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Abstract 

Noble metal nanoparticles host surface plasmon resonances that confine 

electromagnetic waves below the diffraction limit of light, making them effective 

building blocks for near-field optical antennas. Efficient prediction and design of 

nanoantenna systems are facilitated by improved understanding of their optical 

properties. Here, we utilize an intuitive coupled-dipole model for fan-shaped gold 

nanorod trimers together with experiment to investigate the role of near- and far-field 

effects upon optical dichroism using both linear and trochoidal polarizations with 
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cartwheeling field motion matching the geometry of the trimers. Our coupled-dipole 

model predicts the linear and trochoidal dichroism that we observe in experiments, and 

we demonstrate that trochoidal intensity modulation can be tuned and reversed by 

varying the geometric parameters of the gold nanorod trimers. Simple analytical models, 

coupled with easily understood visualizations, provide a useful framework for predictive 

nanoantenna design applications. 

KEYWORDS plasmonics, optical antenna, coupled-dipole model, nanorod, trochoidal dichroism, 

predictive nanoantenna design 

 

Coherent excitations of conduction band electrons known as plasmons confine free-space 

radiation to the nanoscale, a size regime inaccessible via traditional optics. The plasmon resonances of 

noble metal nanoantennas often lie within the visible spectrum and can be tuned by altering the geometry 

or local environment.1-2 A wide range of nanoantenna designs can be realized with modern top-down3-6 

and bottom-up7 fabrication techniques, with varied applications including molecular sensing,8-11 

photocatalysis,12-14 and waveguiding.15-18 Single-particle nanoantennas have been found to influence 

quantum emitter photophysics19-22 and reshape far-field emission.23-28 More complex nanoantennas are 

also possible with extended metal nanostructures17, 29 or with coupled nanoparticles,30-35 and these can 

form chiral arrangements.4, 36 Chiral nanoantennas have optical properties that are easily manipulated by 

the incident light polarization37 and are promising components for miniaturized waveplates,3 plasmon-

enhanced circular dichroism spectroscopy,36, 38 and strong optical intensity modulation.39-40 

The drive for efficient design and implementation of optical antennas motivates the development 

of methodologies for understanding and predicting their optical properties. While optical antennas draw 

natural comparisons to classical radio-frequency antennas, the difference in size regimes prevents the 

direct application of modern antenna theory to the nanoscale.41 Numerical simulation methods, such as 
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finite-difference time-domain (FDTD) and the finite element method are often used to predict 

nanoantenna properties and verify experimental results.27, 32, 39 Though robust numerical simulations 

provide some level of understanding,27, 39 simple analytical models can offer insight about the underlying 

mechanisms driving optical properties.  

One framework that has been successfully applied to plasmonic nanoantennas is the coupled-

dipole model, in which plasmon resonances are treated as damped and driven oscillators.28, 33, 42-46 These 

models can explain nanoantenna phenomena such as circular dichroism33, 46 and the shifting of molecular 

point spread functions.43  They have also aided in informing the design of tailored polarization dependent 

optics.  With the continually expanding range and precision of fabrication techniques, including 

lithography,30, 32 chemical synthesis,47-49 and controlled assembly,7, 31, 34, 50-53 deeper understandings of 

optical behaviors are needed to facilitate the systematic design of nanoantenna complexes tailored to 

specific applications. 

In this manuscript, we use a reduced-order coupled-dipole model to interpret the polarization 

dependent scattering of fan-shaped gold nanorod trimers (AuNRTs). The model is used to investigate 

optical dichroism under both linear and trochoidal polarizations, the latter characterized by cartwheeling 

field motion. By separating between near- and far-field effects, the model reveals that modulation of 

polarization dependent scattering intensity is predominantly a consequence of far-field interference 

between nanorod scatterers. With these insights, we predict the design of a reversed intensity modulation 

AuNRT nanoantenna. This work highlights the importance of considering both near- and far-field effects 

in nanoantenna design and demonstrates the predictive power of intuitive theoretical models. 

Modeling AuNRT Light-Matter Interactions 

A scanning electron microscope (SEM) micrograph of a lithographically fabricated AuNRT on an 

indium tin oxide (ITO)-coated glass coverslip is shown in Figure 1a. The constituent 80 x 40 x 40 nm 

nanorods are arranged in a fan shape with 20 nm corner-to-corner gaps and an angular offset of 45°, 
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meaning that the side nanorods are oriented ±45° relative to the central nanorod. Each nanorod is modeled 

as a 1D point dipole oscillator coupled to its nearest neighbors via the electric dipole field. This model is 

illustrated in Figure 1b as a ball-and-spring system, where the springs connecting the balls represent the 

near-field coupling between oscillators. Two approximations keep the model simple and analytical: the 

point dipole oscillations are restricted to the long axis of their respective nanorods, and each dipole is 

coupled to its nearest neighbors only. 

 

Figure 1. A coupled-dipole model of the near-field interactions in AuNRTs. (a) SEM micrograph 

of lithographically prepared AuNRT with 20 nm corner-to-corner gaps and side nanorods oriented at 45° 

relative to the center. (b) Ball-and-spring diagram of the coupled-dipole model. Each nanorod is treated 
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as a 1D oscillator and adjacent nanorods couple in the near field. (c) Single nanorod longitudinal mode 

scattering cross-section calculated by FDTD simulation (black) and fit to a parameterized model (dashed 

red). (d) Magnitude (black), real component (blue), and imaginary component (orange) of the nanorod 

polarizability obtained from fitting in (c). (e) Normal incidence excitation geometry for a linearly 

polarized source. (f) Calculated oscillation amplitude (top) and phase (bottom) as a function of 

wavelength for dipoles 1 (red), 2 (green), and 3 (blue) under plane wave excitation polarized at 30° 

(inset). (g-i) Dipole state diagrams overlaid on the AuNRT geometry for 685 nm excitation polarized at 

30° (g), 0° (h), and 90° (i). The polarization angle relative to the AuNRT geometry is indicated in the 

bottom-right corner. Each dipole moment is represented by its full oscillation range in both directions 

(grey arrow) and the real component of the dipole moment (colored arrow), which can be understood as 

a snapshot of the oscillating dipoles. 

The anisotropic polarizability tensor 𝜶𝜶(𝜔𝜔) describes the dipole moment oscillation induced by an 

electric field of frequency 𝜔𝜔. For nanorod antennas, we take 𝜶𝜶(𝜔𝜔) to be that of a prolate spheroid in the 

modified long-wavelength approximation as derived in Ref. 54 and used in the same context as this 

manuscript in Ref. 28. Assuming a Drude dielectric function for Au, the frequency-dependent 

polarizability is determined by six parameters: �𝜀𝜀∞,𝜔𝜔𝑝𝑝,𝛾𝛾,𝑎𝑎, 𝑏𝑏, 𝜀𝜀𝑏𝑏�. The first three are material properties 

inherent to the Drude model, where 𝜀𝜀∞ is the high-frequency limit of the dielectric function, 𝜔𝜔𝑝𝑝 is the 

characteristic plasma frequency of electron gas oscillation, and the damping constant 𝛾𝛾 accounts for 

electric-ion scattering in bulk. The semi-radii of the spheroid, 𝑎𝑎 and 𝑏𝑏, are included as free geometric 

parameters as the spheroid is an approximation of the fabricated rod geometry. The surrounding medium 

dielectric constant, 𝜀𝜀𝑏𝑏, is also varied to account for the experimental substrate, which is not explicitly 

included in this model (see Supplementary Note 1). By simultaneously fitting the modeled scattering 

cross sections of the longitudinal and transverse resonances to the corresponding resonances from FDTD 

simulations (Figure 1c, Figure S-1) we obtain the polarizability of each rod as a function of 

frequency, 𝜶𝜶�𝜔𝜔; 𝜀𝜀∞,𝜔𝜔𝑝𝑝,𝛾𝛾,𝑎𝑎, 𝑏𝑏, 𝜀𝜀𝑏𝑏�, shown in Figure 1d. Due to the spectral separation from the 

longitudinal mode and low relative intensity of the transverse mode, we were able to sufficiently model 
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the optical properties of the AuNRTs by retaining only the longitudinal polarizability element, motivating 

our use of a 1D oscillator for each nanorod. Further details on the polarizability model can be found in 

Supplementary Note 1 and Figure S-2. While the smallest nanorod separation studied here is 20 nm, 

boundary element method simulations (Figure S-3) demonstrate that the coupled-dipole model 

approximates coupled nanorods for separations down to 1 nm. The small variations seen in resonance 

peak wavelength do not qualitatively change our understanding of the system. 

Light scattering from the AuNRTs is expressed as a set of coupled-dipole equations. The induced 

dipole moment in nanorod 𝑖𝑖, 𝐩𝐩𝑖𝑖, centered at position 𝐫𝐫𝑖𝑖 is 𝐩𝐩𝑖𝑖 = 𝜶𝜶 ⋅ 𝐄𝐄(𝐫𝐫𝑖𝑖), where 𝐄𝐄 is the total electric field 

accounting for the external driving field, 𝐄𝐄F, as well as the near field generated by the other dipoles, 𝐄𝐄𝑗𝑗, 

labeled 𝑗𝑗. The resulting coupled-dipole equations are 

𝐩𝐩𝑖𝑖 = 𝛂𝛂�𝐄𝐄F(𝐫𝐫𝑖𝑖) + Σ𝑗𝑗≠𝑖𝑖𝐄𝐄𝑗𝑗(𝐫𝐫𝑖𝑖)�, (1) 

where the subscript 𝑖𝑖, 𝑗𝑗 = 1,2,3 indexes the nanorods from left to right, respectively. The field at position 

𝐫𝐫𝑖𝑖 due to dipole 𝐩𝐩𝑗𝑗 is 𝐄𝐄𝑗𝑗(𝐫𝐫𝑖𝑖) = 𝐆𝐆�𝐫𝐫𝑖𝑖, 𝐫𝐫𝑗𝑗� ⋅ 𝐩𝐩𝑗𝑗, where 𝐆𝐆 is the standard dyadic Green’s function of a dipole 

source (Supplementary Note 2).55 To obtain an analytical solution, we restrict to nearest neighbor 

coupling, resulting in the simplified equations 

𝐩𝐩1 = 𝛂𝛂[𝐄𝐄F(𝐫𝐫1) + 𝐄𝐄2(𝐫𝐫1)] (2) 

𝐩𝐩2 = 𝛂𝛂[𝐄𝐄F(𝐫𝐫2) + 𝐄𝐄1(𝐫𝐫2) + 𝐄𝐄3(𝐫𝐫2)] (3) 

𝐩𝐩3 = 𝛂𝛂[𝐄𝐄F(𝐫𝐫3) + 𝐄𝐄2(𝐫𝐫3)] (4) 

By substituting 𝐆𝐆 into Equations (2-4), the system of equations can be solved to determine the induced 

dipole moment  

𝐩𝐩2 = [𝕀𝕀 − 𝜶𝜶𝐆𝐆21𝜶𝜶𝐆𝐆12 − 𝜶𝜶𝐆𝐆23𝜶𝜶𝐆𝐆32]−1𝜶𝜶 

⋅ [𝐆𝐆21𝜶𝜶𝐄𝐄F(𝐫𝐫1) + 𝐆𝐆23𝜶𝜶𝐄𝐄F(𝐫𝐫3) + 𝐄𝐄F(𝐫𝐫2)] 
(5) 

of the central oscillator, where 𝐆𝐆𝑖𝑖𝑖𝑖 = 𝐆𝐆(𝐫𝐫𝑖𝑖, 𝐫𝐫𝑗𝑗) and 𝕀𝕀 is the 3 × 3 identity matrix. The remaining 

dipole moments (𝑖𝑖 = 1 and 3) are calculated via 𝐄𝐄2(𝐫𝐫𝑖𝑖) = 𝐆𝐆(𝐫𝐫𝑖𝑖, 𝐫𝐫2) ⋅ 𝐩𝐩2. 
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For a normal incidence linearly polarized excitation geometry as in Figure 1e, the state of the 

dipole oscillators can be intuitively related to the polarization angle. Under 30° incident polarization, the 

oscillation amplitude of dipole 3 in the top plot of Figure 1f is ~2x greater than for dipoles 1 and 2. The 

greater amplitude of dipole 3 indicates that it is driven more strongly by the excitation, consistent with the 

close alignment between the long axis of nanorod 3 and the polarization vector. The relative phase among 

dipole oscillations is used to understand the response of the AuNRT system to incident polarization. For 

example, in Figure 1f, dipoles 2 and 3 oscillate almost completely in phase, while dipole 1 oscillates 

~180° out of phase across the calculated spectrum. This relative phase configuration can be understood by 

noting that dipole 1 is almost orthogonal to the incident field and will be negligibly driven by the external 

field, while dipole 2 will influence dipole 1 into a head-to-tail configuration through near-field coupling. 

With both phase and amplitude, a clear picture of the oscillator behavior takes shape. 

We represent the complex dipole moments as dipole state diagrams shown in Figure 1g-i to 

provide a visual understanding of the coupled oscillator system. Each point dipole can be written as 𝐩𝐩𝑖𝑖 =

𝑝𝑝𝑖𝑖𝐮𝐮�𝑖𝑖 for complex scalar 𝑝𝑝𝑖𝑖 and unit vector 𝐮𝐮�𝑖𝑖 directed along the nanorod long axis. Since the individual 

1D point dipoles oscillate along fixed orientations, the AuNRT model can be completely described with 

the complex dipole state vector 𝐩𝐩 = (𝑝𝑝1,𝑝𝑝2,𝑝𝑝3). We calculate the dipole state vectors in Figure 1g-i for 

different incident field polarization angles at the single nanorod longitudinal scattering maximum 𝜆𝜆 = 685 

nm, indicated as a vertical dashed grey line in Figure 1f. The grey arrows in the dipole state diagrams 

represent the full range of oscillation in both directions, with lengths corresponding to 2|𝐩𝐩𝑖𝑖|2 and 

arrowheads pointing in the direction we define as 0° phase. The colored arrows, of length 𝑅𝑅𝑅𝑅{𝐩𝐩𝑖𝑖}, 

represent a snapshot of the oscillating dipoles and provide an understanding of the relative phase of the 

complex dipole moments. For example, 0° phase points in the direction of the gray arrow, 180° phase 

points in the opposite direction, and at ±90° phases the dipole shrinks to a negligible size and is displayed 

as a straight line with no arrowhead.  
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The dipole state diagrams reveal the underlying behavior of the coupled oscillators in the AuNRT 

model under a linearly polarized incident field. For 30° incident polarization, Figure 1g shows the state of 

the oscillating dipoles without requiring the full amplitude and phase spectra of Figure 1f, specifically the 

largest oscillation amplitude displayed by dipole 3 and the ~180° out of phase oscillation of dipole 1. 

Inspecting the dipole state diagram in Figure 1h for 0° excitation polarization, we see that the vertically 

oriented dipole 2 is completely undriven. While dipole 2 is orthogonal to the incident polarization, it does 

have the potential to be driven by near-field coupling to its neighbors. But, because dipoles 1 and 3 

oscillate with equivalent magnitudes 180° out of phase, their influence is equal and opposite. The dipole 

state diagram for the 90° excitation polarization in Figures 1i paints a simpler picture, one where all 

dipoles oscillate in phase and the dipole aligned with the polarization angle is driven with the largest 

oscillation amplitude. 

Impact of Far-Field Interference 

The AuNRT scattering spectra blue shift and increase in intensity as the polarization angle is 

increased. Figure 2a-b depicts the linearly polarized excitation geometry and the experimental and 

calculated scattering spectra for excitation polarizations ranging from 0° to 90° for 20 nm gap AuNRTs. 

Optical dichroism can be summarized in terms of variations to the scattering under changing polarization, 

and can manifest as pure intensity modulation, resonance shifts, or both.35, 39-40, 56 As evident in Figure 2b, 

the AuNRTs exhibit both intensity modulation and spectral shift. At 0° linear polarization, the 

experimental scattering peak is at 690 nm, but by changing the polarization angle to 90° the resonance 

blue shifts to 670 nm while increasing in intensity by 41%. This trend is well-reproduced by the coupled-

dipole model, included in the bottom panel of Figure 2b. The linearly polarized detection geometry used 

in experiment yields equivalent spectra to the linearly polarized excitation used in the coupled-dipole 

model due to reciprocity between the received and radiated light by optical antennas.57-58 FDTD 

simulations for linearly polarized excitation produce the same trend in scattering intensity, validating the 

use of linearly polarized detection for experimental measurements (Figure S-4). 
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Figure 2. Far-field interference between oscillating dipoles modulates the intensity of scattering 

from AuNRTs. (a) Excitation geometry for linearly polarized normal incidence excitation source. (b) 

Polarization dependent scattering of AuNRTs measured experimentally (top), calculated by summation of 

single-dipole intensities (middle), and calculated by our theoretical model including far-field interference 

(bottom). Scattering peak positions are reported in Table S-1. (c) Contributions to the scattering intensity 

measured in the image plane. The net scattering intensity (solid black) is the summation of the three 

dipole point spread functions (colored lines) and their interference (dashed black). (d-f) Dipole state 

diagrams and image plane intensity distributions of the normal modes of the AuNRT. The net intensity 
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decreases from high to low eigenfrequency modes (left to right) due to far-field interference, with the 702 

nm mode intensity colormap being scaled ×0.01 for visibility. (g) Interference between pairs of nanorods 

(inset) isolated from the AuNRT. Dipoles with an angular offset of 45° produce greater interference than 

those offset by 90°. 

We calculate the diffraction-limited image fields generated by the model dipoles to bridge the gap 

between the coupled-dipole equations and the observed scattering intensity. The integrated scattering 

intensity is calculated from a discrete 20-by-20 grid of (𝑥𝑥,𝑦𝑦) coordinates spanning 1 μm in the image 

plane. The intensity at each point in the image plane is proportional to the square magnitude of the 

focused electric field calculated by propagating the focused dipole fields to the image plane with the 

Debye-Wolfe diffraction integral.28 For example, the ith dipole emitter produces an integrated intensity 

𝐼𝐼𝑖𝑖 ∝ ∑ �𝐄𝐄𝑖𝑖im(𝑥𝑥,𝑦𝑦)�
2

𝑥𝑥,𝑦𝑦  in the image plane. For the remainder of this manuscript, the summation over the 

image plane positions Σ𝑥𝑥,𝑦𝑦 is not written explicitly but should be assumed wherever integrated intensities 

are calculated from image plane fields.  

Spectral shifts in AuNRTs can be reproduced by only considering near-field interactions, but the 

observed intensity modulation is predominantly a consequence of far-field interference effects. Since the 

scattering intensity of a single dipole, 𝐼𝐼𝑖𝑖, is proportional to its oscillation amplitude, the plot of ∑𝐼𝐼𝑖𝑖 in 

Figure 2b represents how strongly the entire system is driven. The peak intensity of ∑𝐼𝐼𝑖𝑖 blue shifts as the 

polarization angle becomes aligned with the AuNRT axis of symmetry but does not accurately calculate 

the changing scattering intensity seen in the experiment. By incorporating far-field interference, the 

coupled-dipole model (Figure 2b, bottom plot) reproduces both the spectral and intensity changes 

observed in experiment. 

Far-field interference in the image plane modulates the scattering intensity based on the complex 

dipole state as shown in Figure 2c. The integrated scattering intensity in the image plane can be separated 

into six components, 
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𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛 =
𝑐𝑐𝑐𝑐
8𝜋𝜋 �

𝐄𝐄1im + 𝐄𝐄2im + 𝐄𝐄3im�
2 

=
𝑐𝑐𝑐𝑐
8𝜋𝜋 ��

𝐄𝐄1im�
2 + �𝐄𝐄2im�

2 + �𝐄𝐄3im�
2 + 2Re�𝐄𝐄2im𝐄𝐄3im

∗�+ 2𝑅𝑅𝑅𝑅�𝐄𝐄3im𝐄𝐄1im
∗� + 2𝑅𝑅𝑅𝑅�𝐄𝐄1im𝐄𝐄2im

∗�� (6) 

 

where 𝑛𝑛 is the ambient refractive index, 𝑐𝑐 is the speed of light in vacuum, and * denotes complex 

conjugation. It can be written succinctly as 

𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐼𝐼1 + 𝐼𝐼2 + 𝐼𝐼3 + 𝐹𝐹2,3 + 𝐹𝐹3,1 + 𝐹𝐹1,2, (7) 

with three scattering intensities corresponding to each individual dipole moment denoted by 𝐼𝐼𝑖𝑖 and three 

interference terms of the form 𝐹𝐹𝑖𝑖,𝑗𝑗. The scattering intensities are strictly positive valued, while the 

interference terms can be positive or negative, representing constructive or destructive interference, 

respectively. Figure 2c depicts the single dipole point spread functions (colored, solid) and summed 

interference (black, dashed) that contribute to the net image plane intensity distribution (black, solid) for 

the dipole state diagram in Figure 1g. We can see that the dominant dipole contribution comes from 

dipole 3, and that the overall interference is constructive, enhancing scattering. 

The energy ordering and scattering intensities of the AuNRT normal modes reflect the observed 

blue shift and increase in scattering intensity with increasing polarization angle, providing insight into the 

roles of the dipole state and far-field interference. This interpretation relies on the fact that any state of the 

driven dipoles is a superposition of the three normal modes shown in Figures 2d–f. The normal modes of 

the coupled system are a superposition of the primitive modes of the constituent elements, forming a set 

of harmonic solutions to the coupled equations of motion.1 For the 1D oscillator model, we calculate three 

normal modes corresponding to 635, 677, and 702 nm excitation wavelengths, by solving the quasi-

eigenvalue problem arising from Equation (1). Beneath the dipole state diagrams in Figure 2d-f are their 

corresponding image plane intensity distributions. These intensity distributions can be understood simply 

by noticing the dipoles in the 635 nm mode are mostly in phase and will constructively interfere while the 
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two smaller dipoles in the 702 nm mode oscillate out of phase with the center dipole, interfering 

destructively and reducing the net intensity. 

The extent to which a pair of dipoles within the AuNRT model can interfere depends on their 

relative positions and orientations. We plot the interference between unit-amplitude dipole pairs 

representing either the two side dipoles or one side dipole with the central dipole in Figure 2g. Both 

configurations interfere most strongly at relative phases of 0° (in phase) and 180° (fully out of phase), 

with the central and side dipole interference having >2x the magnitude and the opposite sign as compared 

to the two side dipoles. The larger angular separation between the side dipoles produces a smaller overlap 

of their fields and subsequently smaller interference compared to the side and central dipole pair. 
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Results and Discussion  

Trochoidal Intensity Modulation of AuNRTs 

 

Figure 3. AuNRT trochoidal dichroism. (a) Trochoidal polarizations occur in evanescent waves, 

causing cartwheeling fields with clockwise (CW) or anticlockwise (ACW) direction. Experimental 

geometry leads to trochoidal polarizations with an asymmetric slant. AuNRT depicted to scale for 

reference. (b) Compared to CW, AuNRT scattering under ACW excitation is red shifted with an intensity 

decrease as measured in experiment and verified by FDTD simulation. The sum of single dipole 

contributions, ∑𝐼𝐼𝑖𝑖 , indicates that the dipole oscillator model is driven more strongly under ACW 

excitation, while theory incorporating far-field interference reproduces the dichroism observed in 
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experiment and FDTD simulation. (c) Breakdown of the theoretical scattering of AuNRTs into single 

dipole intensities (solid lines) and interference (dashed lines). Dominant single-dipole contribution is 

from dipole 1 under both polarizations. Dominant interference contribution under both polarizations is 

between dipoles 1 and 2, with a sign change from CW to ACW polarization. (d) Dipole state diagrams at 

the wavelength of maximum interference between dipoles 1 and 2 for CW and ACW polarizations. Under 

CW excitation dipoles 1 and 2 are fully in phase, while under ACW excitation dipoles 1 and 2 are almost 

180° out of phase. 

Trochoidal dichroism, which is dichroism of evanescent waves with opposite trochoidal 

polarizations59 produced from total internal reflection of ±45º linearly polarized light,60 has recently been 

demonstrated using L-shaped gold nanorod dimers.35 Trochoidal polarizations are characterized by 

cartwheeling electric field distributions with longitudinal components. As such, the cartwheeling electric 

fields in trochoidal polarizations drive the AuNRT oscillator system in ways that cannot be achieved with 

linearly polarized light (Figure 3a, Supplementary Note 3). The rotational motion can be in clockwise 

(CW) or anticlockwise (ACW) directions. Trochoidal dichroism is the differential extinction of trochoidal 

polarizations of opposite rotational directions and can manifest as both scattering intensity modulation 

and resonance shifts when switching between CW and ACW excitation.   

AuNRTs exhibit trochoidal dichroism with CW scattering peaked at a higher energy and with a 

higher intensity than for the ACW polarization due to far-field interference. FDTD simulations reproduce 

the experimental trochoidal dichroism as can be seen in the top row of Figure 3b, but do not explain the 

mechanisms underlying the observed spectra. For example, we have already shown that the scattering 

intensity alone does not explain how light couples to AuNRTs. Instead, the oscillator activity of the 

system, quantified by ∑𝐼𝐼𝑖𝑖 in Figure 3b, reveals that the AuNRT is driven more strongly by the ACW 

polarization. With the incorporation of far-field interference, the scattering in Figure 3b calculated from 

the coupled-dipole model reverses, reproducing the drop in intensity for ACW incident polarization. 
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Interference between dipoles 1 and 2 leads to the decreased scattering intensity of AuNRTs under 

ACW polarization. Figure 3c breaks down the contributions to the net intensity in terms of the intensity 

from individual dipoles (top) and the interference between pairs of dipoles (bottom) for both CW and 

ACW light polarizations. For both polarizations, dipole 1 provides the largest single dipole contribution 

to the scattering intensity and the largest interference term is between dipoles 1 and 2. This interference 

term switches sign between the two polarizations due to an approximately 180° shift in the relative phase 

between dipoles 1 and 2. The dipole state diagrams in Figure 3d are calculated at the wavelengths of peak 

interference, as indicated by the dashed yellow lines that surround the associated dipoles. For CW 

polarization, all three dipoles oscillate in phase, similar to the normal mode in Figure 2d, and dipole 3 has 

the smallest oscillation amplitude, consistent with the slant of the CW trochoidal field illustrated in Figure 

3a. For ACW polarization, dipole 1 is shifted ~180° out of phase with dipole 2. The oscillation amplitude 

of dipole 3 is further suppressed, despite the slant of the ACW field now aligning with dipole 3. 

Tuning Trochoidal Intensity Dichroism via AuNRT Gap Size 

In the absence of near-field coupling, the oscillation amplitudes of dipoles 1 and 3 are switched 

between CW and ACW polarizations. The slanted trochoidal fields discussed here (Figure 3a) contain a 

linear component that leads to single nanorods exhibiting an orientation dependent trochoidal intensity 

modulation that can be quantified as 

ITDS =
𝐼𝐼CW − 𝐼𝐼ACW

max{𝐼𝐼CW, 𝐼𝐼ACW}
 

using the difference between the peak scattering intensities, 𝐼𝐼CW and 𝐼𝐼ACW, for CW and ACW 

polarizations, respectively, and the maximum scattering intensity across both polarizations, 

max{𝐼𝐼CW, 𝐼𝐼ACW}. Figure 4a plots the orientation dependent ITDS for a single nanorod as measured 

experimentally (red points) and calculated with a single dipole oscillator model (black line). The colored 

nanorod icons at the top of Figure 4a visually display nanorod orientation, and are color coded such that 

the red, green, and blue icons correspond to the AuNRT model dipoles 1, 2, and 3, respectively. Dipole 3 
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should be driven most strongly by ACW polarizations, leading to a correspondingly larger dipole 

oscillation amplitude. However, as shown in Figure 3c-d, when dipole 3 is considered in the context of 

the AuNRT model, this preferential scattering for ACW polarization does not materialize. 

 

Figure 4. Increasing the gap size in AuNRTs decreases near-field coupling and increases 

intensity modulation. (a) 1D oscillator model of a nanorod under trochoidal excitation reproduces 

experimentally measured single nanorod trochoidal differential scattering intensity (ITDS) for different 
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nanorod orientations. Dipoles 1 and 3 preferentially scatter CW and ACW polarizations, respectively. 

Experimental error bars represent standard deviations from the measurement of 8 single nanorods. (b) 

Vector field of the orientation of the electric field induced by dipole 2 (black) and external ACW field 

(pink). The electric field from dipole 2 opposes the ACW field in the region of dipole 3, while dipole 2 

drives dipole 1 in the same direction as the ACW field. (c) Geometry of 60 nm gap AuNRT. (d) SEM 

micrograph of 60 nm gap AuNRT. (e) Trochoidal dichroism for 60 nm gap (solid lines) and 20 nm gap 

(dashed lines) AuNRTs. Theory correctly explains the decreased red shift and increased intensity 

modulation with increased gap size. (f) Breakdown of scattering contributions for CW and ACW 

polarizations. Compared to the 20 nm gap AuNRT under ACW excitation, the interference from dipoles 2 

and 3 is now fully destructive, leading to the observed increase in intensity modulation. (g) Dipole 

moments at maximum interference between nanorods 1 and 2 for CW and ACW polarizations. Due to the 

decreased near-field coupling, dipole 3 is driven more strongly under ACW excitation for the 60 nm gap 

AuNRT as reflected by the length of the corresponding grey arrows. 

The oscillation amplitude of dipole 3 is suppressed for ACW polarization due to near-field 

coupling from dipole 2. Figure 4b illustrates this effect with vector fields representing the incident ACW 

polarization (pink) and the field generated by dipole 2 (black) overlaid on the corresponding dipole state 

visualization. Due to the 1D oscillator formalism of our model, only the components of the electric fields 

directed parallel to the nanorod long axes contribute to dipole oscillation. Considering the vector field in 

the location of dipole 1, the external field and coupling field are additive, while for dipole 3 they are 

subtractive, leading to the dominance of dipole 1 for ACW polarization shown in Figure 3c-d. We can 

also see from Figure 4b that the orientation of the net electric field corresponds to the mostly head-to-tail 

phase relationship between dipoles 1 and 2, resulting in their destructive interference in the far field. 

Increasing the gap size in AuNRTs decreases near-field coupling thereby decreasing the spectral 

shift, but at the same time tunes far-field interference that controls the trochoidal intensity modulation. 

Altering the AuNRT geometry for a 60 nm corner-to-corner gap (Figure 4c-d) decreases the influence of 

near-field coupling due to the distance dependence of the dipole field.55 In both the experimental and 
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model scattering spectra of Figure 4e, we see that the 60 nm gap AuNRT (solid lines) produces a smaller 

spectral shift and larger intensity modulation compared to the 20 nm gap AuNRT (dashed lines). The 

increase in intensity modulation is more pronounced in experimental spectra, but our theoretical model 

serves to provide insight into the behavior of the optical system. Figure S-5 compares scattering 

intensities for trochoidal polarizations with and without both near- and far-field effects, showing that the 

larger scattering peak for CW polarization is observed even when near-field coupling is set to zero, albeit 

without the spectral shift. 

By inspecting the components of the scattering spectra (Figure 4f) and the dipole state (Figure 4g) 

we find that the increased intensity modulation of 60 nm gap AuNRTs arises from increased interference 

involving dipole 3 for both polarizations. Like the 20 nm gap AuNRTs in Figure 3c, the dominant 

interference term for 60 nm gap AuNRTs is between dipoles 1 and 2, and the term switches sign for 

opposite trochoidal polarizations. With increased gap size, the interference term between dipoles 2 and 3 

now has an enhanced effect, behaving similarly to the interference between dipoles 1 and 2. While dipoles 

1 and 3 do not switch oscillation amplitudes under opposite trochoidal polarizations as we observed in 

Figure 3a for single nanorods with the same orientations as dipoles 1 and 3, increasing the gap size limits 

near-field coupling and trends towards the uncoupled limit (Figure S-5). 
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Predictive Nanoantenna Design 

 

Figure 5. Geometry-dependent trochoidal dichroism can be predicted with a phase diagram 

derived from our coupled-dipole model. Illustrations of AuNRT geometry reflect the configurations at the 

corners of the phase diagram. Symmetrically changing the gap size and relative orientation of side 

nanorods reveals maximum positive ITDS for 45° orientations and larger gap sizes. The most negative ITDS 

occurs for 90° orientations and smaller gap sizes. AuNRT geometries discussed herein are indicated with 

pink boxes. 

The coupled-dipole model predicts a reversal of trochoidal intensity modulation for AuNRTs with 

an increased angular offset, defined as the difference in orientation between the central and side nanorods. 

While fabricating mirror-image isomers provides one route to obtaining a reversed intensity modulation, 

this also leads to a reversed spectral shift.35 To design a nanoantenna that reverses only the intensity 

modulation, we sweep over both gap size and angular offset to produce the phase diagram of predicted 

ITDS shown in Figure 5. Pink boxes are used to mark the AuNRT geometries discussed herein. Simply 

varying the gap size for an angular offset of 45° does not lead to negative intensity modulation, but we 

predict that maximum ACW polarization-preferential intensity modulation is achieved with 90° angular 

offset AuNRTs with 20 nm gaps. 
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We test the predictions of our phase diagram in Figure 5 by altering the side nanorod orientations 

to tune the magnitude and sign of the far-field interference between pairs of nanorods. The interference 

trends for unit dipole pairs arranged according to the 90° AuNRT geometry are plotted in Figure 6a. We 

observe a few key differences when compared to the 45° AuNRT configuration (Figure 2g). Interference 

between dipoles 1 and 2 in Figure 6a is greatly suppressed and has the opposite positive-to-negative 

character due to the perpendicular orientation between dipoles 1 and 2. Meanwhile, dipoles 1 and 3 

interfere more strongly in Figure 6a due to their colinear arrangement. Subsequently, the scattering 

intensity for 90° AuNRTs is expected to be dominated by interference between the side nanorods, unlike 

the case for 45° AuNRTs. 
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Figure 6. Far-field interference can be tuned by varying the angular offset in AuNRTs. (a) 

Interference between pairs of nanorods (inset) isolated from the 90° AuNRT. (b) SEM micrograph of 

AuNRT with 20 nm corner-to-corner gaps and 90° angular offset. (c) Trochoidal dichroism for a 

representative AuNRT. Increasing the AuNRT angular offset to 90° reverses the trochoidal dichroism, 

with scattering more strongly for ACW than CW excitation polarization. (d) Breakdown of scattering 

contributions for CW and ACW polarizations. Compared to 20 nm gap AuNRTs with 45° angular offset, 

the dominant interference for CW excitation comes from the destructive interference between dipoles 1 

and 3. (e) Dipole moments at maximum interference between nanorod 1 and 3 for CW and ACW 

polarizations. 
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AuNRTs with a 90° angular offset exhibit destructive interference under both CW and ACW 

polarizations. The experimental scattering for AuNRTs fabricated with a 20 nm gap size and a 90° 

angular offset (Figure 6b) produces reversed trochoidal intensity modulation in agreement with the 

coupled-dipole model (Figure 6c). The contributions to the scattering intensity shown in Figure 6d 

provide insight into the source of this reversed intensity modulation. ∑𝐼𝐼𝑖𝑖 indicates that coupling between 

the 90° AuNRTs and incident field is strongest for ACW polarization, as is the case for the 45° AuNRTs. 

However, unlike the 45° AuNRTs, in the far-field the 90° AuNRTs undergo destructive interference for 

both polarizations. Due to weak interference involving the central nanorod (Figure 6a), the phase change 

of dipole 2 with opposite trochoidal polarizations does not strongly affect the scattering. Rather, the 

destructive interference between dipoles 1 and 3 oscillating mainly in phase (Figure 6g) dominates the 

scattering spectrum under both polarizations. By limiting the ability of the central nanorod to contribute to 

far-field interference, trochoidal dichroism of 90° AuNRT nanoantennas reflects the oscillator amplitudes 

of the system, resulting in preferential scattering under ACW excitation polarization. 

Conclusions 

In conclusion, we have established how simple coupled-dipole models can model and predict 

optical dichroism in AuNRT nanoantennas. The presented model incorporates both near-field interactions 

and far-field interference, and reproduces the optical dichroism of AuNRTs for both linear and 

cartwheeling trochoidal polarizations. For 45° AuNRTs, near-field coupling drives larger oscillation 

amplitudes for the ACW trochoidal field, while interference in the far field reduces the scattering intensity 

below that for the CW polarization. Trochoidal intensity modulation increases with gap size due to a 

decrease in near-field coupling. By utilizing the model to predict nanoantenna design, we fabricated 

AuNRTs with a 90° angular offset to reverse trochoidal intensity modulation while maintaining the 

direction of the spectral shift between scattering maxima for CW and ACW polarizations. Through this 

intuitive coupled-dipole model, we have demonstrated how understanding the role of near- and far-field 

effects allows us to design coupled nanoscale optical systems with tailored optical responses.  
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Materials and Methods 

Single-particle spectroscopy. Single-particle scattering spectroscopy of AuNRTs and single 

nanorods was performed using an inverted dark-field microscope (Zeiss, Axio Observer, m1). To 

characterize the linear dichroism of AuNRTs, the particles were illuminated with unpolarized excitation 

from a tungsten halogen lamp (Zeiss, Axioline HAL 100). The excitation light passed through a 304-785 

nm bandpass filter (Thorlabs FGS550) and was focused onto the sample with a dark-field condenser 

providing annular-symmetric excitation under total internal reflection conditions with a 68º angle of 

incidence. The light scattered from the particles was then collected with a 50x objective lens with a 0.8 

numerical aperture (Zeiss, air-space). Light emerging from the body of the microscope was passed 

through a linear polarizer (Thorlabs LPVIS100) and was then directed to a hyperspectral imaging path 

that has been described elsewhere.61 In summary, the scattered light passed through a 20 µm slit aperture 

and then was dispersed by a spectrograph (Acton SpectraPro 2150i) and imaged onto a charge-coupled 

device camera (Princeton Instruments PIXIS BR 400), acquiring an image of intensity as a function of 

wavelength and position along the slit. The spectrograph and camera were mounted on a translation stage 

that was advanced across the field of view using a linear actuator (Newport LTA-HL). Additional 

spectrally resolved images were acquired at each step. 

Trochoidal differential scattering experiments were performed using a fiber-coupled quartz 

tungsten halogen lamp (Newport 66884). Light from the lamp was filtered with a 304-785 nm bandpass 

filter (Thorlabs FGS550) and collimated with a 3 cm achromatic lens (Thorlabs AC254-030-A). The light 

was then linearly polarized at ±45º using a linear polarizer (Thorlabs LPVIS 100) and was focused onto 

an equilateral prism at an angle of ~55º using a 3 cm achromatic lens (Thorlabs AC254-030-A). Light 

scattered by the particles under ±45º incident polarizations was collected and characterized using a 50x 

air-space objective with a 0.8 numerical aperture (Zeiss) and the same hyperspectral detection system 

described above.   
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Electron-beam Lithography. AuNRTs were fabricated using electron beam lithography. All 

nanorods were designed to be 40 nm in width, 80 nm in length, and 40 nm in height. The corner-to-corner 

spacing between the nanorods varied from 20 nm to 60 nm. The angles of the side nanorods relative to the 

central rod were designed at 45º and 90º. The single nanorods were designed with the same size 

parameters and they were oriented at angles ranging from 0º to 180º relative to k incremented in 30 steps. 

AuNRTs and single nanorods were prepared on ITO coated coverglass substrates (Delta 

Technology LTD CG-50IN-S107). The substrates were sonicated for ten minutes each in 2% V/V 

Hellmanex®/MilliQ water detergent, MilliQ water, and 190 proof ethanol. The substrates were then 

gently dried with N2 and cleaned under an O2 plasma for two minutes. After plasma cleaning, the 

substrates were coated in poly (methyl methacrylate) (PMMA), a positive-tone electron resist. The 

PMMA was used as purchased from Kayaku Advanced Materials (A4) and spin-coated onto the 

substrates at 4000 revolutions per minute for 60 seconds. The PMMA was then baked on a hotplate at 

180˚C for two minutes. After coating with PMMA, the samples were written with one of two electron 

beam systems, with no significant difference in sample quality (Figure S-6). The patterns were written 

with either an FEI Quanta 650 SEM with an incorporated nanometer pattern generation system or an 

Elionix® ELS-G100 SEM. The FEI Quanta 650 operated at 30 kV with a current of 40 pA and patterns 

were written with a dose of 500 µC/cm2. The Elionix operated at 100 kV with a current of 1 nA and 

patterns were written with a dose of 1350 µC/cm2.  

The patterns were developed in a 1:3 mixture of methyl isobutyl ketone and isopropyl alcohol for 

65 seconds and were then rinsed in isopropyl alcohol for 60 seconds before being dried under a stream of 

N2. Then, 2 nm of Ti and 40 nm of Au were deposited onto the samples using an electron beam 

evaporator. Excess Ti and Au was removed by leaving the samples in acetone for 24 hours, followed by 

gentle, brief sonication and drying with N2.  

FDTD simulations. Numerical electromagnetic simulations were performed with the Lumerical 

FDTD module. Gold nanorods (rectangular prisms, 80×40×40 nm), are positioned on a glass substrate 
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with a 160 nm thick ITO layer. The refractive index of gold is extracted from Johnson-Christy and the 

refractive index of glass is set to 1.52. The refractive index of ITO is approximately 1.7, with a 

wavelength dependence obtained from Ref. 62. Linearly polarized fields were generated using an oblique 

plane wave excitation source with a 40° angle of incidence. To generate trochoidal evanescent fields, we 

used an oblique plane wave excitation source with a 55° angle of incidence to produce total internal 

reflection at the glass-air boundary. The effect of collection angle on the optical microscope is considered 

by using a rectangular aperture collecting the same amount of power as the collection objective on the 

experimental setup. 

AuNRT modeling. AuNRTs were modeled as three coupled point dipole oscillators with 

polarizability tensors calculated from the prolate spheroid approximation (Supplementary Note 1). The 

point dipoles were reduced to 1D oscillators by retaining the longitudinal component of the polarizability 

tensor and setting the other components to zero. Near-field coupling was accounted for by the 

superposition of the external field with the dipole fields generated by the nearest neighbors of each 

constituent dipole in the AuNRT. The normal modes of the AuNRT were calculated using the 1D 

polarizability tensor and including near-field coupling between all dipoles. A more complete discussion of 

the normal mode calculation is included in Supplementary Note 4 and the normal modes for the designed 

AuNRT geometries are included in Figure S-7. Image plane electric field distributions for each dipole 

scatterer were calculated using an analytical approximation of the Debye-Wolf diffraction integrals as 

described in Ref. 43. 
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