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ABSTRACT We demonstrate strong chiral optical response in three-dimensional

chiral nanoparticle oligomers in the wavelength regime between 700 and 3500 nm. . 4

We show in experiment and simulation that this broad-band response occurs at the
onset of charge transfer between the individual nanoparticles. The ohmic contact
causes a strong red shift of the fundamental mode, while the geometrical shape of
the resulting fused particles still allows for an efficient excitation of higher order

7S

modes. Calculated spectra and field distributions confirm our interpretation and
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show a number of interacting plasmonic modes. Our results deepen the understanding of the chiral optical response in complex chiral plasmonic

nanostructures and pave the road toward broad-band chiral optical devices with strong responses, for example, for chiral plasmon rulers or sensing

applications.
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hirality has gathered significant in-

terest in different fields of research

due to its fundamental importance
in nature and living matter. Chirality has two
distinctive meanings. On the one hand, it
refers to a simple geometrical property: a
chiral object cannot be superimposed with
its mirror image. The original structure and
the mirror image are called the two enan-
tiomers of a chiral compound. For example,
many biomolecules are handed, and some
occur only in one of the possible handed
forms. On the other hand, chirality can
manifest itself optically, namely, in a differ-
ent response of a chiral structure to left- or
right-handed circularly polarized light. The
interaction of chiral molecules or structures
with circularly polarized light in turn causes
a multitude of intriguing phenomena, such
as circular dichroism (CD) or optical rotatory
dispersion (ORD)."

Most naturally occurring chiral optical
phenomena are intrinsically weak. Chiral
molecules have small dipole moments and
hence couple only weakly to an external
light field. Sugar solution, for example, is
known to cause comparably strong optical
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polarization rotation; nevertheless, centi-
meters of solution at molar concentrations
are needed for efficient rotation of linear
polarization. Similarly, it is challenging to
study chiral molecules or even to optically
discriminate enantiomers.

Recently, it has been proposed that plas-
monics (i.e., the optics of metal nanoparticles)
might help in overcoming some of these
fundamental limitations. Such nanoparticles
are known for their highly efficient interaction
with an external light field. This property is
caused by the large dipole moments of the
plasmonic resonances which fundamentally
stem from the collective oscillation of the
quasi-free conduction electrons. In particular,
the interaction strength with an external light
field surpasses the one for molecules by
orders of magnitude. Accordingly, it has been
recently demonstrated that the chiral optical
response of three-dimensional plasmonic
nanostructures is significantly enhanced.>~'®
Moreover, it has been demonstrated that
even handed planar plasmonic structures
show huge chiral interaction with circularly
polarized light despite the fact that they are
not truly chiral.’®~%
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In contrast to molecules, complex plasmonic oligo-
mers composed of noble metal nanoparticles allow for
a nearly arbitrary manipulation of their constitution
and configuration.?® This amazing potential enables us
to design and tailor the optical response of plasmonic
structures nearly at will.>*~3° We can thus optimize the
property of a given structure in order to meet the
needs of the intended application, for example, for
plasmonic sensing.' ~3*

Recently, it has been shown that in the vicinity of
chiral plasmonic structures electromagnetic fields with
strong optical chirality are formed,* 38 which strongly
interact with chiral molecules. It has been proposed
that these fields might ultimately enable the detection
of individual chiral molecules and their discrimination
due to a significantly enhanced interaction of the
molecules with the external light field mediated by
the plasmonic nanostructure.3°~*? Nevertheless, these
experimental studies are at the very beginning and yet
need to be fully understood. An in-depth understand-
ing of the underlying processes and an intuitive design
strategy for maximum interaction and sensing sensi-
tivity still needs to be developed. In any case, for a
fundamental understanding of chirality in plasmonic
systems and for applications of such chiral optical
phenomena, it is highly intriguing to study the pre-
requisites for a maximized chiral optical response in
the far-field. Apart from a maximized circular dichro-
ism, spectral tunability or the possibility for broad-
band operation is attractive.

In this article, we demonstrate that the concept of
chiral plasmonic oligomers** composed of individual
metal nanoparticles arranged in a handed fashion is
particularly suited to control bandwidth and chirality.
Furthermore, we show that the chiral optical response
of these oligomers is greatly enhanced in magnitude and
spectral bandwidth once the individual particles touch
each other, allowing for the excitation of a charge-transfer
plasmon.**~*8 This ohmic connection on the one hand
causes a significant red shift of the fundamental resonance
of the structure. On the other hand, due to the irregular
shape of the resulting fused particles, higher order modes
can be efficiently excited.***° Both cause an experimental
chiral optical response of the oligomers between about
700 and 3500 nm.

RESULTS AND DISCUSSION

The most prominent example of a chiral structure is
a helix (cf. Figure 1a). Yet, the fabrication of such 3D
structures remains challenging. Impressive work has
been done utilizing direct laser writing®' and subse-
quent gold plating to obtain solid metal structures,>*
dielectric matrixes or polymers,®*>* helixes formed by
block copolymers,>*>> or electroless plating of a di-
electric chiral matrix.* However, the miniaturization of
these helixes in order to obtain a chiral optical re-
sponse in the near-infrared or even visible wavelength
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regime has not yet been demonstrated. A straightfor-
ward idea, however, is to replace the helix with in-
dividual nanoparticles arranged in a handed fashion, as
sketched in Figure 1a. The depicted arrangement of six
particles can be viewed as the first winding of a helix.
The benefit afforded by this strategy is three-fold. First,
the fabrication of such structures is possible by self-
assembly techniques®®° as well as multilayer elec-
tron-beam lithography.>**¢! Second, the fundamental
plasmonic modes of the structure are significantly
blue-shifted due to reduced coupling. Instead of con-
ductive coupling, as in the case of a solid helix, the
particles interact via their respective near-fields. Third,
the spectral regime in which the chiral optical response
occurs can be nearly arbitrarily shifted by changing
the particle size and by choice of the appropriate
metal 52764

A helix is better approximated if more particles and
more layers are utilized. In practice, both quantities are
limited by experimental feasibility. Figure 1b depicts
artist's impressions as well as tilted view scanning
electron microscope (SEM) images of our fabricated
structures. The structures consist of two layers fabri-
cated by electron-beam lithography (for details, please
refer to the Methods section).%®> Both layers contain
three particles arranged in an L-shape. The layers are
twisted with respect to one another, which determines
the handedness of the resulting structure. Changing
the size of the individual particles allows tuning of the
coupling strength within each layer. An increase in
particle diameter will increase the coupling due to
closing of the interparticle gap. As soon as the particles
touch, the coupling mechanism within the layers
changes from capacitive (i.e.,, near-field coupling) to
conductive coupling which leads to the formation of a
charge-transfer mode.®® Thus, one can laterally merge
the dots of each layer, which significantly increases the
coupling strength and the dipole moment of the
resulting resonances. Moreover, it further improves
the approximation of a helix. Figure 1c shows a tilted
overview SEM image of our fabricated oligomer. The
four elements of the unit cell are arranged in a
C4-symmetric fashion and thus form a uniaxial lattice
which suppresses contributions of polarization
conversion.®' This prerequisite is of utmost importance
for our measurements. In order to characterize chiral
structures, one normally examines the circular dichro-
ism (CD) spectra which are defined as the difference in
absorbance for left- and right-handed circularly polar-
ized light.%” Our setup (for details, see the Methods
section) is not capable of measuring the reflectance of
circularly polarized light for the large required wave-
length range. Therefore, we need to rely on transmit-
tance measurements and thus define the quantity AT
as the difference in transmittance Tgcp and T p for
right- and left-handed circularly polarized light. As we
ensured the uniaxiality of the superstructure, we can
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Figure 1. (a) A helix is a prototype chiral structure. In order to experimentally realize such a configurationally chiral structure,
one can approximate the first winding of the helix by a handed arrangement of individual nanoparticles. (b) Our fabricated
structures consist of two twisted layers, each containing three particles arranged in an L-shape (artist's impression in the top
row, SEM micrographs of the fabricated structures in the bottom row). This design furthermore allows merging the particles
into one another, increasing the coupling strength. (c) Tilted overview SEM image of a fabricated array. The structures are
arranged in a C;-symmetric and thus uniaxial lattice in order to suppress contributions of polarization conversion.

assume any contribution of polarization conversion to
be negligible, hence the transmittance difference AT is
directly correlated to CD.**

In order to study the chiral optical response of our
oligomers, we have successively increased the size of
the individual particles. Figure 2 depicts the transmit-
tance spectra for right- and left-handed circularly
polarized light for three different particle sizes. The
lowest spectra show the response of an oligomer with
well-separated particles. The response is thus described
in terms of capacitive coupling, that is, near-field cou-
pling. We observe strongly modulated spectra in the red
and near-infrared part of the spectrum with a number of
different modes and a pronounced difference for the
two different circular polarizations. This already indi-
cates strong chiral optical interaction. The topmost
spectra illustrate the case of fully touching particles
and are thus characterized by conductive coupling
and the appearance of the charge-transfer plasmon.
First, we notice a significant red shift of the fundamental
plasmon mode from about 1200 to 3000 nm. This
behavior is expected as the length of the merged
particles increases upon charge transfer. However, we
as well observe a number of additional resonances in
the red and near-infrared wavelength range. Even in the
red spectral region, these resonances show strong
modulation which is comparable to the response of
the oligomer with well-separated particles. Overall, the
differences for the two polarizations are even stronger
in the conductively coupled case. The middle spectra
depict the case for just touching particles. Due to
fabrication tolerances, not all particles are actually touch-
ing, which allows us to observe the transition from the
capacitively coupled to the conductively coupled case.
Consequently, the spectra show the formation of the new
lowest energy modes, while the modes of the separated
oligomer are still partially visible.
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Figure 2. Transmittance spectra for right- and left-handed
circularly polarized light for oligomers with different dia-
meter of the constituting particles as well as tilted view SEM
images of the corresponding structures. The bottom depicts
the case of well-separated particles, the middle just touch-
ing particles, and the top the case of completely fused
particles. The spectra are shifted upward in steps of 0.7
for clarity.

In order to directly compare the chiral optical re-
sponse of the oligomers upon increasing particle size,
we plot the experimental AT = Trep — Ty cp Spectra for
both enantiomers in the left column of Figure 3.
Compared to Figure 2, we show additional oligomers
with intermediate particles sizes which allows for a
better understanding and visualization of the transi-
tion behavior. The red and blue spectra correspond to
the left- and right-handed enantiomers of each oligo-
mer. For all cases, we observe excellent mirror symmetry
of the AT spectra, which is expected for interchanged
handedness. The two lowest oligomers correspond to
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Figure 3. Experimental (left) and simulated (right) AT spectra, defined as the difference in the transmittance of right- and left-
handed circularly polarized light. The red and blue spectra correspond to the left- and right-handed enantiomers,
respectively. In experiment and simulation, one observes the appearance of a new fundamental and a number of higher
order modes upon the increase of the size of the constituting particles (cf. the normal view SEM images and sketches). The
reason is the transition from capacitive to conductive coupling and thus the appearance of a charge-transfer mode. The
difference in the transmittance of right- and left-handed circularly polarized light reaches values as high as 35%. The spectra

are shifted upward in steps of 0.7 for clarity.

the case of fully separated particles and thus to the near-
field coupled regime. The coupling strength increases
with increasing diameter as the spectral features are red-
shifting. Yet, the overall mode structure remains un-
changed. The next set of spectra shows the transition
regime between capacitive and conductive coupling.
Inspection of normal view SEM micrographs indicates
that only about ~50% of the particles are actually
touching. Despite this uncertainty, the mirror symmetry
between the spectra of the two enantiomers is still
excellent, indicating that the fraction of touching parti-
cles is about equal. With further increase of the size of
the individual particles, they start to fully merge. We
observe the formation of an extremely strong and
broad-band chiral optical response between roughly
700 and 3500 nm, which corresponds to a bandwidth of
more than 2 octaves. The transmittance difference
reaches values up to nearly 35%. The reason for the
strong chiral optical response is most likely connected to
the strongly increased dipole moment of the plasmonic
resonances. The L-shaped particle which forms due to
the merging of the individual particles possesses a
significantly larger volume and thus a larger number
of quasi-free conduction electrons and consequently a
larger dipole moment of its plasmonic modes. Further
increasing the size of the particles leads to a spectral
shift of the resonances but no longer to a significant
change in the mode structure, as the overall geometrical
shape of the structure no longer changes. We expect
that the mode structure will only significantly change
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again when the dotted L-shaped particle approaches a
perfect undistorted L-shape. Additionally, one observes
a blue shift of the plasmonic resonances in the spectra,
which is particularly obvious for the lowest energy
modes. Intuitively, one would have expected a red shift
due to the increased size of the merged particle. Yet, this
red shift is overcompensated by the blue shift of the
plasmon modes upon increase of the width of the
structures, which is accompanied by the size increase
of the individual particles.

All of our experimental findings are confirmed by
numerical calculations, which agree very well (cf. Figure 3,
right column). In brief, finite element simulation method®®
is used to solve the three-dimensional Maxwell's equations
(for details, please refer to the Methods section). The
transmittances to the right- or left-handed circularly polar-
ized light are simulated for each oligomer, and the
differences AT are obtained accordingly. The initial
red shift of the resonances and the later blue shift
are well reproduced. Overall, we observe a few small
deviations. In particular, the simulation predicts a sig-
nificantly larger spectral separation between the funda-
mental resonance and the higher order modes. Yet, the
overall mode profiles are very well reproduced. We
attribute the differences to the highly complex shape
of the nanoparticles and the complex structure and
arrangements. Small deviations between the simulated
and measured structural geometry, which are well with-
in the tolerances of the fabrication techniques, might
cause already significant deviations.
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So far, the appearance of the higher order modes
remains unclear. Intuitively, one would expect an
overall red shift of all modes and therefore the dis-
appearance of a chiral optical response in the red and
near-infrared. The experimental spectra in Figure 4 are
capable of explaining the observed phenomenon. As a
reference, we fabricated single-layered structures,
which are separated particles, merged particles, and
a perfect L-shape. The spectra have been obtained
under excitation with linear polarized light, polarized
under 45° with respect to the lattice. Note that the
structures are still arranged in a C4-symmetric lattice,
despite the fact that only one structure is depicted in
the corresponding SEM micrograph for clarity. For the
isolated particles (black), we observe a number of
resonances which are all well below 1500 nm in reso-
nance wavelength. The perfect L-shape (blue) exhibits
three pronounced resonances. These resonances corre-
spond to the three fundamental split-ring resonator (SRR)
modes as the L-shape resembles a SRR.®® When turning
to the case of the merged particle depicted in the middle
row, we observe a combination of the two previously
mentioned extreme cases. The L-shape is distorted by the
waists of the individual merged particles. Indeed, the
corresponding spectrum exhibits a number of additional
higher order modes. This fact explains the presence of
the higher order modes in the red and near-infrared
region in the chiral optical response of the two-layered
oligomers. All observed modes are caused by the hybri-
dization of the modes of the individual building blocks.
An increased number of modes supported by the build-
ing blocks will lead to a larger number of hybridized
collective modes of the oligomer. The true benefit afforded
by the distorted L-shape is thus the ability to support a large
number of different modes which retain significant reso-
nance dipole moment and thus couple efficiency to an
external light field.

In order to further elucidate this experimental find-
ing, we simulated the optical response of the individual
building blocks of our chiral plasmonic oligomers.
Figure 5 depicts the transmittance spectra as well as
near-field intensity maps of the isolated particles and
the perfect L-shape under circularly polarized excita-
tion. The far-field optical response of the structures is
identical for left- and right-handed circularly polarized
incident light. This behavior is expected as the struc-
tures are achiral and the arrangement is uniaxial. Thus,
one observes neither circular dichroism nor polariza-
tion conversion. Both spectra exhibit two main and
well-modulated resonances. The lowest energy mode
A of the isolated particle structure is a combination of
dipolar excitations in the individual particles, leading to
a mode that can be characterized as a bonding dipole
mode. The higher energy mode B in contrast is char-
acterized by strong quadrupolar excitations, leading to
a bonding quadrupole type mode. The perfect L-shape
on the other hand shows much simpler mode behavior.
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Figure 4. Transmittance spectra under linear polarized ex-
citation for single-layered reference structures, which are
isolated particles, merged particles, and a perfect L-shape.
The dotted L-shape combines the benefits from the isolated
dots and the perfect L-shape: a large number of resonances
can be observed. The spectra are shifted upward for clarity
(the spectrum of the isolated particles by 1, the merged
particles by 0.8).

As expected, we observe a 1/2 (C) and a 4 (D) mode as
the two fundamental standing wave type modes of a
wire. Higher order standing wave modes are most likely
present, yet their modulation is weak. The excitation of
these modes depends strongly on the resonance dipole
moment associated with it, which is expected to drop
significantly for increasing mode order.®®

In order to understand the complex yet intriguing
behavior of the three-dimensional oligomers, we now
turn our attention to the case of the merged three-
particle structure. Figure 6 depicts the simulated trans-
mittance spectra as well as the calculated near-field
intensity maps. Again, we observe an identical far-field
optical response for left- and right-handed circularly
polarized excitation. However, in contrast to the pre-
vious case, we observe a number of well-modulated
resonances, in good agreement with our experimental
results shown in Figure 4. Interestingly, the mode
structure of the distorted L-shape is a combination of
the modes found in the structures of Figure 5. The two
lowest energy modes at spectral positions A and B are
A/2 and A modes. In contrast to the perfect L-shape, we
as well observe a well-modulated 31/2 mode at spec-
tral position C. The waists of the structure perfectly
match the profile of this 31/2 mode. Thus, the mode
retains a significantly stronger resonance dipole mo-
ment facilitating its excitation. Additionally, we ob-
serve bonding dipole and bonding quadrupole type
modes at spectral positions D and E, which are, again,
enabled by the distortions induced by fusing the three
individual particles into the L-shape. Thus, we can
deduce from the calculations that the distorted L-shape
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Figure 5. Simulated far- and near-field optical response of
single-layer isolated particles and perfect L-shape struc-
tures under circularly polarized excitation. The transmit-
tance spectra for left- and right-handed circularly polarized
incident light are identical, as to be expected for an achiral
and uniaxial structure. The near-field plots reveal bonding
dipole and quadrupole type modes for the three-particle
structure and standing wave type modes for the perfect
L-shape. The near-field plots are depicted for left-handed
circularly polarized excitation, as indicated by the red
arrow. The topmost spectrum is shifted upward by 0.5 for
clarity.
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combines the benefits from both the isolated three-
particle structure and the perfect L-shape, underlining
the experimental findings of Figure 4.

As we now have a clear understanding of the mode
structure of the individual layers, we can attempt to
unravel the mode structure of the double-layered
chiral structures. First, we will examine the case of
the fully fused distorted L-shape in Figure 7. The top
part depicts the calculated transmittance spectra for
left- and right-handed circularly polarized excitation as
well as the calculated AT = Tgep — Ticp Spectrum. The
bottom part shows near-field distributions at four
selected spectral positions. The color of the surround-
ing frame and arrow indicates the polarization of the
excitation (blue = RCP, red = LCP). Intuitively, we expect
the modes of the structure to be combinations of the
modes of the individual building blocks. In order to
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Figure 6. Simulated far- and near-field optical response of a
single-layer merged L-shape structure under circularly po-
larized excitation. The transmittance spectra for left- and
right-handed circularly polarized incident light are identi-
cal, as to be expected for an achiral and uniaxial structure.
We observe a number of well-modulated resonances. The
corresponding modes are a combination of the isolated
three-particle and the perfect L-shape cases. We observe
Al2, A, 31/2 standing wave type modes and simultaneously
bonding dipole and bonding quadrupole type modes.

elucidate this behavior, we first turn our attention to
the fundamental mode of the structure. We clearly see
that this mode strongly splits in resonance energy
depending on the polarization of the incoming light.
If we examine the field plots at spectral positions A and
B, we see that the modes are of similar character yet
show different phase behavior. Both modes are com-
binations of the fundamental /2 mode of the merged
L-shape. Under right-handed circularly polarized ex-
citation, the modes of the individual layers are in phase,
whereas they are in antiphase for left-handed circularly
polarized excitation. We can associate each mode with
an induced ring current that is flowing along the
particle shape. In order to understand the energy
splitting, it is most intuitive to consider the magnetic
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Figure 7. Calculated near- and far-field optical response of a
two-layered chiral plasmonic oligomer, consisting of fused
together L-shapes. The two lowest energy modes at spectral
positions A and B correspond to the combination of the
fundamental 1/2 modes of the individual layers. The lowest
energy mode is characterized by a parallel arrangement of
the magnetic moments induced by the ring currents in the
particles, and the higher energy mode shows an antiparallel
arrangement. The modes at spectral positions C and D are
the combination of the A modes and the bonding quadru-
pole modes, respectively.

moments induced by these ring currents, which are
sketched as purple and black arrows next to the
corresponding field distribution. For the lowest energy
mode, we see that the magnetic moments are aligned
in parallel. This alignment is energetically favorable
and reduces the resonance energy of the mode. In
contrast, the magnetic moments for the higher energy
mode at spectral position B are antiparallel, which
raises the resonance energy.>’° The comparably large
energy splitting between the two modes is thus due to
the strong induced magnetic moments and their
interaction. Importantly, when changing the handed-
ness of the structure, the lowest energy mode will be
the one under left-handed circularly polarized excita-
tion, thus LCP and RCP switch their respective roles
when changing the handedness of the structures. As it
is not feasible to discuss all modes of the structure, we
only show two additional representative cases. At
spectral position C, we observe a bonding combination
of two A modes. At spectral position D, we observe a
rather complicated mode profile which is the combi-
nation of two bonding quadrupole type modes. The
shown near-field distributions thus underline that all
observed modes are basically combinations of the

HENTSCHEL ET AL.

Transmittance

§
'_
$
'—
-0.2 1 1
500 1000 1500 2000
Wavelength (nm)
A _ C
+ TS AN
"?& N\ +—
LSS 8 N || e CD
A +‘ 4 C S t+
. S + e 7
o e
RCP RCP
1380 nm N 1020 nm
B D
) - N
( ~ Ee %% 7
=+ G /_g
£l
LCP, LCP,
1260 nm N 800 nm

Figure 8. Calculated near- and far-field optical response of a
two-layered chiral plasmonic oligomer, consisting of iso-
lated particles. The two lowest energy modes at spectral
positions A and B are the combination of the bonding
dipole modes of the individual layers. Together with the
displacement currents between the particles, we can define
effective currents in each layer, giving rise to magnetic
moments, similar to the case in Figure 7. The relative
orientation of the magnetic moments determines the re-
sonance energy of the modes. The higher energy modes at
spectral positions C and D are as well basically combinations
of higher order modes of the individual layers.

fundamental modes of the individual building blocks,
which are shown in Figure 6.

In Figure 8, we depict the calculations for the
isolated particle structure. The calculated transmit-
tance spectra for left- and right-handed circularly
polarized excitation as well as the calculated AT spec-
trum are shown in the top part, the bottom part shows
near-field distributions at four selected spectral posi-
tions. When examining the two energetically lowest
modes A and B, one again finds a combination of the
energetically lowest mode of the individual layer. The
overall behavior is very similar to the previously dis-
cussed case of the merged L-shape. Despite the fact
that there is no conductive coupling between the
particles, we can again define ring currents in the
individual layers. Even without a conductive bridge
between the particles, the near-field coupling gives
rise to displacement currents. The lowest energy mode
is again characterized by parallel alignment of the
induced magnetic moments, whereas the mode at
slightly higher energy shows antiparallel alignment.
In contrast to the merged L-shape, we only observe a
weak splitting in resonance energy. The reason is the
much smaller induced magnetic moment, as the ring
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currents in the individual layers are significantly smaller
due to the absence of conductive coupling. Addition-
ally, we plot the field distributions for two higher order
modes at spectral positions C and D. We again basically
observe combinations of the fundamental modes of
the individual layers. Yet, there is one pronounced
difference which is important to note. As there is no
conductive coupling between the individual particles
of each layer, the particles are comparably weakly
coupled as lateral plasmonic near-field coupling is
weak. In contrast, the coupling between the particles
stacked on top each other is significantly stronger.
Therefore, the overall mode profiles are slightly dis-
torted from the pure combinations of the modes of the
individual layers as the coupling between the stacked
particles of the two layers is more efficient.

CONCLUSIONS

In conclusion, we have studied in experiment and
simulation the chiral optical response of stacked ar-
rangements of metal nanoparticles, which we term
three-dimensional chiral plasmonic oligomers. We
have shown that the onset of charge transfer between
the individual particles leads to an increased band-
width extending from 700 to 3500 nm and an in-
creased magnitude of the chiral optical response
compared to the original oligomers. On the one hand,
this is caused by the strong red shift of the funda-
mental mode at the onset of conductive coupling,
shifting the chiral optical response to longer wave-
length. On the other hand, due to the geometrical
distortions of the particle, higher order modes of
the structure can be excited with high efficiency and
are hence responsible for the observed chiral optical
response at higher energies. We have shown that the
modes supported by the stacked structures are com-
binations of the modes of the individual layers. The

METHODS

Structure Fabrication. First, the quartz glass substrate (Suprasil,
Heraeus) is covered with a 70 nm thick spacer layer by spin-
coating. A solidifiable photopolymer, PC403 (JCR, Japan), is
used. A prebaking process is first carried out to remove the
solvent from the polymer (increase of the baking temperature
from 90 to 130 °C). A sufficiently long bake at a higher
temperature (30 min at 180 °C) further hardens the layer. Next
the three-particle L-shape layer and alignment markers are
defined in a resist (double-layer PMMA, Allresist) using elec-
tron-beam lithography (Raith e_Line). The substrate is then
covered with a 2 nm Cr adhesion layer and a 40 nm gold film
using thermal evaporation followed by a lift-off procedure.
Subsequently, a 70 nm thick spacer layer of PC403 is applied.
Afterward, the substrate is coated once more with a PMMA resist.
Computer-controlled alignment using the gold alignment mar-
kers is applied to ensure the accurate positioning of the upper
dot layer. Metal evaporation, lift off, and final planarization are
repeated. All samples have a total area of 30 um x 30 um.

All scanning electron microscope (SEM) images are taken
with a Hitachi S-4800 scanning electron microscope.

HENTSCHEL ET AL.

lowest energy modes are associated with strong mag-
netic moments induced by ring currents inside the
particles and displacement currents between them.
The parallel or antiparallel alignment of these moments
determines the energetic position of the respective
modes and depends on the handedness of the structure
and of the incident circularly polarized light.

We believe that the concept of three-dimensional
chiral plasmonic oligomers together with the excita-
tion of charge-transfer plasmon modes is a promising
route for strong and broad-band chiral optical systems.
These type of oligomers can be manufactured with a
number of different strategies, such as DNA-guided
self-assembly and subsequent metal overgrowth.>®

Another intriguing possible application of three-
dimensional plasmonic nanostructures is their use as
3D plasmon rulers.”' 73 Specific arrangements of me-
tal nanoparticles are capable of encoding their 3D
configuration optically, which would enable the infer-
ence of the full 3D arrangement of these particles from
their optical response. In turn, one can as well deduce
the configuration of a given optically inactive species
attached to these chiral gold nanoparticle scaffolds.
Chiral nanoparticle arrangements, such as our chiral
plasmonic oligomers, are particularly suited for these
type of applications, as chirality is a truly three-dimen-
sional property.** The chiral optical response is very
sensitive to small alterations of the configuration,
which can even lead to a change of the handedness
and therefore to a sign flip in the recorded CD spec-
trum. Three-dimensional plasmon rulers would offer an
exciting opportunity for the observation of dynamic
macromolecular dynamics. This would result in a
highly important in vivo and in situ addition at the
few-molecule level to other more conventional struc-
tural determination methods including macromolecu-
lar crystallography or NMR spectroscopy.

Optical Characterization. The spectra are measured using a
Fourier transform infrared spectrometer (Bruker Vertex 80),
equipped with an infrared microscope (Bruker Hyperion). The
incident light is focused with a Cassegrain objective with
numerical aperture = 0.4, and the transmitted intensities are
detected with Si and InGaAs diodes as well as a liquid-nitrogen-
cooled mercury cadmium telluride (MCT) detector. The incident
polarization is set with infrared polarizers and two broad-band
infrared quarter waveplates (700—2500 and 2500—7000 nm, B.
Halle Nachfl., Berlin). The measured spectra are normalized with
respect to the substrate.

Structure Dimensions. Each particle has a nominal gold thick-
ness of 40 nm, with a 2 nm Cr adhesion layer. Due to the
presence of a 70 nm thick dielectric spacer, the vertical distance
between the particles is 30 nm. The center-to-center distance in
the L-shape between the particles is 220 nm. The unit cell
contains four oligomers each, rotated by 90° with respect to
each other. The period within the unit cell is 650 nm in both
directions. The unit cell period is 1500 nm in both directions. The
difference between these periodicities has been chosen in
order for the unit cell to be easily visible (cf. Figure 1c). The
diameter d of the individual particles has been increased in six
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steps in the experiment in order to observe the transition from 9. Zhu, Z; Liu, W, Li, Z; Han, B.; Zhou, Y,; Gao, Y.; Tang, Z.
capacitive to conductive coupling (cf. the structures in Figure 3). Manipulation of Collective Optical Activity in One Dimen-
This results in 12 fields in total (two enantiomers each). The sional Plasmonic Assembly. ACS Nano 2012, 6, 2326-2332.
parameters have been extracted from SEM images and have 10. Guerrero-Martinez, A.; Alonso-Gémez, J. L.; Auguié, B.; Cid,
been used in the simulations accordingly and are as follows: M. M., Liz-Marzan, L. M. From Individual to Collective
d =180, 200, 220, 240, 260, 280 nm. Note that for d = 220 nm the Chirality in Metal Nanoparticles. Nano Today 2011, 6,
particles of each layer have just started to touch. 381-400.

Simulations. In the simulation, three-dimensional Maxwell's 11. Shemer, G, Krichevski, O.; Markovich, G.; Molotsky, T.; Lubitz,
equations are solved using the finite element method (COMSOL 1; Kotlyar, A. B. Chirality of Silver Nanoparticles Synthesized
Multiphysics finite element analysis simulation software). The on DNA. J. Am. Chem. Soc. 2006, 128, 11006-11007.
dielectric function of gold is taken from the Palik handbook.”* A 12. Zhao, Y.; Belkin, M. A,; AlU, A. Twisted Optical Metamater-
unit cell consisting of four elements arranged in the C;-sym- ials for Planarized Ultrathin Broadband Circular Polarizers.
metric fashion was simulated, which is the same as the fabri- Nat. Commun. 2012, 3, 870.
cated structure shown in Figure 1c. At the sides of the unit cell, 13. Christofi, A,; Stefanou, N.; Gantzounis, G.; Papanikolaou, N.
periodic boundary condition is assumed in order to obtain the Giant Optical Activity of Helical Architectures of Plasmonic
optical response of the whole oligomer array. A normal incident Nanorods. J. Phys. Chem. C 2012, 116, 16674-16679.
circularly polarized light source (500—3500 nm) is used. As the 14. Fan,Z,;Govorov, A. O. Chiral Nanocrystals: Plasmonic Spectra
incident light wave strikes the structure, it will be absorbed, and Circular Dichroism. Nano Lett. 2012, 12, 3283-3289.
reflected, or transmitted through the structure. The absorbed 15. Menzel, C.; Rockstuhl, C.; Paul, T.; Lederer, F. Retrieving
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