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ABSTRACT:

The polarization properties of near-field confined light significantly diverge from their
freely propagating counterparts. Polarized evanescent waves can support cycloid-like trochoidal
field motion, generated by transverse oscillations that are out-of-phase with longitudinal
oscillations, which are absent from free-space light. We have recently observed that trochoidal
waves with opposite rotational directions preferentially excite hybridized plasmon modes in gold
nanoparticle dimers (Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 16143-16148). However, the
symmetry properties responsible for this effect, named trochoidal dichroism, have not been
investigated. Here, we lithographically fabricate nanoparticle assemblies with varying symmetry
to uncover the geometric parameters driving sensitivity to trochoidal polarizations. We find that
while symmetric structures, such as single nanorods, do not exhibit trochoidal dichroism,
asymmetric nanoparticle arrangements facilitating a planar rotation of dipole orientations, with
one or fewer planes of mirror symmetry, are trochoidal-active. In particular, fan-shaped nanorod
assemblies tracing out the arch of the trochoidal field exhibit polarization-selective promotion of
their bonding and antibonding hybridized plasmons. By characterizing trochoidal dichroism as a
function of nanoparticle symmetry, we gain a deeper understanding of efficient nanoantenna
design principles and molecular geometries that can be probed using this novel light-matter

interaction.



Introduction:

Optical dichroisms efficiently probe molecular geometric properties. Widely utilized
techniques, such as linear dichroism (LD) and circular dichroism (CD) couple to linear and
helical charge motion, respectively, and measure the differential extinction of orthogonal light
polarizations by the analyte.!> While LD tracks alignment and orientation in anisotropic media,
CD identifies chirality, or handedness, which dictates crucial aspects of molecular interactions
with their surroundings. Recently, these molecular concepts have been extended to study the
polarized light-matter interactions of plasmonic nanostructures.®” The optical properties of noble
metal nanoparticles are dominated by their plasmon resonance, which is the coherent oscillation
of conduction band electrons.® Due to their close size-match with the wavelengths of exciting
light, nanoparticle plasmons often exhibit CD that is orders of magnitude larger than that of their
molecular counterparts.®!° Plasmonic structures, therefore, form attractive platforms as
nanoscale waveplates, on-chip polarization-sensitive antennas,!! and reporters of chiral signals
from molecular templates.!? Plasmonic assemblies have also been demonstrated to amplify and
transduce the CD of nearby molecules to the plasmon resonance through near-field multipole
interactions.!® Further, polarization-dependent scattering is readily observable on the single
nanoparticle level,'*!” enabling characterization of heterogeneity amongst ensemble
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populations, and deepening our understanding of the origin of dichroism in nanomaterials.?!

LD and CD effectively characterize anisotropy and handedness, but there are additional
forms of light polarization that remain underutilized,?>* thereby limiting the geometric
information that is probable through optical means. While interference fields*> and nanoscale-
confined light?®-27 efficiently enhance CD, there is a need for novel dichroisms utilizing

polarizations that can couple to electronic transitions to which traditional techniques are not



sensitive.?* Trochoidal polarizations, for example, are found in laterally confined light?*-** and

1’28

feature field motion that is both planar and rotational,*® producing a cycloidal, or cartwheeling

wave motion as the light propagates forward.*! Trochoidal dichroism (TD) is the differential

extinction of orthogonal trochoidal polarizations by a material®*

and is expected to probe
cycloidal charge motion in molecules, complementing the well-established capabilities of LD

and CD.

Recent studies indicate that trochoidal polarizations can characterize rotational
symmetries at interfaces, relevant for studying the coupling between molecules in self-assembled
rings, such as those in light-harvesting complexes.*?-*3 Mitsch et al. have observed that
trochoidal polarizations can promote electronic transitions in magnetic fields** and Mathevet et
al. have observed magnetic-field induced CD using trochoidal light.** In our recent study, we
observed TD in the absence of a magnetic field by characterizing the differential scattering of
single orthogonal plasmonic nanorod dimers irradiated by trochoidal waves rotating in opposite
directions.”* We found that the excitation of coupled plasmon modes in the nanorod dimers
depends on the direction of trochoidal rotation. However, an understanding of the symmetry
properties driving sensitivity to trochoidal field motion is still missing and is required to develop
novel spectroscopies utilizing the polarization states of confined light. Moreover, an
understanding of near-field polarization-dependent optical properties is needed for uncovering

efficient nanoantenna design principles.?%-37

Here, we explore trochoidal differential scattering as a function of nanoparticle
symmetry. We lithographically fabricate single gold nanorods, dimers, and higher-order
oligomers and investigate their scattering under trochoidal polarizations of opposite rotational

directions. We find that only nanorod assemblies with reduced symmetry, containing one mirror



plane or fewer, feature selective excitation of hybridized plasmons based on the trochoidal
polarization. We note that the sign of the TD is modulated by the 0° or 180° orientation of the
studied geometries with the direction of light propagation, and thus refer to this property as
extrinsic, as the overall experiment geometry induces sensitivity to the direction of trochoidal
rotation. We observe that nanodimers in the Ci point group, which have only identity symmetry,
exhibit TD but also have contributions from LD that limit the observed trochoidal differential
scattering for two of the four possible isomers. We further discover that analogous to helical
plasmonic assemblies with strong CD,*-% nanorod trimers and pentamers arranged in a fan-
shape tracing the arch of the trochoid exhibit TD and have no isomers with reduced polarization

sensitivity.

Methods:

Single-particle spectroscopy: Single-particle scattering spectra were acquired on an inverted

dark-field microscope (Zeiss, Axio Observer, m1) with excitation from a quartz-tungsten-
halogen lamp (Newport 66884). The light from the lamp was delivered by fiber optic cable to a
home-built rail system consisting of a collimating lens (Thorlabs AC254-030-A), an IR filter
(Thorlabs FGS550) to protect the film polarization optics, and a linear polarizer (Thorlabs
LPVIS100). Light polarized at +45° relative to the E), axis of the polarizer (Figure 1A) was then
focused by a 3 cm lens (Thorlabs AC254-030-A) onto an equilateral prism. For total internal
reflection (TIR) conditions, the incident angle onto the prism was ~55° relative to the sample
normal and was ~27° for oblique incidence experiments. The scattered light from the particles
was collected with a 50x objective with a numerical aperture (NA) = 0.8 (Zeiss) for TIR

experiments, and a 40x objective with an extra-long working distance (Zeiss, NA = 0.6) for



oblique incidence experiments. The collected light was passed through the body of the
microscope and imaged onto a spectrograph (Acton SpectraPro 21501) and charge-coupled
device camera (Princeton Instruments PIXIS 400BR). Single-particle scattering spectra were
collected in a hyperspectral fashion described previously.*® Briefly, the spectrograph and camera
were mounted on a stage that was advanced by a linear actuator (Newport LTA-HL). A slit
aperture placed before the camera and spectrograph allowed the collection of multiple spectrally
resolved slices as the detection assembly moves across the field of view. The collected spectra
are analyzed using scripts written in MATLAB R2017a that perform background subtraction and
white-light correction. To account for spectra with partial bonding and antibonding mode
excitation, all spectra are fit using non-linear least squares fitting to a sum of two Lorentzian

curves, from which the peak wavelength is extracted.

Electron beam lithography: Indium tin oxide (ITO) coated coverglass (Delta Technology LTD
CG-50IN-S107) was washed in sequential ten-minute sonication steps with a 2% V/V solution of
Hellmanex® detergent, MilliQ water, and ethanol. Then, the slides were cleaned with an O, -
plasma for two minutes to remove any remaining carbon contamination on the ITO. Next, a layer
of positive-tone electron resist, poly (methyl methacrylate) (PMMA A4, Kayaku Advanced
Materials), was spin-coated onto the ITO for 60 seconds at 4000 revolutions per minute. The
PMMA was baked for 90 seconds at 180°C. The samples were then taken to an FEI Quanta 650
scanning electron microscope (SEM), equipped with a Nanometer Pattern Generation System
and beam block. Patterns were written at 30kV with a current of 40pA, a working distance of
7mm and a dose of 500uC/cm?. The individual rods in each pattern were designed to be 40 nm
wide and 80 nm long. The designed gap sizes between each rod, defined as the minimum

distance between each rod, was 20 nm for all dimer and oligomer samples. The orthogonal



dimers had a designed interparticle angle of 90° and the trimers and pentamers had an
interparticle angle between each neighboring rod of 45°. Each patterned array contained all
possible isomers of the species in equal numbers. For example, each array of the orthogonal
dimers contained all four isomers: -, 1-, - and L-dimers so that the single-particle scattering is
characterized across all isomers in the same hyperspectral scan. The single rods, parallel dimers,
and end-to-end dimers were oriented at angles ranging from 0°-180° in 30° steps to sample any

orientation-dependent contribution to trochoidal differential scattering.

Once patterned, the resist was developed in a 1:3 methyl isobutyl ketone: isopropyl
alcohol solution for 70 seconds and rinsed in isopropyl alcohol for 60 seconds before gently
drying with N». Then the samples were taken to an electron beam evaporator where 2 nm of Ti
(Kamis) was evaporated on the ITO to support adhesion, followed by 40 nm of Au (Kamis). The
samples were then placed overnight in acetone and excess Ti and Au were removed through

gentle, brief sonication, and drying with No.

Finite difference time domain (FDTD) simulations: Numerical simulations of all structures were

performed using the Lumerical FDTD software package. The individual nanorod dimensions
were tuned to be within 5 nm of the designed dimensions to achieve a good spectral match. The
dimers were simulated with a nanorod length of 85 nm and a width of 35 nm, with a 15 nm
interparticle gap. For the trimers and pentamers, the lengths and widths of the nanorods were 80
nm and 40 nm, respectively, with an interparticle gap of 20 nm. The nanorods were modeled
considering a 2 nm Ti adhesion layer and 40 nm Au thickness. The dielectric function of Au was
acquired from Johnson and Christy,*' and that of Ti was extracted from Palik.*> The dielectric
functions were fit to a Drude-Lorentz model to be used in the FDTD calculations. The

interparticle angles of the nanorods matched those of the experiment. The structures were



modeled on a substrate consisting of glass (refractive index n =1.52) and 160 nm of ITO with a
wavelength-dependent refractive index of n 1.7.%3 The excitation light was polarized at E; =
+E, and was incident through the substrate medium at a 55° angle in the TIR case and at a 39°
angle in the oblique case, as in experiments. Perfectly matched layers surrounded the structures,
to avoid reflections from the boundaries. The collection angle of the objective was accounted for
by using a square monitor positioned past the decay length of the evanescent field while
adjusting its size to collect the scattering from a solid cone. To simulate TIR experiments, the
collected cone ranged from 0° to 55°, corresponding to a NA of ~0.8, consistent with
experiments. To simulate oblique incidence excitation conditions, the collection cone covered 0°
to 37°, corresponding to a NA of 0.6. The charge plots were calculated using a three-dimensional
monitor around the structures, calculating the charge density at each point. To generate the two-

dimensional charge plots shown, the charges were summed over the height of the structures.

Results and Discussion:

We use total internal reflection (TIR) of linearly polarized light at a glass-air interface to
produce a surface-confined evanescent wave with clockwise (CW) and anticlockwise (ACW)
trochoidal polarizations (Figure 1A). An evanescent wave formed by TIR has a complex
wavevector with an imaginary component perpendicular to the interface, causing the surface
confinement, and a real component, k, that is parallel to the interface.** To maintain
orthogonality between the wavevector and field components, evanescent waves contain
oscillations that are both transverse and longitudinal to k.*> Trochoidal field motion arises when
there is a phase offset between the transverse and longitudinal oscillations.?® The phase offset is

modulated by the incident polarization in terms of E; and E,,,*® which are the linear polarization



components perpendicular and parallel to the plane of incidence, respectively (Figure 1A). TIR
of light linearly polarized at —45°, corresponding to Eg = —E),, yields a 113° phase delay
between the in-plane transverse and longitudinal oscillations, giving rise to CW trochoidal
polarization (Supporting Information, Figure S1).2* To achieve ACW trochoidal polarization, the
incident polarization is switched to Eg = E;, (45%), producing a —67° phase delay between the in-
plane oscillations (Supporting Information, Figure S1). The isolated in-plane components of both

CW and ACW trochoidal polarizations are presented in Figure 1B.
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Figure 1: Differential plasmon mode excitation is an indicator of TD. (A) TIR of polarized light

gives a polarized evanescent wave. 8: incident angle exceeding the critical angle, .. E; and

E,, are the incident light polarization components. ACW and CW trochoidal polarizations can

preferentially excite higher- and lower-energy antibonding and bonding plasmon modes in



orthogonal plasmonic nanorod dimers arranged in a 1-shape. (B) ACW and CW trochoidal
polarizations resulting from TIR of Es = E, (45°) and Eg = —E,, (—45°) incident polarizations.
(C) Normalized representative single-particle scattering spectrum of a J-dimer under CW and
ACW trochoidal excitation. The wavelength difference between the two plasmon modes is
indicative of TD. (D) Summary of geometries characterized. ¢: interparticle angle, o: plane of
mirror symmetry, and Ca: axis of 180° rotational symmetry. Single nanorods and dimers with

@ = 180° have Cay symmetry. Orthogonal nanorod dimers have low symmetry and belong to the
C1 point group. Trimers with symmetric substituents off the central nanorod have a single plane
of mirror symmetry and belong to the Cs point group. All nanoparticle assemblies possess

identity symmetry.

TD gives rise to the selective excitation of bonding and antibonding plasmon modes in
coupled metallic nanoparticles. Nanoparticles in close proximity form hybridized, or coupled,
plasmon modes, analogous to coupled atomic orbitals in molecular orbital theory.*¢ Depending
on the symmetry of the nanostructure, CW or ACW trochoidal polarizations preferentially
couple to lower-energy bonding or higher-energy antibonding plasmons. If we consider CW
trochoidal polarization incident from the left on a dimer of horizontally-offset orthogonal
nanorods arranged with one nanorod parallel to £ and the other perpendicular to k, the
polarization aligns with the long axes of both nanorods (Figure 1A). We call this dimer a -
dimer based on the parallel, then perpendicular, arrangement of the nanorods with respect to &,
which throughout this manuscript, is incident from the left. The longitudinal plasmons of the
nanorods in the 1-dimer are accordingly excited tail-to-tail under CW polarization, represented
by the black arrows in Figure 1 A. This high-energy charge configuration constitutes an

antibonding plasmon mode,* and yields a blue-shifted resonance at 670 nm in the single-particle
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scattering spectrum (Figure 1C). By similar symmetry considerations, the polarization of ACW
excitation aligns with the first nanorod, but anti-aligns with the vertical nanorod, giving a lower-
energy bonding mode and a red-shifted single-particle scattering resonance at 695 nm. The
selective excitation of bonding and antibonding modes yields both positive and negative bands in
the calculated ACW-CW difference spectrum (Figure S2), similar to the CD spectra of coupled-
oscillators following the Born-Kuhn model.” As a simple indicator of the differential plasmon
mode excitation, we utilize the resonance shift (A1) from scattering spectra collected under
opposite trochoidal polarizations and display all spectra with normalized intensities to readily
observe changes in peak wavelength (Figure 1C). In this work, we characterize the trochoidal-
polarization induced resonance shifts of nanoparticle assemblies belonging to the Cay, Cs, and C;
point groups, with two, one, and zero planes of mirror symmetry, respectively (Figure 1D). Note
that although the structures are depicted as planar, due to the presence of a substrate, the particles
are not considered to have mirror symmetry with respect to the (y, z) sample plane.”43

The resonance wavelength of single nanorods does not depend on the trochoidal
polarization of the excitation. A single nanorod adhered to a substrate belongs to the Cay point
group, with two planes of mirror symmetry along the long and short axes, and a single axis of Ca
rotational symmetry. The longitudinal plasmon of a nanorod is responsible for the dominant peak
observed in single-particle scattering spectra®® (Figure 2A) and has an energy primarily
dependent on the nanorod’s aspect ratio, surroundings, and composition.’*>! Accordingly, the
resonance position of a single nanorod we lithographically fabricate to be 40 nm in width and 80
nm in length does not depend on either the trochoidal (Figure 2A) or the linear polarization
(Figure S3) of the excitation. Small resonance shifts may be due to experimental error in focus

drift, contributions from LD, or sample imperfections. We therefore use the mean and standard
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deviation of a Gaussian fit to a distribution of resonance shifts extracted from 55 nanorods under
CW and ACW polarizations to calculate that 95% of the values fall within £4 nm (Figure 2B).
We therefore assign 4 nm as the experimental trochoidal differential scattering error, which we

mark with pink dashed vertical lines in the histogram (Figure 2).
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Figure 2: Particles with Czy symmetry do not exhibit significant resonance shifts under CW and
ACW trochoidal polarizations. Normalized scattering spectra of (A) single nanorods, (C) end-to-
end dimers, and (E) side-by-side dimers under CW and ACW trochoidal excitations. Insets show
the orientation of the longitudinal dipoles in the dimers that give a significant net dipole,
represented as black arrows. The dashed black vertical line marks the peak scattering wavelength
of the single nanorod in panel A. Histograms of resonance shifts for (B) single nanorods, (D)
end-to-end dimers, and (F) side-by-side dimers extracted from Lorentzian fits of each single-
particle scattering spectrum under CW and ACW trochoidal polarizations. Insets depict the
symmetry elements for each nanostructure. The red line in (B) is a Gaussian fit to the distribution
of resonance shifts of single nanorods, which has also been presented elsewhere.?* The mean and

standard deviation indicate that 95% of the distribution lies within £4 nm, which we assign as the
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experimental error of trochoidal differential scattering measurements and mark with pink dashed

lines on subsequent histograms. N: number of independent samples.

Nanorod assemblies with Cay symmetry also do not exhibit changes in their peak
scattering wavelength when switching between CW and ACW trochoidal polarizations. The
energies of hybridized plasmons depend on the individual nanoparticle’s resonance,> the

53-54

interparticle spacing and orientation, and the polarization of the excitation.>> Consistent with

53,56 we find that the resonance wavelength of two 40 nm X 80 nm nanorods

previous reports,
arranged end-to-end with a 20 nm interparticle gap red-shifts relative to that of a single nanorod
(Figure 2C). The 20 nm gap allows for the individual plasmons to electrostatically couple®” and
only a bonding charge configuration, with the individual dipoles aligned tail-to-tip has a net
dipole moment that can strongly scatter to the far-field (Figure 2C-inset).>* The antibonding
mode has a diminished net dipole that does not meaningfully contribute to the scattering
spectrum.>* For side-by-side nanorod dimers offset by 20 nm, only the antibonding plasmon,
with constituent dipoles aligned tail-to-tail, has a significant net dipole moment.>* We find that
the peak scattering wavelength of a side-by-side dimer is blue-shifted from that of a single rod
(Figure 2E), in agreement with previous observations.>® The excitation of the bonding plasmon
in end-to-end dimers and that of the antibonding plasmon in side-by-side dimers is not
accompanied by any rotation of the constituent dipole orientations. As a result, symmetric dimers
do not exhibit significant resonance shifts when switching between CW and ACW polarizations

in either the single-particle scattering spectra (Figure 2C, E), or in distributions of 56 end-to-end

and 112 side-by-side dimers (Figure 2D, F).

13



With the introduction of an interparticle angle deviating from 0° or 180°, a planar rotation of
dipole orientations occurs upon excitation of the hybridized plasmon modes, inducing sensitivity
to trochoidal polarizations. The J1-dimers, discussed above, have an interparticle angle of 90° and
belong to the C; point group as they only have identity symmetry. Unlike their symmetric dimer
counterparts, both the bonding and antibonding modes of I-dimers have net dipole moments and
are readily observable in single-particle scattering spectra.>* CW trochoidal polarization has the
proper symmetry to excite both longitudinal dipoles of the 1-dimer tail-to-tail, inducing a CW
rotation of the constituent dipole orientations in the plane. The scattering from this antibonding
plasmon yields a blue-shifted resonance at 670 nm (Figure 3A dashed line). ACW trochoidal
polarization excites a red-shifted bonding mode, which scatters at 700 nm for this particular d-

dimer (Figure 3A dotted line).
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Figure 3: 1-dimers and L-dimers have similar TD contributions to their differential plasmon

mode excitation but opposing LD contributions. Trochoidal polarization sensitivity for L-dimers
is reduced by the linear components of the trochoidal excitation. (A) Normalized single-particle
scattering spectra of a 1-dimer under CW and ACW trochoidal excitation and (B) under oblique

E; = *E, incident light. (C) Normalized single-particle scattering spectra of an L-dimer under
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CW and ACW trochoidal excitation and (D) under oblique E; = tE), incident light. Dashed and
dotted vertical lines are placed at the resonance wavelength of the antibonding and bonding
mode, respectively. Cartoons above the spectra depict plasmon mode excitations driven by the
rotational and linear components of CW trochoidal polarization, where black arrows represent
the longitudinal dipoles of the nanorods excited tail-to-tail or tip-to-tail depending on the dimer’s

geometry.

Evanescent waves produced by TIR of linearly polarized light naturally possess linear
components, which can contribute to the differential excitation of bonding and antibonding
plasmons in the asymmetric dimers. The linear components cause the arch of the trochoid to
lean at approximately +70° angles away from k in the (y, z) sample plane for TIR of E; = tE,,
light (Figure 1B and Figure S1). E; = tE), light incident at an oblique angle produces only
linear polarizations, and the components projected into the (y, z) sample plane are polarized at
+70° (Supporting Information, Figure S4). To characterize the role of the linear components in
the trochoidal differential scattering, we thus measure the scattering of the dimers under oblique
incidence linearly-polarized excitation. The net dipole of the 1-dimer’s antibonding mode
coincides with the —45° axis in the (y, z) sample plane (Figure 3A cartoon). Oblique incident
E; = —E, (—45°) polarized light couples with the blue-shifted antibonding mode, while oblique
incident Eg = E,, light excites the bonding mode (Figure 3B). Therefore, the resonance shifts
measured under opposite trochoidal and linear polarizations of the J-dimer are of the same sign
and of a similar magnitude. We expect that the linear and rotational components of the excitation
work synergistically to selectively promote the bonding and antibonding plasmons observed in

the trochoidal differential scattering of the d-dimer (Figure 3A cartoon).
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L-shaped dimers are the mirror image of the d-dimer over the (x, y) plane and have TD and
LD contributions of opposite sign, leading to mode-mixing when excited by CW and ACW
trochoidal polarizations. With a fixed k, CW trochoidal excitation still aligns with both nanorods
of the L-dimer, promoting antibonding mode excitation (Figure 3C cartoon). Indeed, CW
excitation given by TIR of Eg = —E), light yields a blue-shifted shoulder in the trochoidal
differential scattering of the L-dimer (Figure 3C dashed line). The net dipole of the bonding
mode lies along the —45°axis in the (y, z) plane (Figure 3C cartoon). Therefore, oblique incident
E; = —E, (—45°) light excites the bonding mode (Figure 3D dotted line), while Eg = E,, (45°)
light dominantly promotes the antibonding mode (Figure 3D dashed line). While developing a
method to formally correct for the linear components of the trochoidal excitation is the subject of
future work, we observe opposite TD- and LD-driven mode excitations in the L-dimers. The
differing polarization sensitivity of the L-dimers under TIR and oblique excitation conditions
demonstrates that our trochoidal differential scattering results are not only due to LD, enabling a
distinction between the two dichroisms. This result is well reproduced in the simulated scattering
spectra (Figure S5). However, the competing action of the rotational and linear components in
the trochoidal excitation leads to the simultaneous excitation of both bonding and antibonding
modes under CW and ACW polarizations (Figure 3C, cartoon). As a result, the L-dimer has

reduced trochoidal polarization sensitivity compared to the J-dimer.

Dimers with C; symmetry have four possible isomers, each with distinct trochoidal and linear
differential scattering. The four isomers are related by mirror symmetry operations. In principal,
any mirror operation reverses the sign of the LD but only mirroring over the (X, z) plane
containing k gives TD of the opposite sign. As shown in Figure 3A and B, 1-dimers have similar

mode excitations driven by trochoidal and linear polarizations, and give resonance shifts of
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similar magnitude, confirmed over a distribution of 37 J-dimers characterized under both TIR
and oblique incidence excitation geometries (Figure 4A). The mirror image of the J1-dimer over
the (X, z) plane containing k forms a 1-dimer and reverses the sign of both the TD- and LD-
dependent resonance shifts relative to those of the d-dimers (Figure 4B). Similar in behavior to
the d-dimer, "1-dimers also have TD and LD contributions of the same sign, giving

indistinguishable resonance shift distributions for both dichroisms (Figure 4B).
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Figure 4: Histograms of resonance shifts of the four possible isomers of orthogonal nanorod
dimers under both TIR and oblique excitation geometries with Eg = E}, (45°) and E; = —E,,
(—45°) incident polarizations. The TIR excitation geometry characterizes TD, shown in blue
bins, while the oblique incidence geometry characterizes LD shown in orange bins. The
resonance shifts are extracted from Lorentzian fits of the dimers and are calculated as AA =

Max(Es=E,) ~ Amax(Es=-E,) (nm). Although an objective lens with a lower NA than that used for

TIR excitation is required to collect the scattering under oblique incidence excitation, the

resonance shift distributions of the dimers do not significantly depend on the NA of the
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collection optics (Figure S6, Table S2). (A, B) The d- and - dimer isomers have similar
resonance shift distributions under trochoidal and linear polarizations that are not significantly
distinguishable across both isomers. (C, D) The L- and I'- dimer isomers predominantly exhibit
TD- and LD-driven resonance shifts of opposite sign. Inset cartoons depict the dimer geometry
and the trochoidal and linear polarizations expected to excite an antibonding mode, represented
by black arrows showing the tail-to-tail arrangement of longitudinal dipoles in the nanorods.
Each isomer is related by mirror-image operations (o;,). A mirror across the (x, y) plane
maintains the sign of the TD contribution to the differential scattering, while reversing that of the
LD, enabling distinction of the two dichroisms. The Kolmogorov-Smirnov test is employed to
assess statistical difference between resonance shift distributions measured under TIR and
oblique incidence excitation (Table S1). One to three asterisks indicate p-value ranges of 95%,
99%, and 99.9% confidence for statistical difference, respectively, while ns signifies that the
distributions are not statistically different at the 95% confidence level. N is the number of

independent samples.

L- and IN-dimers predominantly have TD- and LD-driven resonance shifts of opposite
sign, enabling a clear distinction of the two dichroisms in these isomers. As shown in Figure 3C
and D above, trochoidal and linear polarizations promote opposite differential-mode excitation in
the L-dimer. Over a distribution of 38 L-dimers, the sign of the median resonance shift measured
under trochoidal polarizations is opposite that due to LD (Figure 4C). The -dimer is the mirror
image of the L-dimer over the (x, z) plane containing k, switching the sign of both the TD- and
LD-dependent resonance shifts (Figure 4D). For these two isomers, trochoidal and linear

polarizations promote opposite hybridized plasmon modes, enabling a significant distinction
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between TD and LD (Figure 4C, D). To quantify this difference, the non-parametric
Kolmogorov-Smirnov test confirms that the resonance shift distributions under TIR and oblique
excitations are statistically distinct for both L- and I'-dimers with 99.9% confidence (p-value <
0.001) (Figure 4C, D; Table S1). However, the magnitude of the resonance shifts observed in the
L- and I'-dimers is reduced relative to those of the 1- and T1-dimers due to competing
contributions of the rotational and linear components in the trochoidal excitation. Finally, we
note that each of the dimer isomers can also be related by a 180° rotation. For example, rotating a
Jd-dimer 180° yields a I'-dimer (Figure 4A, D). With k£ maintained, a 180° rotation is expected to
give opposite TD-driven mode excitations but maintain the linear contributions. Accordingly, the
J-dimers and M-dimers exhibit median resonance shifts of opposite sign under trochoidal
polarizations, while the sign of the LD-dependent resonance shifts are maintained for both

isomers (Figure 4A, D).

Nanoparticle trimer assemblies with Cs symmetry have only two isomers and both have
hybridized plasmon modes that are selectively excited by opposite trochoidal polarizations.
Nanorod trimers with components arranged in a fan-shape have a plane of mirror symmetry in
the (x, y) plane perpendicular to k£ and possess identity symmetry. They therefore belong to the
C;s point group and have up-facing and down-facing isomers related by a mirror operation over
the (x, z) plane containing k (Figure 5A, B). Single-particle scattering spectra of the up-facing
trimer reveal that CW trochoidal field motion effectively couples to an antibonding mode at 677
nm (Figure 5A dashed line), while ACW polarization excites a red-shifted mode at 700 nm
(Figure 5A dotted line). The down-facing trimer has the opposite trochoidal-dependent mode
excitations, with ACW polarization giving the antibonding mode (Figure 5B dashed line). Due

to their mirror symmetry with respect to the (X, y) plane, the up- and down-facing trimers are
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interconverted by either a mirror operation over the (x, z) plane or by a 180° rotation. The sign of
the resonance shift under opposite trochoidal polarizations is determined by the 0° or 180°
orientation with respect to k (Figure 5A, B). The dependence on k is analogous to extrinsic
chirality, in which nanostructures with mirror symmetry, but a chiral experiment geometry, give
rise to CD.% 38

A Up-Facing Trimer g Down-Facing Trimer

Cs TTIR C,
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ACW x

=
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E5=-qu N\ A
E.=E,
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Figure 5: CW and ACW trochoidal polarizations selectively promote bonding and antibonding
modes in trimers with Cs symmetry while linear polarizations yield reduced resonance shifts. (A)
Normalized single trimer scattering spectra under CW and ACW trochoidal polarizations and (C)
under oblique E; = t+E,, incident light. Insets: cartoon depiction of the trimers with marked
planes of mirror symmetry as well as SEM images of the trimers. Dashed and dotted vertical
lines mark the resonance wavelengths of the antibonding and bonding-type plasmons,
respectively. (B, D) same as A and C but for a mirror-image trimer. The resonance shifts

resulting from LD are reduced relative to those driven by TD for both up- and down-facing

trimer isomers.
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The vertical mirror symmetry of the trimers reduces their sensitivity to linear
polarizations. In the up-facing trimer, E; = —Ep light incident at an oblique angle excites a blue-
shifted resonance at 677 nm (Figure 5C dashed line), consistent with the resonance position we
observe with CW trochoidal excitation (Figure SA dashed line). However, oblique E; = E), light
excites a resonance red-shifted by only 13 nm (Figure 5C), compared to the 23 nm shift we
observe under trochoidal polarizations (Figure 5A). The down-facing trimer has a resonance shift
of 14 nm under the two linear polarizations, with E; = E, light now exciting the blue-shifted
resonance (Figure 5D). As with the - and T1-dimers described above, we expect the linear
components of the trochoidal excitation work together with the rotational components to promote
strong differential plasmon mode excitation in the trimers. However, the resonance shifts due to
LD are reduced relative to those observed under trochoidal polarizations, enabling a distinction
between the two dichroisms. Simulations of the trimers confirm that they have TD- and LD-
dependent resonance shifts of the same sign, with comparatively weak linear polarization

sensitivity (Figure S7).

The differential excitation of bonding and antibonding plasmons in trimers under CW and
ACW polarizations results from the fan-shaped arrangement of nanorods tracing out the arch of
the trochoid. Due to the finite horizontal offset between adjacent nanorods, all three nanorods
simultaneously experience different phases of the excitation (Figure 6A, B). Figure 6A, B shows
CW and ACW trochoidal polarizations overlaid with an accurately scaled trimer. When the up-
facing trimer is excited by CW trochoidal polarization, the electric field aligns with all three
nanorods in the curved arrangement (Figure 6A). Accordingly, all three dipoles of the nanorods
are excited in-phase (Figure 6A). This high-energy charge accumulation yields a blue-shifted

antibonding plasmon in simulated spectra (Figure 6C). When the excitation is switched to ACW,
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the field predominantly aligns with the first nanorod, but anti-aligns with the remaining two
nanorods in the trimer (Figure 6B), exciting the first two nanorods’ dipoles out-of-phase and
giving a red-shifted bonding configuration (Figure 6C). While in a pure bonding mode, the
central nanorod’s dipole is out-of-phase with both neighboring dipoles, this mode has a
diminished net dipole and cannot be efficiently excited. Rather, we expect a coupled plasmon
with bonding character, with only the first two dipoles out-of-phase, reducing the energy of the
mode relative to the all in-phase antibonding mode, while still allowing a significant net dipole.
Charge distributions calculated at the peak scattering intensity confirm these expectations, with
antibonding and bonding plasmons dominantly excited with CW and ACW trochoidal
polarizations, respectively (Figure 6D, E). Simulated spectra of V-shaped nanorod dimers yield
similar trochoidal differential scattering (Figure S8), indicating the generality of our conclusions

to many nanoparticle arrangements with Cs symmetry.
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Figure 6: Trimers (Cs symmetry) exhibit TD due to their fan-shape approximately following the

curve of the trochoid. (A, B) CW and ACW trochoidal polarizations are overlaid with an
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accurately scaled up-facing trimer. When switching from CW to ACW polarizations, the
individual dipoles shift from all in-phase, giving an antibonding mode, to out-of-phase, forming
a bonding configuration. (C) Normalized simulated scattering spectra of the trimers under CW
and ACW trochoidal polarizations. Charge distributions of the trimer calculated at the peak
scattering intensity under (D) CW and (E) ACW trochoidal excitation confirm differential

promotion of antibonding and bonding plasmons under opposite polarizations.

Pentamer nanoparticle assemblies are sensitive to the direction of trochoidal rotation and
have a fan-shape that extends to include nanorods directly aligned with k, further matching the
arch of the trochoid. Similar to the trimers, simulations confirm that CW polarization can excite
all five dipoles of an up-facing pentamer in-phase (Figure S9), yielding an antibonding mode at
675 nm (Figure 7A dashed line). Under ACW trochoidal excitation, the resonance red-shifts 20
nm to 695 nm (Figure 7A dotted line). Mirror-image pentamers across the (x, z) plane give the
opposite resonance shift with ACW trochoidal polarization exciting the antibonding mode
(Figure 7B). The magnitude of the resonance shifts in the pentamers is similar to that of the
trimers, indicating that nanoparticle assemblies with Cs symmetry can exhibit strong TD, even
without completing a full trace of the arch. The similar magnitude of the resonance shifts
between the two geometries is likely a result of maintaining a 20 nm separation between the
individual rods in each nanoparticle assembly, limiting the maximum difference in peak

wavelength between the two modes. Oblique incident E; = tE), light promotes resonances

between the bonding and antibonding modes in energy with reduced wavelength differences
relative to those measured under opposite trochoidal polarizations (Figure 7C, D). Es = —E,,

light excites a resonance at 680 nm in the up-facing pentamer, minimally blue-shifted from that
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excited by oblique incident E; = E), light at 690 nm (Figure 7C). The down-facing pentamer has
the opposite resonance shift due to LD, and Eg = E,, light excites the blue-shifted resonance
(Figure 7D). Simulations confirm that both isomers of the pentamers exhibit differential

excitation of bonding and antibonding plasmons under trochoidal polarizations, with weak linear

polarization sensitivity (Figure S9).
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Figure 7. Pentamers with Cs symmetry have trochoidal differential scattering with reduced
resonance shifts under linear polarizations. Normalized single pentamer scattering spectra under
(A) CW and ACW trochoidal polarizations and (C) under oblique Es = tE), incident light.
Insets: Schematic of the pentamers with symmetry elements noted and SEM image of a
pentamer. Vertical dashed and dotted lines identify the resonance wavelengths of the modes with
antibonding and bonding character, respectively. (B, D) same as A and C for a mirror-image
pentamer across the (x, z) plane containing k. Similar to the trimers, the pentamers have
differential interactions with trochoidal polarizations as a result of their fan-shape, which

approximately traces the curved arch of the trochoid.
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On average, for fan-shaped oligomers with Cs symmetry, trochoidal polarizations
selectively promote bonding and antibonding plasmons, while the differential mode excitation
due to LD is suppressed. Figure 8 shows a box plot of resonance shifts extracted from Lorentzian
fits of single-particle scattering spectra of the trimers and pentamers acquired under TIR and
oblique excitation conditions. Across all geometries characterized, the resonance shifts induced
by TD are significantly greater than those induced by LD. As a result, although the resonance
shifts driven by LD and TD are of the same sign for the fan-shaped assemblies, the effects due to
TD are easily distinguishable. Moreover, unlike the asymmetric dimers, there is not an isomer of

the trimers or pentamers with reduced sensitivity to CW and ACW trochoidal polarizations.
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Figure 8: Particles with Cs symmetry exhibit TD- and LD-driven resonance shifts of the same
sign, but those measured under trochoidal polarizations are significantly larger in magnitude.
Box plot of resonance shifts of 96 trimers and 64 pentamers under both TIR and oblique

excitation conditions. The resonance shift is calculated as AL = A, (5, = Ey)
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A ~Ep) (nm). The top two boxes are the resonance shift distributions from 48 trimers

max(Es=
under TIR and oblique incidence excitation, with the next two coming from 48 mirror-image
trimers. The bottom 4 boxes are the resonance shift distributions from pentamers, with 32
pentamers for each isomer. Median values for all 8 distributions are printed on the left side of the
box plot. The three asterisks on the right side of the box plot denote p-values of <0.001
calculated by applying the Kolmogorov-Smirnov test to the TIR and oblique incidence data for
each geometry, confirming the two excitation conditions yield different distributions with 99.9%
confidence. Although an objective lens with a lower NA than that used under TIR excitation is
required for dark-field imaging under oblique incident excitation, the resonance shift
distributions of the pentamers are not significantly impacted by the collection NA (Figure S10,

Table S3).

Conclusions:

In conclusion, only plasmonic nanoantennas with one or fewer planes of mirror
symmetry exhibit TD. Nanoparticle assemblies with higher symmetry belonging to the Cay point
group are not sensitive to the direction of trochoidal rotation, yet lower-symmetry dimers and
fan-shaped assemblies have selective promotion of their plasmon modes based on the trochoidal
polarization. Although dimers with C; symmetry have a subset of isomers with weak trochoidal
differential scattering, all isomers with Cs symmetry have resonances sensitive to the direction of
trochoidal rotation. Similar to helical plasmonic structures with large CD,*-3° fan-shaped
structures match the geometry of the trochoidal wave, resulting in significant trochoidal
polarization sensitivity. Our results inform the design of efficient polarization-dependent

nanoantennas for implementation with near-field confined light.*® Further, by characterizing the

26



geometric parameters that drive TD in plasmonic systems, we gain an understanding of the
molecular geometries we expect to be sensitive to trochoidal polarization, and thus probable by
this new optical tool. Ultimately, molecules exhibiting a planar rotation of charge upon
excitation are expected to have TD-active transitions. Examples include achiral molecules with
orthogonal electric and magnetic dipole transition moments,>® and self-assembled rings of
electronically-coupled molecules, such as light-harvesting antennas.?** Additionally, trochoidal
birefringence measuring the differential refractive index of a material under opposite trochoidal
polarizations is expected to accompany TD in molecular and plasmonic systems, forming a
complementary technique to optical rotatory dispersion.® While the relative strength of TD
compared to CD and LD in molecular systems remains to be characterized, the ability to observe
signatures of TD on the single-particle level is promising. However, applying TD to molecular
systems is currently limited by the requirement of molecular alignment with &, which may be
possible only in single-molecular assembly experiments.®! To expand the applicability of TD,
future studies will focus on uncovering the symmetry elements required to observe intrinsic
trochoidal dichroism, which would elucidate molecular geometries expected to have TD

invariant with respect to k.
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