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ABSTRACT: Optical near-field coupling between closely spaced
plasmonic metal nanoparticles is important to a range of
nanophotonic applications of high contemporary interest,
including surface-enhanced molecular spectroscopy, nanooptical
sensing, and various novel light-harvesting concepts. Here we
report on monolayers of chiral heterotrimers and heterotetramers
composed of closely spaced silver and/or gold nanodisks of
different heights fabricated through facile hole-mask colloidal
lithography. These quasi-three-dimensional oligomers are inter-
esting for applications because they exhibit “hot” gaps and
crevices of nanometric dimensions, a pronounced circular
dichroism, and optical chirality in the visible to near-infrared

wavelength range, and they can be produced in large ensembles (>10°) of identical orientation. We analyze the optical properties
of the samples based on simulation results and find that the circular dichroism is due to strong near-field coupling and intricate
phase retardation effects originating in the three-dimensional character of the individual oligomers.
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hiral atomic structures, that is, structures that possess a

certain sense of rotation, left or right, are ubiquitous in
nature. One of the most subtle but important consequences of
this structural property is optical activity, that is, the
phenomenon that a chiral material can rotate the polarization
of light or, equivalently, that the optical constant characterizing
the material is different for left-handed and right-handed
circularly polarized light (LCP and RCP, respectively)." Many
biomolecules, including essential amino acids, nucleic acids, and
many proteins, exhibit optical activity due to a well-defined
chirality that is crucial to their chemical function. Other
biological structures, such as the cuticles of certain beetles,”
exhibit chirality and optical activity for no apparent reason.
Optical activity can sometimes be revealed by just viewing the
chiral material through circular polarizers, such as the eyeglasses
provided for some 3D movies. This is, for example, the case for
the chiral beetle wings mentioned above, which exhibit different
color and brightness for LCP and RCP Iight.3 However,
molecular optical activity is in general a weak effect that
requires large sample volumes for quantitative analysis based on
traditional measurement techniques, such as circular dichroism
(CD), optical rotatory dispersion (ORD), or Raman optical
activity (ROA).* The importance of such analysis, for example
in drug development, has motivated research into more
sensitive methods, including nonlinear® and microwave
spectroscopies,’ and novel concepts, such as utilizing local
“superchiral” fields for selectively exciting left-handed or right-
handed molecular enantiomers.”®
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The past decade has seen a surge of interest in artificial
nanostructures and metamaterials that exhibit optical activity.
Most of this attention has focused on metal nanostructures that
support various kinds of surface plasmon resonances since
plasmonic structures have the potential to become key
elements in a wide range of future technologies based on
optical near-field effects.”™'" Early investigations primarily
considered planar metal structures, like two-dimensional (2D)
gammadions, which exhibit optical activity for oblique
illumination,'*"* while a number of recent investigations have
focused on achieving optical activity in three-dimensional (3D)
helical nanostructures of various forms,*™"” including
oligomers of gold nanodisks.'® Surface-bound chiral nanostruc-
tures produced through bottom-up lithography over large areas
may turn out to be crucial to applications.'*° Optical activity
can also result from the combination of chiral molecules with
metal structures.*’ In particular, several reports have demon-
strated that coupling between intrinsically achiral metal
nanostructures, like colloidal gold particles, and chiral
molecules can lead to a dramatically enhanced optical
activity.”* >

Surface plasmons are well known for their ability to amplify
optical signals from molecules residing within nanometric
distances from the metal surface through electric field
enhancement effects, the most well-known applications thereof
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being surface-enhanced Raman scattering (SERS)*® and surface
plasmon resonance (SPR) sensing.’’ It is therefore not
surprising that many of the above-mentioned reports have
been motivated from a plasmon-enhanced molecular analysis
perspective, to be specific, by the possibility to distinguish
molecular enantiomers with higher sensitivity than what can be
achieved by current analysis methods. Indeed, a surface-
enhanced version of ROA (SEROA) was reported several
years ago,”” although a detailed understanding of the
experimental results is still lacking.>® Moreover, recent reports
on enhanced CD of biomacromolecules interfaced to 2D
plasmonic gammadions®* and of LCP-RCP fluorescence
excitation dissymmetry of dye molecules attached to chiral
nanoplasmonic structures®> highlight the possibility of utilizing
“superchiral” plasmonic near-fields for molecular analysis.>*

B RESULTS AND DISCUSSION

In this article, we report on the optical properties of chiral
plasmonic nanoparticle oligomers fabricated over cm® areas
using facile hole-mask colloidal lithography (HCL).** The
oligomer consists of closely spaced or slightly overlapping gold
and/or silver disks with different height to diameter aspect
ratios and a strong optical response in the visible to near-
infrared wavelength range. Several reports have demonstrated
that the optical activity of chiral particle arrangements critically
depends on the strength of interparticle interactions; that is,
strong near-fleld coupling and plasmon hybridization dramat-
ically enhance optical activity.*' ~* We analyze the complex CD
spectra of a tetramer structure using electrodynamic
simulations and a simplified coupled-dipole model and find
that this is indeed the case also for the present system. It is well
known that strong particle interactions can lead to enormous
field enhancement in gaps or crevices between particles and
result in a dramatic amplification of molecular optical cross
sections, such as in single-molecule SERS.**** Similar effects
might be expected for molecular analysis based on “superchiral”
fields generated in the vicinity of plasmonic nanostructures.**
Since the average gap distance between the individual
nanodisks in our oligomers can be as small as a few nanometers,
and the gaps are readily accessible for molecular binding
reactions, the structures should be well adapted for various
molecular spectroscopy and sensing applications.

Figure 1A gives an overview of the fabrication method used.
As detailed in the Methods section, we employ a variant of
HCL based on an off-normal evaporation angle (typically on
the order of 10—15 deg relative to the substrate normal) and
subsequent rotation of the substrate in steps of 360/N deg
between evaporations in order to create millions of identically
oriented oligomers, each consisting of N disk-like nanoparticles,
on a substrate. The same method has recently been used to
fabricate metal heterodimers (N = 2) for color routing and H,-
gas sensing.*”** Figure 1B—D illustrate the wide varieties of
chiral samples that can be produced: Figure 1B and C show
left-handed gold (LH) and right-handed silver (RH) tetramers,
respectively, Figure 1D a gold trimer, and Figure 1E a gold
tetramer with slightly overlapping particles. All samples were
prepared on glass coverslips. Note that the individual particles
have an essentially circular footprint but slightly different
diameters. This comes about because the hole in the mask
gradually shrinks in diameter as more material is evaporated.
Thus, the last particles in a preparation typically have the
smallest diameters, and thick particles typically acquire a slightly
conical shape. However, the chirality in these samples mainly
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Figure 1. (A) Sample fabrication process illustrated for the case of
silver tetramers. (B) SEM image of a substrate covered with left-
handed (LH) gold tetramers. (C—E) Close-up SEM images of a right-
handed (RH) silver tetramer, a RH gold trimer, and an overlapped RH
gold tetramer. The different shades of gray correspond to nanodisks
with height 40 nm (brightest), 30, 20, and 10 nm (darkest). The
nanodisks have maximum diameters on the order of 100 nm. (F) Side-
view SEM image that illustrates the staircase-like 3D character of the
oligomers.

stems from the different heights of the individual nanodisks,
which are 40, 30, 20, and 10 nm for the whitish, light gray,
medium gray, and dark gray particles in the scanning electron
microscopy (SEM) images, respectively. Thus, each oligomer is
a quasi-3D object, which is also evident from the side-view
SEM image shown in Figure 1F. Note also that individual
oligomers in a single sample vary somewhat in the gap size or
degree of disk overlap, as can be seen from Figure 1A. This is
due to a variation in the diameter of the individual holes in the
hole-mask, caused by a slight polydispersity (of the order of
8%) of the colloidal polystyrene (PS) beads, and results in
inhomogeneous broadening of corresponding ensemble-
averaged oligomer spectra.

Samples made by HCL do not exhibit long-range translation
order since PS beads attach to the substrate in a more or less
random fashion and the interbead forces are weakly repulsive.
However, as might be seen from Figure 1B, there is a quite
well-defined nearest-neighbor distance between oligomers,
which is on the order of 400 nm for the samples discussed
here. Hence, for light incident normal to the sample surface,
which is what we consider below, and for the investigated
wavelength range, which was ~450—900 nm, we do not expect
any pronounced grating effects.” The comparatively large
distances between individual oligomers also imply that optical
near-fleld coupling between oligomers is reduced. Indeed,
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previous investigations of HCL samples have demonstrated that
normal-incidence transmission/extinction spectra are well
described by uncoupled single-particle optical properties.*’
We analyzed the samples under normal incidence using a
home-built setup for transmission spectroscopy, as described in
the Methods section. Optical extinction cross sections for
individual oligomers were calculated by dividing the sample
transmission spectra T(1) by the oligomer surface density n as
measured from SEM images; that is, 6., = (1 — T)/n. Surface
densities were on the order of n &~ 8 ym? which means that a
measurement averages over several million individual
oligomers. We also calculated the classical measure of optical
activity used in circular dichroism characterization of molecular
species; that is, tan 6 = (TG — Tice)/(TRE 12). The
angle 0 is a measure of the ellipticity acquired by linearly
polarized light after passing through a chiral structure. It is then
assumed that circularly polarized light transmitted through the
structure largely remains circularly polarized, but that the
transmission probability may be different for the two different
circular polarization orientations. In the cases we consider here
tan @ < 1, so that, measured in degrees, 6 ~ (180/x)tan 6.
Figure 2 displays exemplary RCP and LCP extinction cross-
section spectra together with corresponding CD (6) spectra for
three different samples: gold trimers, overlapped gold
tetramers, and heterometallic tetramers built from three gold
disks and a single silver disk to illustrate the variety of structures
that can be made by the described methodology. Original
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Figure 2. Illustration of optical properties of chiral nanodisk
oligomers. The panels show extinction cross sections for RCP and
LCP light and corresponding CD spectra for (A) RH gold trimers
(surface density: 8.27 um™), (B) overlapped RH gold tetramers
(surface density: 7.38 um™2), and (C) heterometallic tetramers
consisting of three gold disks, with heights 10, 20, and 30 nm, and
one silver disk of height 30 nm (surface density: 7.79 ym™2).
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transmission spectra are presented in the Supporting Figures 1
and 2. Overall, the samples display similar optical character-
istics. The maximum extinction cross sections, at the main
plasmon peaks, are on the order of 3 to 4 times higher than the
geometrical cross-section area and transmission values range
between ~5% and ~90%. The largest relative extinction
differences between RCP and LCP light is observed close to
the plasmon peaks, where both IAT/T! and 1A6/5 reach 5—6%
(here AT = Tycp — Tpepy T = (Trep + Ticp)/2, etc.). From
comparing the spectral shapes of the extinction curves, it is
clear that these differences arise due to changes in both
plasmon peak amplitude and peak position. The corresponding
CD spectra consequently display both negative and positive
values. However, the absolute 0 values are difficult to read off
directly from the extinction spectra because 6 is a relative rather
than an absolute measure of extinction differences. For small
differences in extinction, we have 6 [deg] 143AT/T =
—14.3A0/(n™' — ©); that is, a certain extinction difference
results in a larger CD angle when the overall extinction is high.
Nevertheless, the 6 values observed are high compared to most
previous reports on chiral plasmonic nanostructures resonating
in the investigated wavelength range.9’26’51‘52

To get a better understanding of the basic mechanism behind
the overall optical response of the oligomers, we now focus
specifically on silver tetramers. We prepared both RH and LH
samples, and the corresponding cross-section spectra for RCP
and LCP light are displayed in Figure 3A and B, respectively.
To visualize the relative extinction differences, we also plot the
dissymmetry factor g = AT/T. As anticipated for chiral
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Figure 3. Experimental extinction cross sections for RCP (red) and
LCP (blue) light, together with corresponding dissymmetry factors g,
for (A) RH silver tetramers (surface density n = 8.16 um™2) and (B)
LH silver tetramers (n = 8.07 um™2) together with (C) corresponding
CD spectra for the RH (red) and LH (blue) samples.
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enantiomers, the corresponding CD spectra, Figure 3C, are
essentially mirror images of each other (small differences can be
explained by small variations in the fabrication process); that is,
the extinction (or transmission) spectrum for the RH structure
probed by RCP/LCP light mimics that for the LH structure
probed by LCP/RCP light. The mode structure and CD
spectra observed for the silver tetramers are qualitatively similar
to those for the overlapped gold tetramer and the
heterometallic tetramer in Figure 2; that is, the spectra are
dominated by a main plasmon peak in the deep red (peak I,
750—850 nm) flanked by a second peak in the red (peak II,
650—700 nm) and some weaker structures in the blue-green
region of the spectra (peak III). We used two different
simulation methods as a guide for interpretation of the optical
response: the finite element method (FEM), which gives fully
retarded solutions to Maxwell’s equations, and the coupled
dipole approximation (CDA), where each particle is
represented by a point dipole with an effective polarizability
obtained by solving the coupled dipole equation. The
corresponding uncoupled dipole polarizabilities are obtained
by approximating each disk by an oblate spheroid with similar
dimensions to those in the real sample. The FEM model was
based on cylindrical disks with the same heights as in the CDA
(10, 20, 30, 40 nm) but with identical diameters of 100 nm.
Both calculations were based on positioning the particles on a
square base with a side length of 102 nm, that is, a gap size of 2
nm in the FEM simulations. All simulations assume a uniform
surrounding medium of effective refractive index 1.25, i.e. in
between that of the glass substrate and the air environment.
The results of the simulations are displayed in Figure 4 and in
Supporting Figures 3 and 4.

A comparison between the measured extinction spectra in
Figure 3 and the simulated ones in Figure 4A and B shows that
experiment and theory are in good qualitative agreement. In
particular, both the CDA and the FEM simulations capture the
overall structure of the spectra, with two main features in the
red and weaker structure in the blue-green spectral region.
Analysis of the induced charge distributions at the spectral peak
positions from the FEM simulations and the spectral evolution
as a function of interparticle distance in CDA (Supporting
Figure 2) showed that the strong long-wavelength peaks,
features I and II, are dominated by the in-plane dipolar
plasmons of the 10 nm thin and 20 nm thin disks, respectively,
while feature III contains a mixture of dipolar oscillations of the
two taller disks and multipolar, in particular quadrupolar,
contributions. These results are quite expected from the well-
known variation in plasmon peak position with particle aspect
ratio (that is, flatter disks resonate at longer wavelengths) and
by the fact that a small spectral overlap between modes of the
individual nanodisks in an oligomer can be expected to decrease
the degree of plasmon hybridization. However, the particle
interactions are certainly not negligible, which is evident from
the strong charge accumulation in the gap regions between the
individual disks in the FEM simulations (Supporting Figure 3).
In the CDA model, on the other hand, each nanodisk is
represented by a point dipole located at the center-of-mass
coordinates of the associated disk. The CDA model therefore
underestimates the near-field interactions, partly because of the
artificially large interparticle distance and partly because
multipolar interactions are neglected. This also explains why
the CDA simulation underestimates the overall red-shift of the
spectra (see Supporting Figure 2) compared to the FEM
model.
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Figure 4. Simulated optical properties of right-handed silver tetramers
based on the coupled dipole approximation (CDA) and the finite
element method (FEM). (A) CDA simulation of extinction cross
section for RCP and LCP light and corresponding CD spectrum based
on a tetramer surface density of # = 8 yum™ and a uniform surrounding
refractive index of n = 1.25. (B) Same as in A, but using FEM for
tetramer in a vacuum (n = 1) on a glass (n = 1.5) substrate. (C)
Simulated differences in extinction between RCP and LCP light for a
tetramer in a uniform medium (n = 1.25) and organized in the “in-
plane” and “on-plane” configurations based on CDA and FEM. (D)
Absorption and scattering contributions to the RCP/LCP extinction
cross-section differences shown in C.

The CD signal in Figure 2 and Figure 3 originates from, in
general, very small differences in extinction of RCP and LCP
light, and it is therefore difficult to explain the spectral structure
in detail. However, a reasonable qualitative understanding can
be reached. We first notice that the RH structures all exhibit a
dominant CD feature consisting of a dip in the red followed by
a strong peak in the deep red. This feature results from a slight
plasmon red-shift (signaling stronger near-field coupling) and
amplitude increase (signaling a stronger coupling to the
incident field) of the two main plasmon resonances (peaks I
and II) when probed with RCP light compared to the LCP
case. Thus, the optical interactions are stronger when the RH
structure is excited with RCP than with LCP light, and vice
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versa for an LH structure. This interpretation is in agreement
with previous studies of plasmonic chiral nanostructures and
can be qualitatively thought of as the result of an interaction of
induced electric and magnetic (circular current) dipoles, with
the same handedness as the incident light, which is hindered or
facilitated by the twist of the structure. This effect cannot occur
when the particles in an oligomer are far apart, but the particles
do not need to be in direct metallic contact since we are dealing
with an ac current characterized by exceedingly small charge
displacements. Consequently, the magnitude of the CD signals
observed for slightly overlapped oligomers, such as the one in
Figure 2C, is not much different than that for structures with
small but distinct gaps (e.g., the trimer in Figure 2B). The silver
tetramer samples in Figure 3 contained a mixture of gapped and
slightly overlapped oligomers, resulting in evenly broadened
spectral features.

The importance of interactions for the CD amplitude was
evident from the FEM simulations but can also be seen from
the CDA results (Supporting Figure 2). However, a strong
interparticle interaction is not the only prerequisite for a strong
CD signal in a chiral oligomer structure: the individual particles
also have to be arranged in 3D such that space and time
inversion symmetry along the light propagation direction is
broken. In other words, a completely 2D system does not
exhibit CD. This is a general result for any collection of
scatterers, chiral or not, confined to a plane. When illuminated
by a circularly polarized wave at normal incidence, the forward
scattered signal, which in accordance with the optical theorem
determines the extinction cross-section, is the same for both
polarization twists. However, the polarization in different parts
of the structure can vary a lot between the two cases. Hence,
the absorption cross section of a composite 2D structure can
differ for RCP and LCP light, but such a difference has to be
offset by the corresponding scattering cross sections to keep the
net extinction cross section constant. In Figure 4B and C, we
investigate these rather subtle effects using CDA and FEM
simulations of two different types of RH tetramers: an on-plane
tetramer and an in-plane tetramer. The on-plane tetramer
corresponds to the regular geometry we have considered so far;
that is, the base of all disks are on the same plane
(corresponding to the substrate in the experiments). In the
in-plane tetramer, in contrast, we have positioned the center-of-
mass of each disk in the same plane. Results are displayed as
Ao, that is, the difference in cross-section between RCP and
LCP light. We first note that the CDA Ao spectrum for the in-
plane structure vanishes everywhere, whereas that based on the
FEM simulation does not. This is in agreement with the
discussion above: the CDA model is based on point dipoles and
therefore is strictly 2D, while the finite spatial extension of the
nanodisks along the light propagation direction in the more
realistic FEM simulation introduces phase retardations and true
3D chirality that results in a small but finite chiral response.
However, the CD effect is obviously much stronger in the on-
plane case, corresponding to the experimental structures, which
exhibits a much more pronounced 3D character. Finally, in
Figure 4C, we have split up the FEM extinction differences Ao,
for the in-plane and on-plane structures into the corresponding
absorption Ao, and scattering Ao, contributions. We see that
the absorption and scattering features appear almost in the
same spectral positions, but with different signs. For the in-
plane case, the magnitudes of the two contributions are similar,
which thus means that they almost cancel out in the composite
Ao, spectrum, as discussed above. Interestingly, this effect is
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particularly pronounced for the short-wavelength region
dominated by quadrupolar resonances. Going instead to the
on-plane case, one finds that the absorption contribution has
decreased while the scattering has increased, resulting in a large
amplification of the CD response in accordance with the plots
in Figure 4B. From this, one can conclude that scattering effects
dominate the CD response of the investigated structures, which
is not unexpected considering the rather large overall volume of
the oligomer structures.

As discussed in the introduction, one of the main arguments
for investigating plasmonic structures with nanometric gaps or
crevices is the possibility of generating “hot spots” with high
electromagnetic field enhancement for various molecular
spectroscopy applications. In the present context, the
perspective of inducing so-called superchiral fields is particularly
interesting. We simulated the optical chirality, as introduced by
Tang and Cohen,” in the near-field around a tetramer using
FEM. The optical chirality can be calculated as C = —¢gy/
2wIm[E*-B] and quantifies the dissymmetry in excitation rate
between LH and RH molecules. In Figure 5, we show the
optical chirality enhancement factor in cuts through the “hot”
gap regions and for a wavelength near the maximum CD
response of the structure. The enhancement is calculated as C/I
Ccpl, where Ccp = +€,/2cwE,’* is the optical chirality for a right
(=) or left (+) circularly polarized plane wave with electric field
amplitude E,,. It is clear that the strong field enhancement in the
gaps (see Supporting Figure 4) also results in an enhancement
of optical chirality, which reaches values on the order of 200—
300 at favorable positions and wavelengths (see also Supporting
Figure S for the case of A = 880 nm). However, the gap regions
are also characterized by rapid sign changes of C, such that the
volume-integrated enhancement tends to cancel out. In
molecular analysis experiments, where molecules are generally
distributed randomly over the probe volume, the enhancement
of the molecular excitation rate at one location then would tend
to be compensated by a decrease at another location. We
therefore also quantified the averaged optical chirality by
integrating the enhancement factor in a 2 nm thick shell outside
the metal surface to simulate the response of a molecular
monolayer formed over the exposed part of the gold tetramer;
see Figure SD (and Supporting Figure 6 for the case of a larger
averaging volume). As expected, the enhancement is now much
reduced but still reaches values of ~5 near the peak in the CD
response. This should result in a quite clear difference in, for
example, fluorescence or Raman excitation rates of achiral
molecules for incident LCP vs RCP laser light.>> It would be
considerably more difficult to directly observe the CD of an
enantiomerically enriched molecular layer, because even in the
presence of the superchiral field enhancement, the difference in
molecular absorbance between RCP and LCP would have to be
resolved against the large intrinsic CD of the oligomers
themselves. As discussed by Hendry et al,>* an interesting
alternative is then to simply trace the variation in oligomer CD
as a chiral molecular layer is formed on the metal surface,
similar to what is done in standard surface plasmon resonance
sensing experiments. This approach then assumes that the
plasmon—molecule coupling depends on molecular chirality
and is somehow enhanced by the superchiral near-fields.

In summary, we have demonstrated a versatile fabrication
route for producing large areas of chiral trimer and tetramer
nanostructures with pronounced circular dichroism. The
particles in an individual oligomer all have disk-like shapes,
but they can be made of different materials and have different
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Figure S. Simulated optical chirality enhancement factor of silver
tetramers in a vacuum on a glass substrate based on the finite element
method (FEM). (A) Optical chirality enhancement factor at 880 nm
of a RH tetramer for LCP light and (B) RCP light. (C) Same as in A,
but for a LH tetramer. (D) Averaged enhancement factor in a 2 nm
thick shell surrounding the exposed metal surface.

heights. Because of the “gapped” nature of the structures, which
results in strong electric field enhancement and optical chirality,
the structures could be interesting to a wide range of
applications. The chiral optical response of the structures
results from a complicated interplay between optical near-field
interactions and phase retardation within the three-dimensional
oligomer structures.

B METHODS

Sample Fabrication. Samples were prepared on cover glass
substrates (Menzel-Gliser #2) spin coated with PMMA-A4
(MicroChem) and baked at 180 °C. A surfactant allows
charged PS beads (Sigma-Aldrich) to attach at a surface density
that can be controlled through the salinity of the PS bead
solution. Evaporating a 10 nm thin gold film and then removing
the PS beads by tape stripping create the hole-mask. Etching in
an oxygen plasma digs out the hole, and subsequent metal
evaporation at a specific angle builds a disk-like particle on the
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substrate, as indicated in Figure 1A. In the tetramer case, the
substrate is then rotated in 90 deg increments to allow for
evaporation of a second, a third, and a fourth disk. A final lift-off
and rinse step completes the sample fabrication.

Transmission Spectroscopy. Samples were measured
using collimated white light from a fiber-coupled halogen
lamp (Ocean Optics HL-2000). The light beam was passed
through a linear polarizer and an achromatic quarter wave plate
(Thorlabs AQWPOSM-630) tuned to obtain RCP or LCP light.
The wave plate exhibits a relatively constant retardation within
the 450—800 nm spectral range. We took great care to exactly
align the sample normal to the light propagation direction. We
estimated the alignment uncertainty to be around 0.25°, which
has negligible spectral influence. The transmitted light was
analyzed by a fiber-coupled grating spectrometer (BW-Tek
BRC711E) equipped with appropriate collection optics. The
sampling area was ~10 mm’ which encompasses tens of
millions of individual oligomers. Spectra acquired with substrate
side and nanostructure side facing the incident light differed
only slightly; see Supporting Figure 1 for an example. Data
displayed in Figures 2 and 3 were obtained for light incident on
the substrate side of the samples. CD spectra calculated from
transmission measurements were found to be in excellent
agreement with those obtained using a commercial CD
spectrometer (Jasco J810); see Supporting Figure 7.

Electrodynamics Simulations. Numerical simulations of
optical properties were performed using a commercially
available implementation of the FEM (COMSOL Multiphysics
3.5a) and tabulated values for the complex dielectric function of
silver.>® A tetramer was represented as four cylindrical disks
with the same diameter (100 nm) but varying height (10, 20,
30, or 40 nm) arranged in a left-handed or right-handed fashion
at the corner of a square either on a glass surface (n = 1.5) or in
a uniform medium (n = 1.25). The tetramer was excited by a
RCP or LCP plane wave entering from the substrate side.
Differential scattering and absorption cross sections were
obtained by integrating the far-field scattering over all angles
and by integrating the dissipated energy inside the disks,
respectively. Dipole simulations were based on solving the
coupled dipole equation for interacting point dipoles using
quasi-static polarizabilities for oblate spheroids with size
corrections according to the modified long wavelength
approximation.®® The diameter/height values for the four
particles in the tetramer were 100/10, 99/20, 88/30, and 76/
40.
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Experimental transmission spectra, simulated extinction cross
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