the case of a strongly interacting
trimer (d ) 40 nm) illuminated with y-polarized light. As
expected, we find that only the YB and YAB SACs have non-
negligible weights, i.e. the particle polarizations can be described
as P ) A(aYB + bei!YAB) as above. However, the contribution
of the two SACs, quantified as a/(a + b) and b/(a + b),
respectively, varies strongly with wavelength, as does the
relative phase shift !.

Far from the resonances, i.e. at the end points of the spectral
range displayed, one finds that the contributions from the two
SACs gradually approach 50%, while the phase shift vanishes.
The reason for this behavior is simply that the interaction
between the particles decreases rapidly as one deviates from
resonance, which means that the particle polarizations have to
be the same as for three particles far away from each other, i.e.
given by the polarization direction of the incident field. That
this is the case can also be seen from the actual dipole
orientations displayed at the top of the figure. Close to
resonance, on the other hand, the contributions from the two
SACs vary strongly with wavelength. Specifically, the long-
wavelength peak is dominated by the low-energy bonding SAC
YB, while the high energy peak is dominated by the antibonding
YAB SAC, as expected. This is also evident by comparing the
particle polarization patterns corresponding to the two resonance
positions, displayed at the top of the figure, with the displace-

ment patterns of the two SACs shown in Figure 4. To further
illustrate how the different particles contribute to each resonance,
we show in Figure 6 FDTD simulations of the electric-field
enhancement pattern. When the calculation is performed at the
long-wavelength resonance, we see a pattern dominated by the
dipolar near-field of the upper particle, while the two lower
particles contribute weakly with dipole fields slightly inclined
toward the center of the trimer. In the case of the short-
wavelength resonance, the situation is reversed: the upper
particle is almost dark and the field pattern is completely
dominated by the two lower particles, which generates dipole
fields inclined outward from the center of the trimer. These field
patterns are thus fully consistent with the dipole oscillation
patterns displayed in Figure 5.

With the dipole patterns discussed above in mind, we can
return to the question of why the plasmon shifts as a function
of separation are so different to the dimer case. We recall that
the red-shifted dimer mode corresponds to an in-phase dipole
oscillation parallel to the dipole axis while the weakly blue-
shifted mode corresponds to an in-phase oscillation oriented
perpendicular to the dimer axis. In the quasi-static point-dipole
approximation of two particles of radius a described by a Drude
dielectric function, the frequency of these modes as a function
of separation d are #LSP!1 - 2(a/d)3 and #LSP!1 + (a/d)3,
respectively, where #LSP ) #P/!3 is the single particle
resonance frequency (see for example ref 25). The former
relation gives the physical background to the “plasmon ruler”
dependence mentioned above. However, the dimer also supports
two dipole forbidden normal modes that correspond to antiphase
dipole oscillations parallel and perpendicular to the dimer axis.
The energy of these modes are #LSP!1 + 2(a/d)3 and #LSP!1
- (a/d)3, respectively. From Figure 4, we see that the YB SAC
is dominated by an in-phase dipole coupling along the y-axis
that will cause a red-shift, but there is also a smaller antiphase

Figure 5. Particle dipole moments from DDA simulations and
projection on SACs for an edge-to-edge separation of d ) 40 nm. The
upper four figures show trimer dipole moments obtained by summing
all discrete dipoles from DDA simulations performed at the wavelengths
marked in the extinction spectrum shown in the main figure, which
also shows the contribution and relative phase shift between the
y-polarized bonding and antibonding modes that build up the trimer
dipole pattern. Figure 6. Electric field enhancement distributions obtained from FDTD

simulation of a Ag trimer (D ) 100 nm, t ) 20 nm, d ) 40 nm) in
immersion oil (n ) 1.51) at the peak wavelengths indicated in the
accompanying extinction spectrum. The field plot is made in a plane 3
nm above the particle surfaces.
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Figure 2b displays DDA results for trimers as a function of
separation distance for the same polarization geometry as in
the experiment. It is clear that these simulations capture the
main features observed in the experiments, i.e. the splitting of
the single particle plasmon and the gradual interchange of
spectral weight between the two modes as d decreases. In
agreement with the experiments, the DDA simulations were also
found to be independent of in-plane polarization. The differences
between experimental and theoretical spectra are of the same
magnitude as in many previous reports and are difficult to
pinpoint. Possible causes for differences include slight deviations
in particle shape, size, and separation between experiment and
theory, errors in the dielectric function used for the simulations,
differences in the excitation geometry (dark-field configuration
vs normal incidence), and inhomogeneous broadening and weak
long-range coupling15 effects present in the experiment but not
in the simulation.

It is interesting to compare the spectral shifts observed for
the trimers to what has previously been reported for dimers
composed of Ag particles of similar diameter D. Figure 3
summarizes the evolution of the relative trimer peak shifts
!!LSP/!LSP as a function scaling parameter x ) d/D. As a
comparison, we have also included the “plasmon ruler” curve
!!LSP/!LSP ) a exp[-bx], with a ) 0.37 and b ) 0.22, for the
red-shifted dimer mode from ref 10. It is clear that there are
substantial quantitative differences between the two systems:
As mentioned above, the trimer exhibits a clear peak split
already at large separations, of the order 10% at d/D ! 1. To
observe a similar peak split for the dimer, the separation has to
decrease to d/D ! 0.5.10 At small separations, on the other hand,
the dimer exhibits a larger peak split than the trimer, up to "25%
for the shortest particle separation investigated (d/D ) 0.105)
in ref 10 compared to "20% for the trimer at d/D ) 0.1. Also
note that the latter effect results from the combination of a
substantial blue-shift of the short-wavelength peak and a red-
shift of the long-wavelength peak, whereas the peak split for
the dimer almost exclusively results from a rapid red-shift of
the long-wavelength peak at short separations.

In order to understand the spectral evolution described above,
we utilize group theory. This methodology can be used to
analyze plasmon modes in particle systems of well-defined
spatial symmetry, see refs 23 and 24 for recent examples
connected to metamaterials research. The trimers investigated

here belong to the D3h point-group, characterized by a 3-fold
rotation axis normal to the sample surface and vertical mirror
symmetry due to the uniform refractive index surrounding the
disks. As mentioned in the introduction, Brandl et al. thoroughly
analyzed the case of three spheres with D3h symmetry.17

Following that work, one can, using the projector operator
technique, find an orthonormal basis set of dipolar displace-
ments, so-called symmetry adapted coordinates (SACs), that
constitute irreducible representations of the D3h point-group.
There are a total of nine SACs, matching the original nine
degenerate dipolar degrees-of-freedom of three independent
particles. The SACs that correspond to in-plane displacements
are shown in Figure 4 (the out-of plane modes are not considered
further, as they are not excited in the experimental illumination
configuration). As can be seen from Figure 4, the in-plane SACs
fall into two classes: those with vanishing total dipole moment,
i.e. the breathing (B) and rotation (R) SACs, and those with a
finite moment. The latter belong to the E’ representation of the
D3h point group and are expected to dominate the optical
response. As delineated in,17 the E! SACs are 2-fold degenerate:
Referring to Figure 4, XB and YB represent “bonding”, or low-
energy, combinations of the individual dipolar oscillations, while
the XAB and YAB SACs constitute antibonding, or high-energy,
combinations. The energy of the different dipole combinations
can be understood by analogy with the dimer case, i.e. an
interaction mainly along the dipole orientation leads to a red-
shifted/low-energy mode while an interaction mainly perpen-
dicular to the dipole axis leads to a blue-shift/high energy.
However, the two 2-fold degenerate real dipole-active normal
modes of a trimer will always be a linear combination of the
four E! SACs.

As an example, consider the case when the particles are far
apart and illuminated with a plane wave polarized in the
y-direction. With the x-axis in the horizontal direction in Figure
4 and defining the upper, lower left, and lower right particles
as particle no. 1, 2, and 3, respectively, the dipole moments
can be described as a vector P ) [P1

x P1
y P2

x P2
y P3

x P3
y]T.

Three noninteracting particles polarized in the y-direction can
then be described as P ) A*[0 1/#3 0 1/#3 0 1/#3 ]T, where
A ) |A|ei" is a wavelength dependent complex constant the
magnitude of which determines the dipole strength and the phase
of which refers to the phase shift in relation to the incident field
(0 for wavelengths well to the red of the particle resonance and
# well to the blue). By projecting P on the SACs, one finds
that P ) A(aYB + bei$YAB) with YB ) 1/#6[0 2 #3/2 1/2
-#3/2 1/2 ]T, YAB ) 1/#6[0 0 -#3/2 3/2 #3/2 3/2 ]T and a
) b ) 1/#2, $ ) 0. The bonding and antibonding SACs

Figure 3. Relative shift in plasmon resonance wavelength versus
scaling parameter d/D obtained from experimental trimer data (triangles)
and DDA calculations (squares). The dashed line illustrates the
corresponding variation for the long-wavelength plasmon of Ag dimers
according to ref 10.

Figure 4. In-plane symmetry adapted coordinates (SACs) for dipolar
modes in a trimer system with D3h symmetry. The six linearly
independent SACs form an orthonormal system that can be used as a
basis for an arbitrary combination of in-plane particle dipoles. “B”
stands for the collective breathing-mode, “R” for the rotation mode,
XB/YB for the bonding (low energy) modes polarized along x/y and
XAB/YAB stands for the corresponding antibonding (high energy) modes.

Silver Trimers J. Phys. Chem. C, Vol. 112, No. 37, 2008 14315reference antibonding
(high-energy)

bonding
(low-energy)

polarized in the y-direction thus contribute equally to the particle
polarization at infinite separation, and there is no internal phase
shift !.

To understand the origin of the spectral peaks seen in the
experimental data, we combined the symmetry analysis tech-
nique described above with the DDA calculations. The latter
yield the elementary polarizations p(r) of all mesh elements
within each trimer configuration as a function of wavelength.
We sum the elementary polarizations for each particle and
wavelength to obtain the corresponding total dipole moment
components in the x- and y-directions, i.e. the vector P("). This
is then projected on the different SACs. Figure 5 shows the
results of this procedure for the case of a strongly interacting
trimer (d ) 40 nm) illuminated with y-polarized light. As
expected, we find that only the YB and YAB SACs have non-
negligible weights, i.e. the particle polarizations can be described
as P ) A(aYB + bei!YAB) as above. However, the contribution
of the two SACs, quantified as a/(a + b) and b/(a + b),
respectively, varies strongly with wavelength, as does the
relative phase shift !.

Far from the resonances, i.e. at the end points of the spectral
range displayed, one finds that the contributions from the two
SACs gradually approach 50%, while the phase shift vanishes.
The reason for this behavior is simply that the interaction
between the particles decreases rapidly as one deviates from
resonance, which means that the particle polarizations have to
be the same as for three particles far away from each other, i.e.
given by the polarization direction of the incident field. That
this is the case can also be seen from the actual dipole
orientations displayed at the top of the figure. Close to
resonance, on the other hand, the contributions from the two
SACs vary strongly with wavelength. Specifically, the long-
wavelength peak is dominated by the low-energy bonding SAC
YB, while the high energy peak is dominated by the antibonding
YAB SAC, as expected. This is also evident by comparing the
particle polarization patterns corresponding to the two resonance
positions, displayed at the top of the figure, with the displace-

ment patterns of the two SACs shown in Figure 4. To further
illustrate how the different particles contribute to each resonance,
we show in Figure 6 FDTD simulations of the electric-field
enhancement pattern. When the calculation is performed at the
long-wavelength resonance, we see a pattern dominated by the
dipolar near-field of the upper particle, while the two lower
particles contribute weakly with dipole fields slightly inclined
toward the center of the trimer. In the case of the short-
wavelength resonance, the situation is reversed: the upper
particle is almost dark and the field pattern is completely
dominated by the two lower particles, which generates dipole
fields inclined outward from the center of the trimer. These field
patterns are thus fully consistent with the dipole oscillation
patterns displayed in Figure 5.

With the dipole patterns discussed above in mind, we can
return to the question of why the plasmon shifts as a function
of separation are so different to the dimer case. We recall that
the red-shifted dimer mode corresponds to an in-phase dipole
oscillation parallel to the dipole axis while the weakly blue-
shifted mode corresponds to an in-phase oscillation oriented
perpendicular to the dimer axis. In the quasi-static point-dipole
approximation of two particles of radius a described by a Drude
dielectric function, the frequency of these modes as a function
of separation d are #LSP!1 - 2(a/d)3 and #LSP!1 + (a/d)3,
respectively, where #LSP ) #P/!3 is the single particle
resonance frequency (see for example ref 25). The former
relation gives the physical background to the “plasmon ruler”
dependence mentioned above. However, the dimer also supports
two dipole forbidden normal modes that correspond to antiphase
dipole oscillations parallel and perpendicular to the dimer axis.
The energy of these modes are #LSP!1 + 2(a/d)3 and #LSP!1
- (a/d)3, respectively. From Figure 4, we see that the YB SAC
is dominated by an in-phase dipole coupling along the y-axis
that will cause a red-shift, but there is also a smaller antiphase

Figure 5. Particle dipole moments from DDA simulations and
projection on SACs for an edge-to-edge separation of d ) 40 nm. The
upper four figures show trimer dipole moments obtained by summing
all discrete dipoles from DDA simulations performed at the wavelengths
marked in the extinction spectrum shown in the main figure, which
also shows the contribution and relative phase shift between the
y-polarized bonding and antibonding modes that build up the trimer
dipole pattern. Figure 6. Electric field enhancement distributions obtained from FDTD

simulation of a Ag trimer (D ) 100 nm, t ) 20 nm, d ) 40 nm) in
immersion oil (n ) 1.51) at the peak wavelengths indicated in the
accompanying extinction spectrum. The field plot is made in a plane 3
nm above the particle surfaces.
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and !B ) 9.5 eV. We see a slight red-shift of the plasmon
energies in FDTD when compared to plasmon hybridization.
This is an effect of phase retardation and discrete errors
introduced on the finite grid.26-28 Nevertheless, we see very
good agreement between the two methods. The agreement of
the in-plane spectra is better for the quadrumer system than the
trimer because the geometry of a quadrumer is described better
by the Cartesian grid utilized by the FDTD algorithm.
For in-plane excitations, light only couples to modes of E!

(trimer) and Eu (quadrumer) symmetry. The higher l modes of
this symmetry are dipole-active because of the hybridization
with l ) 1 plasmons. The situation is analogous to nanoparticle
dimers where the admixture of dipolar nanoparticle plasmons
make higher-order l dimer plasmons visible. For the trimer and
quadrumer, the dipole active plasmon modes lie much closer
in energy than for a dimer. A consequence of this is that a
realistic plasmon broadening will prevent individual higher l
plasmon modes from being resolved. A comparison of the
spectra for D ) 21 nm in Figures 7 and 8 with the spectra in
Figures 1b and 4b reveals that the higher-energy peaks around
3.5 eV for in-plane excitations are built up by several smaller
peaks corresponding to higher multipolar order trimer and
quadrumer plasmon resonances.
It is interesting to compare the spectra for the trimer and

quadrumer with the absorption spectrum from a dimer of the
same interparticle separation D ) 21 nm.19 For the dimer, the
absorption spectrum reveals a strong feature at 3.08 eV whereas
the lowest-energy visible resonances for the trimer and qua-
drumer lie around 3.12 and 3.14 eV, respectively. However, as
shown in Figures 1a and 4a, the most strongly coupled plasmon
mode is at 2.9 eV for the trimer, and 2.8 eV for the quadrumer.
These correspond to A!2 and A2g modes, respectively. The red-
shift of these nondipole-active modes compared to the dimer
mode is due to the increased plasmonic couplings when more
nanoparticles are present in the aggregate. Because these modes
are made up of in-phase plasmon oscillations that are tangential
to the center of the structure, they are dark. One can show that
any symmetric ringlike combination of nanospheres should share
this property. The lowest-energy mode of such a structure will
have a symmetry with in-phase plasmon oscillations tangential
to the center of the structure and no overall dipolar moment,
and any bright modes will lie above this energy.
The reason the lowest-energy dipole-active quadrumer mode

has higher energy than a similarly polarized dimer plasmon
mode can be understood in very simple terms. The dipole active
quadrumer mode corresponds approximately to two parallel
bonding dipolar dimer plasmon modes. However, such a mode
also has repulsively aligned (antibonding) dimer-dimer plasmon
modes perpendicular to the excitation. A similar argument can

be used to explain why the lowest-energy dipole-active trimer
plasmon has larger energy than the lowest-energy dipole-active
dimer mode.
In closing this subsection, we note that for a larger system,

retardation effects can make the nondipole-active plasmon
modes visible as was recently shown for a symmetric nanoshell
dimer.27
B. Electric Field Enhancements. In Figures 9 and 10, we

show finite-difference time-domain calculations of the extinction
spectra and local electric field enhancements at multiple
wavelengths for a typical nanosphere trimer and nanosphere
quadrumer. The dielectric function used to simulate the metal
has the same broadening as in Figures 7 and 8. This value is
approximately 1.5 times the experimentally observed broadening
in the frequency range of interest. We chose this slightly larger
broadening to eliminate the fine structure associated with
excitation of the multitude of higher l dipole-active E modes
that would be washed out by small nonsymmetric structural
deformations of the trimer and quadrumer. However, this larger
broadening also has the effect of lowering the maximum
electromagnetic field enhancements. Therefore, the enhance-
ments presented below should be taken as underestimations of
the true enhancements of both systems.
The maximum electric field enhancement shown in each

figure at the lowest energy peak (wavelength C) is ap-
proximately 120 for the trimer and 175 for the quadrumer. The

Figure 8. Optical absorption spectra of the r ) 10 silver quadrumer
for in-plane (a-b) and out-of-plane (c-d) excitations. The separations
and method of calculation are the same as in Figure 7.

Figure 9. Electric field enhancements of a 10 nm silver trimer with a
separation of 1 nm as calculated by FDTD. The top panel shows the
extinction cross-section of this system, and the bottom four panels show
the electric field enhancement for the wavelengths indicated by the
legends in the top panel. The incoming light is polarized along the
x-axis. The simulation uses a a cell-size of 0.25 nm and the same
parameters as Figure 7 for the silver metal.
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Using the plasmon hybridization method, we investigate the plasmon frequencies and optical absorption spectra
of symmetric configurations of nanosphere trimers and quadrumers. Plasmon hybridization allows us to express
the fundamental plasmon modes of these multinanosphere systems as linear combinations of the plasmons of
individual nanospheres in a manner analogous to molecular orbital theory. We show how group theory may
be used to interpret the plasmon modes of each multiparticle system as specific structure-dependent symmetric
combinations of the plasmon modes of the individual nanoparticles. We compare the optical absorption spectra
calculated using plasmon hybridization with the spectra obtained using finite difference time domain simulations.

I. Introduction

The discovery of surface-enhanced Raman spectroscopy
(SERS) has led to a number of studies of the plasmonic
properties of nanoparticles.1-7 This interest is due in part to
large local electric field enhancements that are induced near
nanoparticle surfaces upon excitation of their plasmons. SERS
cross sections can depend of the fourth power of the electric
field across a target molecule when the wavelengths of the
incident and scattered photons are near the plasmon resonance
of a substrate. Thus, high field enhancements near nanoparticles
can potentially provide for greatly increased SERS efficiency,
as has been demonstrated recently for dimers.8-10

The electric-field enhancements induced by surface plasmons
depend greatly on the shape of the nanoparticle.11 Field
enhancements of single dipolar particles are typically of an order
of magnitude, whereas those in the junctions of nanoparticle
aggregates can be as large as 3 orders of magnitude.12 In the
systems that will be investigated in the present study, the
maximum electric field enhancements are at least 2 orders of
magnitude for both the symmetric trimer and symmetric
quadrumer. In contrast, an individual nanosphere has a maxi-
mum electric field enhancement of only around 20. The
collective effects associated with the interactions of plasmons
in different nanoparticles thus lead to very strong enhancements.
Because of these large field enhancements, nanoparticle ag-
gregates are of particular importance as substrates in SERS.
Despite the existence of large electric field enhancements and

their relevance to SERS, there have been few theoretical studies
on the nature of the plasmon modes in multi-particle systems.13-18
In a recent paper, we extended the plasmon hybridization
method to treat the plasmonic properties of nanoparticle dimers
including the effects of dielectric backgrounds.19 In that ap-
plication, we focused on symmetric nanosphere and nanoshell
dimers and found excellent agreement with results from other
theoretical methods.

The present paper extends the formalism developed previously
for nanoshell dimers19 to arbitrary structures composed of a finite
number of nanoparticles. We apply this formalism to study the
plasmons of an equilateral nanoparticle trimer and an equilateral
nanoparticle quadrumer. The results show that as the nanopar-
ticle separation decreases, the plasmons of individual nanopar-
ticles begin to interact and hybridize with the plasmons of the
other particles. These interactions are not diagonal in the
multipolar order of the individual nanoparticle plasmons, and
for small interparticle separation, all plasmon modes of the
combined system contain finite amounts of all multipolar order
plasmons of the individual nanoparticles. This hybridization
introduces a finite dipolar component into many of the plasmon
modes of the combined system, making them dipole active and
visible by light in the small-particle limit. This hybridization
behavior is reminiscent of the situation for nanoparticle dimers,
but the complexity of the hybridization is much more involved
in the multinanoparticle case. We show how group theory can
be used to classify the symmetry of each plasmon mode of the
interacting system and help identify the modes with large dipole
moments and large electromagnetic field enhancements. The
role of symmetry in the present plasmonic problem is entirely
analogous to its role in molecular orbital theory and represents
a significant simplification in the analysis and understanding
of extinction spectra.
In section II, we extend the plasmon hybridization formalism

to take into account more than two nanoparticles that do not
necessarily lie on the same axis. In section III, we will discuss
the use of group theory to predict the linear combinations of
individual nanoparticle plasmons that compose a plasmon of a
symmetric nanoparticle aggregate. In section IV, we will show
the results of plasmon hybridization for a symmetric nanosphere
trimer and quadrumer configurations. In this section, we will
use group theory to classify the plasmon modes using the
irreducible representations of point groups. Finally, section V
contains a comparison of optical absorption spectra calculated
by the plasmon hybridization and finite difference time domain
(FDTD) methods, electric field enhancements of each system
calculated using FDTD, and a discussion of the effect of
symmetry breaking on the plasmon resonances.
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and !B ) 9.5 eV. We see a slight red-shift of the plasmon
energies in FDTD when compared to plasmon hybridization.
This is an effect of phase retardation and discrete errors
introduced on the finite grid.26-28 Nevertheless, we see very
good agreement between the two methods. The agreement of
the in-plane spectra is better for the quadrumer system than the
trimer because the geometry of a quadrumer is described better
by the Cartesian grid utilized by the FDTD algorithm.
For in-plane excitations, light only couples to modes of E!

(trimer) and Eu (quadrumer) symmetry. The higher l modes of
this symmetry are dipole-active because of the hybridization
with l ) 1 plasmons. The situation is analogous to nanoparticle
dimers where the admixture of dipolar nanoparticle plasmons
make higher-order l dimer plasmons visible. For the trimer and
quadrumer, the dipole active plasmon modes lie much closer
in energy than for a dimer. A consequence of this is that a
realistic plasmon broadening will prevent individual higher l
plasmon modes from being resolved. A comparison of the
spectra for D ) 21 nm in Figures 7 and 8 with the spectra in
Figures 1b and 4b reveals that the higher-energy peaks around
3.5 eV for in-plane excitations are built up by several smaller
peaks corresponding to higher multipolar order trimer and
quadrumer plasmon resonances.
It is interesting to compare the spectra for the trimer and

quadrumer with the absorption spectrum from a dimer of the
same interparticle separation D ) 21 nm.19 For the dimer, the
absorption spectrum reveals a strong feature at 3.08 eV whereas
the lowest-energy visible resonances for the trimer and qua-
drumer lie around 3.12 and 3.14 eV, respectively. However, as
shown in Figures 1a and 4a, the most strongly coupled plasmon
mode is at 2.9 eV for the trimer, and 2.8 eV for the quadrumer.
These correspond to A!2 and A2g modes, respectively. The red-
shift of these nondipole-active modes compared to the dimer
mode is due to the increased plasmonic couplings when more
nanoparticles are present in the aggregate. Because these modes
are made up of in-phase plasmon oscillations that are tangential
to the center of the structure, they are dark. One can show that
any symmetric ringlike combination of nanospheres should share
this property. The lowest-energy mode of such a structure will
have a symmetry with in-phase plasmon oscillations tangential
to the center of the structure and no overall dipolar moment,
and any bright modes will lie above this energy.
The reason the lowest-energy dipole-active quadrumer mode

has higher energy than a similarly polarized dimer plasmon
mode can be understood in very simple terms. The dipole active
quadrumer mode corresponds approximately to two parallel
bonding dipolar dimer plasmon modes. However, such a mode
also has repulsively aligned (antibonding) dimer-dimer plasmon
modes perpendicular to the excitation. A similar argument can

be used to explain why the lowest-energy dipole-active trimer
plasmon has larger energy than the lowest-energy dipole-active
dimer mode.
In closing this subsection, we note that for a larger system,

retardation effects can make the nondipole-active plasmon
modes visible as was recently shown for a symmetric nanoshell
dimer.27
B. Electric Field Enhancements. In Figures 9 and 10, we

show finite-difference time-domain calculations of the extinction
spectra and local electric field enhancements at multiple
wavelengths for a typical nanosphere trimer and nanosphere
quadrumer. The dielectric function used to simulate the metal
has the same broadening as in Figures 7 and 8. This value is
approximately 1.5 times the experimentally observed broadening
in the frequency range of interest. We chose this slightly larger
broadening to eliminate the fine structure associated with
excitation of the multitude of higher l dipole-active E modes
that would be washed out by small nonsymmetric structural
deformations of the trimer and quadrumer. However, this larger
broadening also has the effect of lowering the maximum
electromagnetic field enhancements. Therefore, the enhance-
ments presented below should be taken as underestimations of
the true enhancements of both systems.
The maximum electric field enhancement shown in each

figure at the lowest energy peak (wavelength C) is ap-
proximately 120 for the trimer and 175 for the quadrumer. The

Figure 8. Optical absorption spectra of the r ) 10 silver quadrumer
for in-plane (a-b) and out-of-plane (c-d) excitations. The separations
and method of calculation are the same as in Figure 7.

Figure 9. Electric field enhancements of a 10 nm silver trimer with a
separation of 1 nm as calculated by FDTD. The top panel shows the
extinction cross-section of this system, and the bottom four panels show
the electric field enhancement for the wavelengths indicated by the
legends in the top panel. The incoming light is polarized along the
x-axis. The simulation uses a a cell-size of 0.25 nm and the same
parameters as Figure 7 for the silver metal.
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