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ABSTRACT: We investigate theoretically the optical activity of a dimer of plasmonic }
nanoantennas, mimicking the geometry of a molecule with two isolated chromophores, a @
situation commonly described as exciton coupling in organic chemistry. As the scale of the
system increases and approaches the wavelength of visible light, a rich variety of effects arise |

that are unique to the plasmonic case. Scattering of light by the particles, negligible in very ~ A_ l\\
small clusters, strongly perturbs, and eventually dominates, the optical activity. Additionally,
retardation effects in dimers with an interparticle separation commensurate with the
wavelength of the incident light affect the electromagnetic coupling between the particles
and lead to an asymmetric circular dichroism spectrum. We identify conditions for efficient

interaction and predict remarkably large anisotropy factors.
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ptical activity from plasmonic nanoparticles is a rapidly

emerging field at the frontier of nanophotonics and con-
ventional spectroscopy.”” This interest stems from the multi-
disciplinary nature of possible applications in biology,” chem-
istry,** and optics of novel metamaterials.”” The pursuit of
plasmonic optical activity is justified by the potential cooperation
between two key components. First, studies of optical activity,
circular dichroism (CD) in particular, in a chiral sample can
reveal a wealth of detailed structural information.*® Second,
plasmonic nanoparticles confer the host material unique and
exquisitely tunable optical properties in the UV—vis—near-IR
range.”” > Nanoparticles of coinage metals can act as nanoan-
tennas for visible light, whereby the electromagnetic field under-
goes a resonant interaction with the conduction electrons of
the particle, known as localized surface plasmon resonance
(LSPR)."*>"* The optical cross section characterizing the strength
of the interaction between the sample and incident light in
scattering and absorption can be enhanced several fold with
respect to the physical area of the particle.'®"> The excitation of
LSPRs is also accompanied by focusing of the electromagnetic
field in subwavelength mode volumes near the particle
boundary,"®'” a property that finds many applications in sur-
face-enhanced spectroscopies.'® A direct consequence of these
electromagnetic properties is the strong sensitivity of plasmonic
nanoantennas to their immediate environment and, in particular,
the interaction between adjacent particles' that leads to a
hybridization of the LSPR modes supported by the individual
particles.”* >° In the context of optical activity, the precise
arrangement of nanoparticles in a chiral structure is crucial.>*°
Theoretical studies, as well as initial experimental demonstra-
tions, have shown the potential of gold nanoparticles, nanorods
in particular, to produce surface-plasmon-mediated CD (SP-
CD) signals of outstanding intensity.**>*
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While the theoretical description of circular dichroism in a
wide variety of molecular systems is a mature field with a long
history,>* the consideration of nanometer-sized metallic particles
introduces many new challenges. A variety of numerical methods
are used in the plasmonics literature to investigate the optical
properties of metal nanoparticles; these methods are principally
based on classical electrodynamics of continuous media,”*>* in
contrast to the first-principle calculations achievable in molecular
systems or metal clusters with a more modest number of atoms.*®
In this context, the present work aims at providing new insight
into some of the physical phenomena associated with CD in
three-dimensional chiral plasmonic nanostructures. Using a
coupled dipole model not unlike exciton coupling theory,> we
investigate the influence of the geometrical parameters of a chiral
dimer of gold nanorods on its CD response. Our model extends
the recent contribution of Govorov and co-workers® by con-
sidering anisotropic particles, which have been shown to provide
a higher potential for SP-CD.*" Further, we consider the finite
size of the particles and study its effect on the optical activity of
the dimer through the concomitant contributions of scattering
and retardation.

Exciton Coupling in a Dimer of Gold Nanorods. Figure la
illustrates the system under consideration, a dimer of gold
nanorods represented as prolate ellipsoids in a homogeneous
surrounding medium of refractive index n = 1.5 (typical value for
glass). Ellipsoidal particles, while not used in most experiments
(nanorods, in particular, are closer in shape to spherically capped
cylinders), offer a convenient prototype for a wider class of
nonspherical particles using analytical formulas for their polariz-
ability. In this work, we follow the polarizability prescription of
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Figure 1. (a) Schematic representation of a dimer of gold nanorods with interparticle separation f - d taken from center-to-center and the relative
orientation specified by ¢ = 10° (dihedral angle), &t; = 10°, and @, = 20°. Each particle is represented as a prolate ellipsoid with semiaxes f + a and f - b.
(b) Energy diagram of the LSPR hybridization of two identical dipoles p, and p,. The electromagnetic interaction splits the two degenerate LSPR modes
into a symmetric mode with higher energy @, and an antisymmetric mode with lower energy w _. For a dimer of nanorods to be chiral, the two dipoles
cannot be exactly parallel; therefore, the antisymmetric mode is not totally “dark” (nonzero dipole moment). (c) Coupled dipole calculations of the
extinction, absorption, and scattering efficiency and CD efficiency for the dimer represented in (a), with a scaling factor of f=0.1 (left,f - a=4nm,f: b=
1.5nm,f-d=10nm)andf=1 (right, f - a=40nm,f- b=1Snm,f - d =100 nm). The efficiency is defined as the optical cross section normalized by
twice the geometrical cross section of a sphere with equivalent volume to that of the ellipsoid.

Kuwata et al,, which has proven accurate for subwavelength
particles of moderate aspect ratio.”” The radiative damping
correction included in this prescription is essential to correctly
describe the scattering cross section of the particles.

Ignoring for the moment the contribution of the transverse
LSPR modes, the system can be idealized to a dimer of two
dipoles p; and p, oriented along the long axis of each ellipsoid.
This is precisely the situation considered in exciton coupling
theory, which we now describe qualitatively to provide some
physical insight into the dipole—dipole interaction mechanism.®

Light incident on the dimer causes each dipole to radiate an
electromagnetic field, which in turn affects its neighboring dgpole.
This dipole—dipole interaction is associated with an energy®>>>*
il—fz(él &y —3(er-enn)(€r-e12))

Vi, = (1)
(in the quasi-static limit) separating the new energy levels
corresponding to the symmetric (w ) and antisymmetric (w_)
hybrid modes to the energy level of the LSPR (Figure 1b). Here
€12 =p1o/Ilp1Jl, 11, is the vector joining the two dipoles, and &;, =
112/l x5l The resulting CD spectrum can be obtained by summing

847

the extinction band associated with each hybrid mode, with a
strength and sign described by a rotational strength R = Im(p-m),
where p and m stand for the electric and magnetic dipole moments,
respectively. In the situation of two interacting electric dipoles, this
expression reduces to®

(2)

T
R* = iz—ioflz'(m X p,)

Ao being the wavelength of the uncoupled LSPR. R* changes sign
between the symmetric and antisymmetric hybrid modes, which
results in a characteristic bisignated line shape for the CD spectrum
(a positive band followed by a negative band or vice versa). The
sign of R* for a given mode is dictated by the dihedral angle ¢,
which makes a natural parametrization of the dimer. The rotational
strength would appear to be optimized when rj; Il (p; X p,);
however, p; L p, yields a zero CD signal as the dimer is achiral, and
the two hybrid modes are degenerate (V;, = 0). The geometry
that yielded the most intense CD in our numerical simulations
(all based on the more accurate coupled dipole approximation,**’
including retardation) was obtained for ¢ = 7/4, 0; = &, = 0.
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Shown in Figure lc are the results of the coupled dipole
modeling of two such dimers with a different scale. The coupled
dipole equations and their application to circular dichroism
calculations have been described in several previous works.**>"
On the left-hand side, we illustrate the situation most closely
approaching the molecular system described by exciton coupling
theory while resting on the realm of continuous electrodynamics,
with a scaling factor of f = 0.1. The scattering, absorption, and
extinction cross sections are averaged over all possible incident
angles and normalized by the effective area corresponding to
twice the geometrical cross section of an equivolume sphere of
radius ao = (ab®)">. For such small particles, extinction is largely
dominated by absorption, which peaks at the LSPR associated
with the long axis (~1.8 eV) and short axis (~2.4 eV) of the
ellipsoids. The CD spectrum, corresponding to the difference in
extinction for light of left-handed and right-handed circular
polarization, shows an antisymmetrical line shape centered about
the longitudinal LSPR mode, with much smaller intensity than
the extinction (0.q/0cq ~ 0.01). On the right-hand side, we
show the result for f = 1, a dimer of gold nanoparticles with
dimensions typical of state-of-the-art colloidal synthesis. The
spectral line shape is similar to the previous case; the spectral
position of the longitudinal LSPR is not strongly affected by the
particle volume at a constant particle aspect ratio for subwave-
length particles. Upon closer inspection, however, important
differences are noticeable. First, scattering and absorption con-
tribute to the same extent to the overall extinction associated
with the longitudinal LSPR. Second, the (adimensional) max-
imum extinction efficiency has increased by a factor of ~6 upon
scaling of the system.

The ratio of CD over extinction has also increased by a factor
of ~8, illustrating the potential of plasmonic nanoparticles to
produce intense optical activity. The CD line shape remains
conservative (null integrated area); however, the shape departs
from the antisymmetric curve predicted by exciton coupling
theory. The high-energy wing is weaker and broader than its low-
energy counterpart.

Radiative Reaction and Retardation Effects. We now set out to
explain these new features unique to the larger-scale plasmonic
system by investigating how the finite size of the sample
(compared to the wavelength) affects its optical properties.

Presented in Figure 2 are the simulated spectra in the coupled
dipole approximation with and without retardation in the dipolar
field. The coupled dipole approximation initiated by DeVoe,* as
well as its application in exciton coupling theory,” considered
only the quasi-static term of the dipolar field responsible for the
electromagnetic coupling between dipoles. When the interparti-
cle distance approaches a fraction of the wavelength, however,
retardation effects start to play an important role as the phase of
the electromagnetic field coupling the two dipoles varies with the
distance; we find that these retardation effects are largely
responsible for the asymmetry in the CD line shape. Another
effect that participates in the asymmetry of the CD spectrum is
the coupling between the longitudinal and transverse modes;
however, this effect is relatively minor here because of the
considerable energy and intensity differences between the two
resonances.

We illustrate in Figure 3 the influence of the scattering
contribution to the circular dichroism. The dimer corresponds
to that shown in Figure la with parameters ¢ = 77/4 and o, =
0, = 0. The particle size is scaled by a factor of s, while the
interparticle distance is kept constant (d = 100 nm).
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Figure 2. Coupled dipole simulations of the CD spectrum for a dimer of
gold nanorods with parameters f= 1,d = 100 nm, ¢ = 71/4,0; =0, =0, a
=40 nm, and b = 15 nm. For the dashed curve, the expression for the
electromagnetic field coupling the two dipoles is truncated to the static
term, while the solid curve considers the full dipolar coupling, including
retardation.

For s < 0.1, the extinction and absorption efficiencies nearly
coincide, and the associated CD signal presents an asymmetric
line shape centered at the longitudinal LSPR energy. Interest-
ingly, while scattering is very weak, its contribution to the CD
signal is on par with that of absorption and is monosignated (only
a positive band here). The absorption contribution to the CD is
nonconservative (unequal positive and negative integrated spec-
tral bands) and weaker on the high-energy side. The overall CD
signal (extinction) is conservative with zero integrated area, in
accordance with a general sum rule for circular dichroism;*
however, it presents a shape asymmetry that is due to retardation
(weaker and broader tail on the high-energy side).

In the hybridization picture, the nearly dark mode depicted in
Figure 1b originates from an antibonding combination of the two
longitudinal LSPRs, with the highest electric field density situated
at the location of the particles.”” Thus, the field distribution should
be more concentrated inside of the particles, where the ohmic
losses occur, for the dark mode than for the bright mode. This is
reflected in the nearly monosignated absorption contribution to
the CD spectrum. Conversely, the bright mode has a large net
electric dipole moment, and as a consequence, we should expect
more radiative loss for the bright mode, which results in a
monosignated scattering contribution to the CD spectrum.

When the particle length approaches ~80 nm (s = 1 here),
scattering and absorption contribute equally to the extinction of
the dimer. This is also the regime where the absorption cross
section of the dipolar mode is maximized,*" as well as the
absorption and extinction efliciencies. The absorption contribu-
tion to the CD is still strongly asymmetric, with only the low-
energy band subsisting. The scattering contribution compensates
to ensure the conservative overall CD (extinction), with a
broader high-energy wing. A small low-energy feature appears
in the scattering contribution.

As the scale of the dimer increases further (s & 1.5), scattering
dominates over absorption and dictates the extinction spectrum
at the longitudinal LSPR energy. The ratio of CD over extinction
also increases; the next section will be devoted to a discussion of
this effect. The transverse plasmon band, pinned near the region
of interband transitions in gold, starts to gain intensity through
radiative damping. Correspondingly, a small CD feature appears
at this energy, with a mixing between transverse and longitudinal

dx.doi.org/10.1021/jz200279x |J. Phys. Chem. Lett. 2011, 2, 846851
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Figure 3. (Left) Coupled dipole simulations of the scattering, absorption, and extinction efficiency spectra for a dimer of gold nanorods with increasing
particle size,s - a X s - b (a =40 nm, b = 15 nm), with fixed separation d = 100 nm. (Right) Corresponding CD efficiencies. The angles parametrizing the

dimer are ¢ = 71/4 and Q; = Q, = 0.
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Figure 4. Coupled dipole simulations of the peak value of the anisot-
ropy factor g = 2|0y, — 0gr|)/(01, + OR) for a dimer of gold nanorods
with parameters d = 100 nm, ¢ = 77/4, and @; = @, = 0. The particle size
is varied with aspect ratio ranging from 1:1 (sphere) to 2.5:1 (;)rolate
ellipsoid). The particle volume is indicated as the radius ao = (ab )3 of
an equivolume sphere. Scaled outlines of the different ellipsoidal shapes
are shown in different colors.

CD bands. The CD band of the longitudinal LSPR is dominated
by the scattering contribution, which forms a slightly asymmetric
bisignated band with a skew toward the high-energy side.
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Influence of the Particle Aspect Ratio. The extinction efliciency
predicted in Figure 3 to be much greater than unity for an
optimum scale of the dimer illustrates the capacity of plasmonic
nanoantennas to focus light into subwavelength regions of space;
with a suitable aspect ratio, a gold nanorod can interact with the
incident electromagnetic field with an effective area tens of times
larger than its projectional area (geometrical optics), as illu-
strated by Bohren and Huffman.'® This remarkable property of
subwavelength particles of noble metals stems from the capacity
of their nearly free conduction electrons to react to and screen an
incident electromagnetic field. The strong oscillator strength
characterizing their response is compressed into a narrow spec-
tral region of LSPR excitation by reducing the particle size to a
subwavelength domain of bulk material. Changing the shape and
aspect ratio of the particle with a constant volume (number of
free charges) affects the position and spectral width of the LSPR;
from this, we can understand how the aspect ratio plays an
important role in determining the strength of the light—particle
interaction. To conclude this study, we evaluate the influence of the
aspect ratio of the nanoparticles in the strength of the CD signal.

In Figure 4, results are shown for the evolution of the
anisotropy factor g = 2(0r, — 0r)/(0r + 0Rr), characterizing
the relative strength of CD over extinction and often used as a
measure of optical activity,* as a function of particle volume and
aspect ratio a/b. A dimer of nanospheres is achiral; in fact, four

dx.doi.org/10.1021/jz200279x |J. Phys. Chem. Lett. 2011, 2, 846851
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spheres are required to form a chiral system.’>*' Correspond-
ingly, the maximum g-factor vanishes for small aspect ratios,
irrespective of the particle volume. As the aspect ratio increases,
the anisotropy factor rapidly rises with a sigmoid-like trend. We
note that the CD efficiency of a chiral dimer of nanorods is a
nonlinear function of the aspect ratio of the particles, as well as
their volume. The interplay between absorption and scattering,
discussed in Figure 3, is apparent in the different trend between
small and larger particle volumes. The maximum g-factor appears
to be for the larger particle size (where scattering dominates), at
least within the domain of validity of the coupled dipole
approximation used in this work. It is expected that the influence
of higher-order multipolar contributions will substantially affect
the CD response at higher particle volumes and aspect ratios or
shorter interparticle separation. Additionally, cooperative effects
between more than two gold nanorods have been shown to
augment the CD signal.*’!

These promising numerical results should stimulate the
experimental investigation of colloidal metal nanoparticles as a
new approach to obtain strong optical activity with plasmonic
metamaterials. Top-down lithography techniques have recently
enabled the fabrication of a variety of chiral metamaterials; >~ *
however, the proposed structures have often been two-dimen-
sional and periodic, which limits their range of application in
terms of angle of incidence and frequency. It is also difficult to
manufacture arrays of subwavelength particles with good resolu-
tion and a unit cell smaller than the working wavelength in the
visible regime. In contrast, chiral dimers of nanorods could be
obtained via chemical synthesis in solution using a chiral binding
agent between nanorods, thereby forming a truly three-dimen-
sional, homogeneous, and isotropic chiral metamaterial.

Beyond the well-studied mechanism of exciton coupling in
molecular systems, we have identified a number of peculiar
features in the plasmonic counterpart. First, as the size parameter,
that is, the product of the linear dimension of the scatterer times
the wavevector, approaches unity, the strength of the CD
increases dramatically.>® Second, the aspect ratio of the nano-
particles is predicted to be an essential parameter in producing
intense optical activity, in agreement with a recent experimental
study where the use of nonspherical particles proved instru-
mental in measuring a CD response.”'

Conversely, the physical insight of exciton coupling theory
highlights a few notable features of the CD spectrum of a chiral
dimer of plasmonic nanoantennas. The bisignated line shape
stems from the contribution of two hybrid modes of the
structure. It is worth noting that although one of the bands
originates from the antibonding mode, which would be a dark
mode if the dipoles were exactly parallel, its integrated intensity is
equal to that of the bonding mode. CD spectroscopy thus offers a
novel way to probe a nearly dark mode in a plasmonic structure
and perhaps to benefit from its low radiative losses.
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