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ABSTRACT 

While most active plasmonic efforts focus on responsive metamaterials to modulate optical 

response, we present a simple alternative based on applied orientation control that can likely be 

implemented for many passive plasmonic materials. Passive plasmonic motifs are simpler to 

prepare but cannot be altered post-fabrication. We show that such systems can be easily 

manipulated through substrate orientation control to generate both active plasmonic and active 

chiral plasmonic responses. Using gold nanocrescents as our model platform, we demonstrate 

tuning of optical extinction from -21% to +36% at oblique incidence relative to normal incidence. 

Variation of substrate orientation in relation to incident polarization is also demonstrated to 

controllably switch chiroptical handedness (e.g., Δ𝑔 = ±0.55). These active plasmonic responses 

arise from the multipolar character of resonant modes. In particular, we correlate magnetoelectric 

and dipole-quadrupole polarizabilities with different light-matter orientation-dependence in both 

near- and far-field localized surface plasmon activity. Additionally, the attribution of far-field 

optical response to higher-order multipoles highlights the sensitivity offered by these orientation-

dependent characterization techniques to probe the influence of localized electromagnetic field 

gradients on a plasmonic response. The sensitivity afforded by orientation-dependent optical 

characterization is further observed by the manifestation in both plasmon and chiral plasmon 

responses of unpredicted structural nanocrescent variance (i.e., left- and right-tip asymmetry) not 

physically resolved through topographical imaging.   

 

KEYWORDS: active plasmonics, anisotropy, chiral plasmonics, extrinsic chirality, localized 

surface plasmon resonance, magnetoelectric effect 
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Controlled tuning of localized surface plasmon resonances (LSPRs) has been established as a 

powerful tool in light energy harvesting,1 photochemical catalysis,2, 3 photovoltaics,4 

photoluminescence,5 chiral plasmonics,6-10 assembly-triggered sensing,11-15 as well as molecular3, 

16, 17 and chiral molecular18, 19 detection. Pragmatically, the manipulation of LSPRs can be 

accomplished through the fabrication of structures with the desired range of geometric 

anisotropy.20 However, typical nanostructures (particularly those resonant in the optical regime) 

are passive and cannot be reconfigured post-fabrication. Recently, considerable effort has focused 

on the advancement of active plasmonic21-24 and active chiral plasmonic25 systems, which offer 

the structural tunability to reversibly modify near-field LSPR behavior and associated far-field 

optical activity. Underlying mechanisms to control the behavior of such systems predominantly 

entail optical or physicochemical methods to change the electronic state of plasmonic materials or 

the refractive index of the embedding media.22 Other methods include adjusting gap distances 

between constituent particles in the plasmonic entity.22, 26 This latter approach also is the basis of 

similar strategies to control plasmonic chiroptical handedness through photoinduced structural 

reconfiguration (i.e., enantiomorphic switching from a left-handed to a right-handed design).25, 27, 

28 These exemplary active plasmonic approaches, however, remain intricate in fabrication and 

challenging to implement in practical applications that require control over broadband multimodal 

interactions.  

As an alternative to the complex designs required for reconfigurable systems, we consider the 

extensive control over LSPR activity and associated far-field optical response achieved by 

exploiting light-matter orientation-dependence (LMOD) defined as the dependence between the 

orientation of a plasmonic structure and the polarization as well as angle of incidence of light in 

3D space. Characterizing plasmonic LMOD can be considered analogous to methodologies 
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involving variable angle spectroscopy.29, 30 For instance, when variable angle characterization is 

coupled with ellipsometry it can be a powerful tool in determining optical constants and deriving 

physical properties of both isotropic and anisotropic materials (e.g., refractive indices, extinction 

coefficients, film thicknesses, film homogeneity, etc.).31 The overall intent behind characterizing 

the LMOD of plasmonic systems supports the same general objective as variable angle 

spectroscopy—to further elucidate and define key optical properties of plasmonic materials.   

The far-field response of each LSPR, consisting of displacement charges and currents sustained 

by a plasmonic structure, can be expressed in terms of a multipolar expansion about a point-

scattering center, with leading contributions from electric dipole (𝒑), magnetic dipole (𝒎), and 

electric quadrupole (𝑸) moments. Electric dipolar response dominates when the structure is small 

in comparison to the wavelength of light.32 In this long-wave limit, the electromagnetic field is 

approximately constant throughout the structure and can be treated as electrostatic (i.e., a 

quasistatic approximation). On structures comparable in size to the wavelength of light, the phase 

of the electromagnetic field can vary substantially, and retardation effects cannot be ignored. In 

addition to modified plasmon wavelength and linewidths,33-36 which increase with size for 

individual particles and oscillate with interparticle distance for coupled particles, retardation leads 

to a strengthened optical response of higher-order multipoles that can interact with field 

gradients:37 𝒎 interacts with the curl of the electric field gradient (related to the magnetic field 

through Faraday’s law), 𝑸 interacts with the symmetric part of the electric field gradient, and their 

cross-terms with 𝒑 generate circular and linear dichroism, respectively.38 Keeping within linear 

response, assuming a time-harmonic incident field, and showing terms up to first order in spatial 

dispersion, the constitutive equations of the induced electric and magnetic polarization can be 

expressed as (in Einstein notation)39, 40  
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𝑝௜ ൌ 𝐴௜,௝
ாா𝐸௝ ൅ 𝐴௜,௝

ாு𝐻௝ ൅ 𝐴௜,௝௞
ாா ∇௞𝐸௝ ൅ 𝐴௜,௝௞

ாு ∇௞𝐻௝ ൅ ⋯  (1) 

𝑚௜ ൌ 𝐴௜,௝
ுு𝐻௝ ൅ 𝐴௜,௝

ுா𝐸௝ ൅ 𝐴௜,௝௞
ுா ∇௞𝐸௝ ൅ 𝐴௜,௝௞

ுு ∇௞𝐻௝ ൅ ⋯ (2) 

where subscripts 𝑖, 𝑗, 𝑘 denote Cartesian components, ∇ denotes spatial gradient of the incident 

electric (magnetic) field 𝐸௝ (𝐻௝), and the LSPR is characterized by the polarizability tensor 𝐴. In 

addition to isotropic electric (magnetic) polarizabilities 𝐴௜,௝
ாா (𝐴௜,௝

ுு), bi-anisotropic magnetoelectric 

induction is admitted through 𝐴௜,௝
ாு and 𝐴௜,௝

ுா. The other polarizabilities shown—𝐴௜,௝௞
ாா , 𝐴௜,௝௞

ாு , 𝐴௜,௝௞
ுா , 

and 𝐴௜,௝௞
ுு —allow for dipolar excitation through dipole-quadrupole coupling. The magnetic field 

gradients, which interact with magnetic quadrupole moments (𝑴), are included although 𝑴 

represents a multipole of the next order beyond magnetic dipole-electric quadrupole order.40  

Importantly, the transformation properties of the tensors associated with the different multipoles 

allow the orientation-dependent tuning of the optical response of a given LSPR.  

For plasmonic nanostructures with structural anisotropy, the optical response is strongly 

dependent on the incidence angle and polarization. A prototypical example is a nanorod, which 

has dominant electric dipole polarizability along its long-axis:41 the scattering intensity is high 

when the 𝐸-field polarization is parallel to the long-axis and low when perpendicular to it. Split-

ring resonators, which sustain ring current and therefore magnetic dipole normal to the ring 

plane,42 are prototypes that illustrate the profound effect of the angle of incidence on scattering 

response.43 By tilting the angle of incidence away from normal, the handedness of a split-ring 

resonator chiroptical response can be switched between left and right owing to its dominant 

magnetoelectric dipolar coupling.44 The polarizability terms 𝐴௜,௝
ாு and 𝐴௜,௝

ுா, respectively, permit 

magnetic polarization induced by an applied electric field and vice versa.45 Depending on the sign 

of the incidence angle, dipoles created by such “cross coupling” interfere with those created by 

“direct coupling” (𝐴௜,௝
ாா and 𝐴௜,௝

ுு), either constructively or destructively, producing an optical 
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response of one handedness or the other. As a result, LMOD can potentially endow traditionally 

passive plasmonic systems with the ability to elicit active plasmonic and active chiral plasmonic 

manipulation of LSPRs. 

LMOD goes beyond conventional active plasmonics by offering opportunities to modify the 

orientation-dependence of the optical response based on the symmetries of the incident field. From 

Equations 1 and 2, it is evident excitation by field components of different orders (∇୬𝐸, ∇୬𝐻) 

involves polarizabilities of distinct tensor ranks, each transforming uniquely under rotation. Thus, 

LMOD can be selectively expressed by appropriately shaping the spatial profile of the incident 

field.46 For example, linear combinations of electromagnetic plane waves can be constructed to 

have larger field gradients allowing higher-order polarizabilities (tensor rank > 2) to dominate the 

optical response over dipole polarizabilities (tensor rank = 2).47 Such a strategy is suitable for 

larger nanoparticles and systems of interacting nanoparticles for which higher-order multipoles 

become spectroscopically detectable.48 Indeed, it has been theoretically shown for dolmen and 

nanodisk structures that polarizabilities describing dipole-quadrupole mixing can be on the same 

order of magnitude as dipole polarizabilities.47 Dipole-quadrupole interferences are relevant to 

directional scattering49 and emission47, 50, which thus represent important applications of LMOD 

in nanophotonics. 

In this report, we demonstrate active plasmonics and active chiral plasmonics through the 

orientation-dependent optical extinction of LSPRs in the far-field using gold (Au) nanocrescents 

(NCs) as the plasmonic platform. NCs sustain a progression of LSPRs, with electric and magnetic 

induction, similar to split-ring resonators.51, 52 We show 3D substrate orientation alone allows for 

controllable and substantial tuning of LSPR modes in the near-field as well as extinction and 

chiroptical activity in the far-field. To identify the polarizabilities contributing to the observed 
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LMOD, we carry out measurements with systematic 3D rotations of the Au NCs and fit the optical 

responses with the generalized multipolar expansions of Equations 1 and 2. The extensive 

measurements of orientation-dependent extinction using plane polarized light (PPL) and circularly 

polarized light (CPL) allow a clear identification of dipolar, magnetoelectric, and dipole-

quadrupole scattering components.  

 

RESULTS AND DISCUSSION 

Plasmonic Au NCs. A crescent structure is circularly curved with narrow antipodal tips that 

originate from a wider backbone region at the center of the structure. Crescents also exhibit one-

fold rotational symmetry due to directional curvature. From a geometric perspective, crescents are 

mirror symmetric, which classifies them as achiral. As demonstrated in prior studies, plasmonic 

crescent structures exhibit a progression of biaxial multipole LSPRs over a broad spectral range 

when interrogated with PPL.53-55 Recently, NCs also have been shown to generate giant extrinsic 

chiroptical activity with CPL.56 The simple geometric anisotropy of plasmonic NCs as well as 

uniform size, shape, and orientation make them ideal for studying LMOD and the multipolar nature 

from which orientation-dependent optical response arises. 

Au NCs, shown in the scanning electron microscopy (SEM) image in Figure 1a, were fabricated 

on a glass substrate using close-packed nanosphere template lithography (see Supporting 

Information and Figure S1 for the fabrication procedure).53, 54, 57-59 This technique results in an 

array covering the entire substrate surface, comprised of uniformly oriented Au NCs. A color-

scaled pixel frequency spectrum (Figure 1b) illustrates Fourier transform (FT) SEM image analysis 

of a 5,000 𝜇m2 substrate area at 4,000x magnification (the corresponding SEM micrograph is 

shown in Figure S2). As suggested by the symmetric circular pixel pattern, long-range periodicity 
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of the NC array persists while the hexagonal lattice becomes unordered at this range.60 Short-range 

hexagonal lattice order appears to dissipate around 15,000x magnification, which represents a 600 

𝜇m2 substrate area (Figure S3). As the spot size of our incident beam in optical characterization is 

a 1 cm2 area, we anticipate no dominant contribution from short-range lattice order in ensemble 

measurements. Consequently, reported anisotropies are considered to arise primarily from Au NC 

geometry relative to the orientation and polarization of the incident light. This assumption is 

further supported by experimental assessment of diffraction effects as well as theoretical 

simulations discussed below.  

The Au NCs implemented in the studies average 370 nm in length (tip-to-tip). Using atomic 

force microscopy (AFM), the maximum height was determined to be ~32 nm about their backbone 

(Figure 1c). This height reflects targeted fabrication conditions in depositing ~2 nm of a Cr 

adhesion layer and ~30 nm of Au. Since physical vapor deposition of fabrication metals occurs 

under continuous rotation, slightly offset from the metal source, a symmetric sloping from the thin, 

inner perimeter edge to the thicker backbone of the Au NC is observed in the line profile plots 

(Figure 1d). Likewise, from the central backbone region, the height tapers along both the width 

and length of the Au NC.  

Near-Field Plasmon Anisotropy. The interpretation of far-field optical extinction activity is no 

trivial endeavor and can be further complicated by LMOD. While the constitutive relations in 

Equations 1 and 2 allow a completely empirical fitting of data and reconstruction of the effective 

point scattering multipoles, reconciliation of the terms with the extended near-field electric and 

magnetic polarizations associated with the LSPRs of the NCs is valuable. As such, to better 

conceptualize likely near-field distributions associated with Au NCs, we simulate the near-field 

spatial distributions associated with Au NC LSPRs using the finite-difference time-domain 
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(FDTD) method and compute the corresponding far-field extinction spectra associated with each 

LSPR mode. The simulations were performed using a three-dimensional model of a single Au NC 

on a dielectric glass substrate with geometric features emulating the fabricated structures in Figure 

1 (compare Figure S4). The simulated and experimental extinction spectra for PPL excitation along 

the long- and short-axis of the crescent, at normal incidence, are shown in Figure 2. Despite the 

spectral shift between single NC simulation and the ensemble measurement, each resonance can 

be assigned by the comparison of extinction spectra in Figure 3 and are associated with the near-

field electric and magnetic field enhancement maps presented in Figure 2. Figures 2a-c present 

field patterns upon illumination with PPL along the indicated directions (inset white arrows). In 

addition, we provide the field patterns obtained for excitation with left circularly polarized (LCP) 

light (Figures 2d-f), and right circularly polarized (RCP) light (Figures 2g-i). Experimental and 

simulated optical extinction spectra are compared in Figure 3. From this comparison, near-field 

resonance modes can be assigned to the experimental LSPR peaks.  

With PPL oriented along the short-axis of the NC, the two dominant LSPR peaks at 590 nm and 

1300 nm (Figure 3a) are respectively assigned—by comparing the simulated spectrum in Figure 

3b—to the leading dipole mode along the backbone of the NC (Figure 2a) and the dipole mode 

producing maximum field enhancement at the tips (Figure 2b). With PPL oriented along the long-

axis of the Au NC, three peaks appear at 550 nm, 1060 nm, and 2200 nm (Figure 3c) in good 

agreement with the simulation (Figure 3d). The resonance at 2200 nm corresponds to the 

fundamental dipole mode oscillating from tip-to-tip, and the curved path enforced by the NC 

structure generates the magnetic dipole normal to the plane, peaked in the inner curve  (Figure 2c). 

The resonance at 550 nm corresponds to a quadrupole mode producing enhanced fields distributed 

along the backbone (Figure S5a), and the resonance at 1060 nm corresponds to a quadrupole mode 
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with enhanced fields primarily localized at the tips (Figure S5b). In summary, both near- and far-

field LSPR activity under PPL excitation (Figures 2a-c) are clearly anisotropic relative to the 

incident light wavelength and polarization orientation. 

Excitation with CPL illustrates an important principle, of near-field circular dichroism on an 

otherwise achiral structure. This is seen for the short-axis dipole mode (Figure 2b) that consists of 

two in-phase dipoles pointing from the backbone to the two tips. Shown in Figures 2e and h, the 

𝐸-field intensity is larger on the top (bottom) tip using RCP (LCP). It appears that the top tip is 

right-handed, while the bottom tip is left-handed in this orientation. The effect arises from the 

retardation in the coupling between the displaced dipoles as the polarization angle sweeps the 

structure, and could in principle be observed through a near-field measurement, such as photo-

induced force microscopy.61 The effect at normal incidence disappears in the far-field, since the 

distributed response of the near-field can be collapsed into that of a point scattering center. It can 

be appreciated that upon tilting, the local anisotropy in polarization will generate orientation-

dependent handedness in the far-field extinction (see discussion below).   

Considering the above normal-incidence characterization of LMOD, the experimental studies 

presented  in the remainder of this report predominantly focus on the LSPR modes at 590 nm, 1300 

nm, and 2200 nm. These LSPRs will often be referred to using near-field modality designations 

(short-axis backbone dipole, short-axis tips dipole, and long-axis dipole, respectively) to connect 

to the predicted near-field activity as induced by the polarization of the incident light. 

LMOD with PPL. Experimental LMOD is now assessed in comparison to  normal incident light 

conditions. We use three angles (𝛼, 𝜃, 𝜙) to specify NC orientation. Rotations by these angles are 

illustrated in Figure 4. In this diagram, the Au NC array and substrate surface are positioned at the 

optical axis where 𝛼, 𝜃, 𝜙 = 0° (i.e., in the laboratory 𝑥𝑦 plane, with 𝑧-axis defined by the direction 
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of propagation of the incident light, as shown in Figure 4a and c). Establishment of the optical axis 

is discussed in the Supporting Information and depicted in Figure S6. Figure 4b illustrates selected 

in-plane orientations (𝜙) of the Au NC for 𝛼, 𝜃 = 0°. Rotations about the substrate normal, after 

tilting ሺ𝛼, 𝜃 ് 0°) are characterized by 𝜙′ (Figure 4c). Note 𝜙′ is defined for any out-of-plane 

orientation angle 𝛼, 𝜃 (i.e., positive or negative rotations). 

To begin, the Au NC substrate was first positioned on the optical axis (compare Figure 4 and 

Figure S6) and rotated in 𝜙 under normal incidence, and optical extinction spectra were collected 

at 5° increments. Figure 5a shows a 3D polar surface plot of the spectra illustrating broadband, 

non-normalized optical extinction values from PPL. The long-axis dipole mode at 2200 nm 

appears at 𝜙 = 0° and 180°, while the short-axis tips dipole and short-axis backbone dipole (at 

1300 nm and 590 nm, respectively) appears at 𝜙 = 90° and 270°. The response of these three 

dominant modes at normal incidence is further clarified in single-wavelength polar plots (Figures 

5b-d).  

To probe the LMOD of the optical response at non-normal incidence, the Au NC substrate was 

tilted from the optical axis to 𝜃 = 30° and characterized in 𝜙′ with fixed vertical PPL. Figure 5e 

shows the measured spectra as a 3D surface plot along with corresponding single-wavelength 

extinction 2D polar plots in Figures 5f-h. The Au NC substrate was then tilted to 𝜃 = -30° from 

the optical axis and characterized in the same fashion yielding a 3D polar surface plot (Figure 5i) 

with corresponding LSPR peak extinction polar plots (Figures 5j-l). Methodologically, the 

responses in Figure 5 represent conditions in which the light is s-polarized (transverse-electric) for 

each measurement. Figure 6 illustrates measurement conditions where the NC substrate is first 

rotated in 𝛼, 𝜃, 𝜙 to a designated position away from the optical axis and then the PPL is rotated 

in 𝜙 (denoted by 𝜙௉௉௅) about its propagation direction. Under this modified methodology, the 
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incident light fluctuates between s- or p-polarized (transverse-magnetic), where purely 𝜃 (𝛼) 

rotation associated with appreciably more p-polarized light corresponds to the out-of-plane 

orientation associated with a maximum (minimum) intensity value in Figure 5. For comparison, 

normal incident responses are provided in Figure 6 and are equivalent, in principle, to those shown 

in Figure 5. By adjusting the plane of incidence to include different combinations of both s- and 

p-polarized light, additional dispersions in optical extinction intensity become accessible (as 

further suggested by Figures S6 and S7). For assistance in visualizing such s- and p-polarization 

conditions in relation to substrate rotation, Figure 4c shows the NC substrate rotated from the 

optical axis to 𝜃 = 30° in relation to the incident PPL. Overall, the orientation-dependent 

measurements presented above represent a previously unexplored strategy to manipulate LSPR 

optical extinction intensity. Utilizing this approach even allows for selective expression of 

overlapping peaks (e.g., the short-axis backbone dipole at 590 nm and the long-axis backbone 

quadrupole at 550 nm).  

LMOD of extinction intensity dispersions are clearly observed in Figures 5 and 6 for 

wavelengths associated with LSPR modes. Unexpectedly, both increases and decreases from the 

extinction values measured at normal incident light conditions are apparent in the polar plots. 

These responses demonstrate one prominent objective concerning active plasmonic approaches: 

the modulation of plasmonic optical intensity. In this case, however, the activity is observed from 

a passive array of Au NCs rather than a modulating array of plasmonic structures. For ease of 

comparison at each 𝜙௉௉௅, intensity (𝐼) changes are quantified by assessing ∆𝐼/𝐼௠௔௫, where ∆𝐼 ൌ

𝐼௥ˊ െ 𝐼௥ and 𝐼௠௔௫ is the maximum intensity. Here, 𝑟 is the optical axis (𝛼, 𝜃, 𝜙 orientation 

discussed in Figure 4) set to 0°, 0°, 0° for the long-axis dipole resonance wavelength and 0°, 0°, 

90° for the short-axis resonance wavelengths. The out-of-plane orientation is 𝑟′ where in-plane 
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angle (𝜙′ in Figure 4c) for NC orientation is equivalent to that of 𝑟 (𝜙 in Figure 4b). These ∆𝐼/𝐼௠௔௫ 

values are reported in Table 1 and discussed in more detail below. Going beyond known biaxial 

LSPR responses, we have extended the optical extinction anisotropy involving plasmonic NCs to 

arbitrary orientations of the substrate and incident light.  

To elucidate the origin of anisotropic LMOD, we fit Equations 1 and 2 to the Au NC optical 

extinction (see Methods Section).62 This strategy assumes that the optical extinction of each Au 

NC LSPR can be represented by the polarizability tensor of a point-scattering center. Overall, the 

empirical fitting leads to satisfactory modeling of the experimental extinction under PPL (the black 

lines in Figures 5 and 6). The fitted polarizability tensor elements are represented in graphical 

(Figure 7) and tabular (Table S2) forms. The effect of individual terms on the extinction polar plots 

is illustrated in Figures S9-S13 of the Supporting Information. The additional sources of dipolar 

induction are necessary for modeling the experimentally observed LMOD of Au NC extinction. 

With isotropic dipole polarizabilities (𝐴௜,௜
ாா, 𝐴௜,௜

ுு in Equations 1 and 2), the observed LMOD at 

oblique incidence shown by the anisotropic extinction behavior in Figure 6 and Table 1 can be 

largely explained. For all three resonant wavelengths, decreases in extinction relative to normal 

incidence are mainly attributed to the reduction in the projection of the 𝐸-field on the induced 

electric dipole along either long- or short-axes of the Au NC (Figures S9b, S10b, and S12b). In 

contrast, increases in intensity with tilting at 590 and 1300 nm are mostly due to accessing the 

magnetic dipole polarizability oriented normal to the substrate plane (Figures S10d and S12d). The 

magnetic contribution originates from the curvature of the NC backbone, as in the archetypal split-

ring resonators.63 An exceptional case occurs for 𝜙௉௉௅ = 90° and 270° at 𝜃 = ±30° in Figure 6 

where the intensity rise at 1300 nm is due to having significant electric dipole polarizability along 
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the Au NC height (Figure S11b), while the intensity reduction at 590 nm is associated with the 

lack thereof.  

Excellent qualitative description of LMOD requires the inclusion of polarizabilities (𝐴௜,௝௞
ாா , 𝐴௜,௝௞

ுு  

in Equations 1 and 2) accounting for coupling between dipole and quadrupole (Figure 8b) of the 

same type (i.e., electric or magnetic). Notably, the change in extinction intensity at 590 nm is 

different when the substrate is rotated out-of-plane about the Au NC short-axis by either 𝜃 = ±30° 

(Figure 6 and Table 1). This lack of symmetry with respect to the sign of the out-of-plane angle is 

reproduced by polarizabilities representing interaction between 𝑧-dipole and 𝑧𝑦-quadrupole, 

where both multipoles are either magnetic (Figure S12h) or electric (Figure S13d). While magnetic 

quadrupoles generally contribute insignificantly to optical response, their coupling to magnetic 

dipoles has been observed for U-shaped split-ring resonators tilted out-of-plane.64 The importance 

of this interaction has also been suggested for individual resonators.62 Table S3 summarizes the 

above and other anisotropic LMOD attributed to dipole-quadrupole coupling for the 590 nm LSPR. 

Polarizabilities capturing interactions between electric dipoles and quadrupoles also find relevance 

in the orientation-dependent optical response at 2200 nm (Figures 7a and S9e-f) and 1300 nm 

(Figures 7b and S10e-f). The broadband presence of dipole-quadrupole mixing is understandable 

given the size of analyzed particles (~370 nm) approaches those of the incident wavelengths (500 

to 2500 nm).47, 48 That these higher-order polarizabilities can be individually detected at all reveals 

the high sensitivity of the Au NCs to electromagnetic field gradients. 

The proposed dipole-quadrupole couplings (Figure 8b) can also provide insight on geometric 

asymmetries of the Au NCs. First, consider the electric dipole along either NC long- or short-axis 

and the electric quadrupole spanning the plane containing this axis and the NC height. Their 

interaction at 2200 nm (Figure 7a) and 1300 nm (Figure 7b), according to symmetry-breaking 
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arguments, arises because the top and bottom of the Au NC are different. This result is consistent 

with specific structural features. From the AFM measurements, the NC short-axis length decreases 

from top to bottom of the nanoparticle (Figure 1d). Additionally, the Au NC resides on a dielectric 

substrate, which strengthens the multipolar response at the bottom of the nanostructure relative to 

the top (see near-field distributions reported by Bukasov et al.58, 65, 66). More intriguing is the 

interpretation of the 𝑝௭-𝑄௭௬ and 𝑚௭-𝑀௭௬ couplings at 590 nm (Figure 7c). Following similar 

reasoning as above, these interactions imply a structural asymmetry between the left and right 

halves of the NC (each half contains a NC tip). In fact, electromagnetic simulations using the 

boundary element method (BEM) show that an idealized NC, created by taking the overlap region 

of two intersecting cylinders, yields several main features of the orientation-dependent extinction  

observed at 590 nm but not the subtle LMOD anisotropies (compare Figures S18b, f, and j with 

Figures 5b, f, and j and Table S3) and attributed dipole-quadrupole interactions. Though the left-

right asymmetry is not readily apparent from the SEM and AFM imaging (Figure 1), its presence 

may result from the sample stage rotation and angles used during physical vapor deposition. 

Manifestation of such physical properties in the orientation-dependent extinction profiles would 

suggest remarkable sensitivity offered by this analytical technique, as the structural differences of 

the tips are below the resolution of our imaging capability.  

Although the above arguments apply to individual Au NCs, we cannot fully dismiss interparticle 

scattering. This effect may help explain the minor disagreement between experimental data and 

analytical modeling (Figures 5 and 6). Validation of this hypothesis can be carried out, for 

example, by applying the point dipole theory developed by Koenderink and coworkers for 

plasmonic lattices.67 The observable periodicity of the array in Figure 1b also suggests the 

possibility of long-range diffraction effects; however, none are experimentally observed 
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originating from the array via specular and diffuse transmission measurements at surface normal 

and non-normal incident light angles (see Supporting Information and Figure S8). The lack of 

detectable diffraction is likely due to an unordered lattice organization at longer ranges in the array, 

as is qualitatively illustrated in Figure 1b and Figure S3. Disparities between observed and 

modeled extinction intensities may also originate from the neglect of higher-order light-matter 

interactions (see Equations 1 and 2) and of higher-order multipoles (see Methods Section) in the 

empirical fitting.  

Overall, the satisfactory agreement between experiment and analytical modeling validates the 

observed orientation dependence is that of the multipoles constituting the LSPRs. In particular, 

fitted polarizabilities representing dipole-quadrupole coupling are not only essential for 

reproducing the extinction measurements, but they can be traced to structural asymmetries of the 

Au NC substrate. The multipolar character also plays an important role in LMOD from excitation 

with CPL as discussed below. 

LMOD with CPL. As previously discussed, the breaking of near-field symmetry by exciting 

LSPR activity via CPL (Figures 2d-i) presents an additional approach to manipulate plasmonic 

LMOD. Such symmetry breaking can be observed in the far-field as well. Although the NC 

geometry is achiral, plasmonic far-field handedness is known to manifest at out-of-plane incidence 

orientations. Termed extrinsic chirality,68, 69 or pseudochirality in the context of bianisotropic 

composite media,70 this phenomenon generally describes a planar achiral system that can be tilted 

relative to the incident CPL to generate chiroptical activity. Wang et al. have reported Au NCs can 

exhibit large circular dichroism (CD) when rotated out-of-plane.56 Davis et al. also show the 

partitioning of orientation-dependent chiroptical response from misshapen aluminum crescent-like 

structures.71 Here, we expound on such observations by measuring extinction dependency on in-
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plane angle 𝜙′ for representative out-of-plane angles 𝜃 and provide additional insights on the 

extrinsic chirality of Au NCs are provided.  

As expected from an achiral geometry, there is essentially no handedness at normal incidence in 

the far-field response (Figure 9a), although the near-field distribution induced by either LCP or 

RCP light is asymmetric (compare Figures 2d-i). Figures 9b-d show comparative polar CD profiles 

for the short-axis backbone dipole (590 nm), short-axis tips dipole (1300 nm), and long-axis dipole 

(2200 nm) generated at normal incidence. From the optical axis orientation, the substrate was 

rotated to 𝜃 = 30° and characterized in 𝜙′ with CPL. Figure 9e shows the compilation of these 

responses along with corresponding selected CD polar plots for the modes of interest in Figures 

9f-h. The substrate was then tilted to 𝜃 = -30° from the optical axis and characterized in the same 

fashion yielding a 3D polar surface plot (Figure 9i) with corresponding single-wavelength CD 

polar plots for the modes of interest in Figures 9j-l.  

At any of the three main resonance wavelengths, we observe dramatic sensitivity in the CD 

responses when out-of-plane angle 𝜃 is nonzero—not only with respect to Au NC in-plane 

orientation, but also with respect to whether 𝜃 is positive or negative. For either positive (Figures 

9f-h) or negative (Figures 9j-l) out-of-plane angle, most prominent is the clear indication of two 

preferred in-plane orientations (𝜙′ = 90° and 270°) to optimize chiroptical handedness, where each 

yields CD of equal magnitude but opposite signs. These orientations can be considered 

enantiomeric in response. Interestingly, positive and negative out-of-plane angles also constitute 

enantiomeric orientations, where the CD intensities (as a function of in-plane angle) are cardioid-

like profiles for the short-axis backbone dipole facing opposite directions. Additional examination 

shows that for a given out-of-plane angle, these CD profiles are facing one direction at 590 nm 

(Figures 9b, f, and j) and 1300 nm (Figures 9c, g, and k) but another direction at 2200 nm (Figures 
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9d, h, and l). Therefore, the handedness of the optical response can be controlled not only by 

substrate orientation but also by incident wavelength. As discussed before, such tunability is a 

consequence of extrinsic chirality.68, 69 

To further characterize the highly versatile manipulation of chiroptical handedness as illustrated 

in Figure 9, we calculate the anisotropy factor 𝑔. The 𝑔 factor is the dimensionless ratio of 

extinction intensity (𝐼) difference (i.e., in CD) to extinction intensity average for both circular 

polarizations:72  

𝑔 ൌ ூಽ಴ುିூೃ಴ು
భ
మ

ሺூಽ಴ುାூೃ಴ುሻ
 (3) 

This figure of merit normalizes the CD intensity to allow comparison of the chiroptical handedness 

associated with different experimental conditions. The 𝑔 factors for the Au NCs at designated 

orientations are provided in Table 2. Spanning -0.55 to 0.55, such Au NC 𝑔 factors are comparable 

to the huge values (i.e., |𝑔| ൎ 0.26 to 0.86) reported for intrinsically chiral nanohelices.8, 73-75 A 

major advantage of extrinsic chirality, compared to intrinsic chirality, is the ability to simply 

switch CD handedness based on the manipulation of the substrate orientation relative to the 

incident ray. Here, we have demonstrated such facile switching of giant chiroptical activity 

illustrative of active chiral plasmonic behavior through LMOD. 

To understand the orientation-dependence of observed 𝑔 factors, we use the same modeling 

approach applied to extinction under PPL. Excellent fitting of the orientation-dependent CD is 

likewise obtained (Figure 9). The fitted polarizabilities (Figure 7) used to describe the chiroptical 

response represent magnetoelectric coupling (Figure 8a). Among the fitting parameters are those 

representing interaction between the electric dipole along the NC long-axis and magnetic dipole 

along the NC height (𝐴௬,௭
ாு and 𝐴௭,௬

ுா in Equations 1 and 2). This coupling results in opposite signs 

for 𝑔 factors corresponding to 𝜃 = ±30° and the same in-plane orientation (Table 2). More 
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generally, the dipolar interaction gives rise to the opposite facing cardioid-like CD profiles for 

positive and negative out-of-plane angles (Figures S14, S15, and S16a). In other words, dipolar 

magnetoelectric polarizabilities allow for a complete description of the orientation-dependent CD 

extinction at 1300 and 2220 nm. 

In contrast, dipolar-quadrupolar magnetoelectric polarizabilities (namely 𝐴௜,௝௞
ுா  in Equation 2) are 

needed to model salient features of the observed chiroptical activity at 590 nm and oblique 

incidence. Overall, positive CD values are smaller in magnitude than their negative counterparts 

(Figures 9f and j). A related observation is that, for fixed in-plane angles at 𝜙′ = 90° and 270°, 

the 𝑔 factors are unequal for 𝜃 = ±30° (Table 2). Both results are successfully simulated by 

considering the polarizability representing interaction between the magnetic dipole, 𝑚௭, along the 

NC height and the 𝑦𝑦 electric quadrupole (Figure S16b). An even more prominent characteristic 

of the CD curves is the skewed cardioid-like profile, which is attributed to the magnetic dipole-

electric quadrupole interaction between 𝑚௭ and 𝑄௬௫ (Figure S16c). The CPL-induced anisotropies 

discussed here are summarized in Table S3.  

The identified magnetoelectric interactions are inherent to the ring-like structure of the Au NC. 

Excitation of the fundamental electric dipole propels clockwise or counterclockwise current along 

the NC backbone, thereby producing a magnetic dipole along the NC height (Figure 8a). The 

associated dependence of chiroptical handedness on the sign of the out-of-plane orientation has 

been observed in split-ring resonators.44 Furthermore, the sign of each CD measurement is 

reproduced by electromagnetic BEM simulations (Figure S19f-h and j-l) of a Au NC that is 

uniform across its height (Figure S17). It follows that for any given substrate orientation, the 

relative handedness at the various resonance wavelengths likely arises from geometric features of 

a two-dimensional crescent. The dipole-quadrupole interaction between 𝑚௭ and 𝑄௬௫ can also be 
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explained with structural arguments: the backbone has greater height toward its back-end 

compared to its front-end (panel with green curve in Figure 1d). The two quadrupole lobes at the 

former location will be larger than those at the latter, resulting in an effective mode 𝑝௬ that 

undergoes the aforementioned magnetoelectric dipolar coupling. Thus, the assumption of uniform 

NC height may explain why the BEM model does not yield the skewed cardioid-like CD profiles 

at 590 nm (Figures S19f and j). Future studies should verify our structure-based analyses of certain 

dipole-quadrupole couplings, as well as shed light on other such interactions revealed in this work. 

 

CONCLUSIONS 

We have shown controlled LMOD leads to substantial sculpting of near-field plasmon electric 

and magnetic activity. Most compelling, these observations illustrate simpler approaches toward 

both active plasmonic and active chiral plasmonic optical responses using a passive nanostructure 

motif. Suggested by FDTD simulations, near-field resonances can be selectively controlled simply 

by changing the polarization of the incident light (e.g., PPL or CPL). The subsequent control of 

substrate orientation can further manipulate these more fundamental LSPR effects, producing 

dramatic changes in far-field optical properties attributed to near-field magnetoelectric dipolar and 

higher-order multipolar coupling effects. These interactions were identified by subtle anisotropies 

in extinction polar profiles, demonstrating LMOD can serve as visual fingerprints for multipolar 

interactions. Such trends, most evident for the short-axis backbone dipole mode, suggest plasmonic 

sensitivity to the applied field as well as its associated gradient field. As suggested by our analytical 

model, further studies pertaining to LMOD in relation to the geometry of a given nanostructure 

may yield improved sensitivity in the form of multipolar coupling events. It is anticipated these 

representative observations will influence the interpretation of optical scattering events in 
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plasmonic systems, as well as the principles of nanostructure design. Additionally, the 

magnetoelectric properties presented here suggest potential utility toward plasmon-based magnetic 

field sensors and plasmonic magnetoelectric scatterers based on our simple, orientation-dependent 

approach to elicit active plasmonic and active chiral plasmonic optical behavior.  

METHODS 

Nanofabrication Materials. Common glass microscope slides were used as optically 

transparent substrates for Au NCs. Polystyrene (PS) beads, with a 0.5 𝜇m diameter at 0.4% w/w 

in water, for templating were purchased from Polysciences, Inc. An automated syringe pump from 

New Era Pump Systems, Inc. and a multichannel peristaltic pump from ISMATEC were used to 

form and deposit a close-packed colloidal monolayer of PS beads. Ultrapure water for surface 

substrate preparation and post-processing was purified to 18 MΩ using a Barnstead NANOpure 

diamond system. Removal of the sacrificial Cu layer was accomplished using concentrated H2NO3. 

Cu (99.999%), Cr (99.999%), and Au (99.99%) evaporation pellets were purchased from Kurt J. 

Lesker. Nanostructures were fabricated in an ISO 7 cleanroom using an Oxford 80 Plasmalab for 

reactive ion etching with oxygen plasma and a Denton SJ-20C for electron-beam evaporation of 

deposition metals. See Supporting Information for discussion of fabrication methods to prepare 

Au NCs. 

Imaging Au Nanocrescents. SEM micrographs were obtained using a FEI Nova Nano630 SEM 

in immersion mode using a Helix detector. Atomic force micrographs were obtained using a 

Bruker Dimension Icon AFM with VeecoScanAsyst in contact mode. 

Experimental Characterization. Optical extinction measurements with PPL and CPL were 

collected using a PerkinElmer Lambda 750 UV/Vis/NIR spectrophotometer. Spectra range in 

wavelength from 500 nm to 2500 nm (at 5 nm intervals) using a collimated beam size of 2 cm x 
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0.5 cm. A broadband linear polarizer, housed in an automated rotational drive accessory, was used 

to generate and control the orientation of PPL. Superachromatic quarter waveplates from Thorlabs 

were used to generate LCP and RCP light separately. These quarter waveplates were housed in 

indexing rotation mounts. A sample substrate holder comprised of a fine-tuned indexing rotation 

mount, fine-tuned base rotation mount, and goniometer (all from Thorlabs) was assembled using 

custom-machined aluminum adapters. Matlab was used to plot all experimental data. A custom 

script for 3D surface polar plots is accessible online at 

https://www.mathworks.com/matlabcentral/fileexchange/13200-3d-polar-plot. Experimental CD 

was calculated by subtracting 𝐸௅஼௉ െ 𝐸ோ஼௉ where 𝐸 is extinction (i.e., combined absorbed and 

forward scattered light) and multiplied by a factor of 32.98 to convert to units of degrees 

(conventional CD units as ellipticity). 

Analytical Modeling. We consider an extended point-dipole formalism based on Equations 1 

and 2 to calculate Au NC optical extinction from PPL and CPL.62 This approach is appropriate 

when excited multipoles of higher order are too weak to contribute significantly to linear 

extinction. We treat the Au NC sample as an effective point scatterer whose polarizabilities 

incorporate the effects of the surrounding media.47 Starting with Equations 1 and 2, stopping at 

quadrupolar contributions to the induced dipoles, and supposing plane-wave incident light with 

exp(𝑖𝒌 ⋅ 𝒓) spatial dependence, we obtain for each LSPR 

𝑝௜ ൌ ቀ𝐴௜,௝
ாா ൅ ௞೗

௞
𝐴௜,௝௟

ாா ቁ 𝐸௝ ൅ ቀ𝐴௜௝
ாு ൅ ௞೗

௞
𝐴௜,௝௟

ாுቁ 𝐻௝ (4) 

𝑚௜ ൌ ቀ𝐴௜,௝
ுா ൅ ௞೗

௞
𝐴௜,௝௟

ுாቁ 𝐸௝ ൅ ቀ𝐴௜,௝
ுு ൅ ௞೗

௞
𝐴௜,௝௟

ுுቁ 𝐻௝ (5) 

where 𝑘 ൌ |𝒌|. Here and below, we have adopted the unit convention provided in Table S1. Under 

rotation, the polarizability terms 𝐴௜,௝ and 𝐴௜,௝௟ transform as second- and third-rank tensors, while 

the electromagnetic field components transform as first-rank tensors (or vectors).76 After 
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calculating dipoles with Equations 4 and 5, the associated extinction cross-section is computed 

using 

𝜎ୣ୶୲ ൌ ஼

|ா|మ Im ൤ቀ𝑬
𝑯

ቁ
∗

∙ ቀ
𝒑
𝒎ቁ൨  (6) 

where 𝐶 is a proportionality constant defined in the Supporting Information.77, 78 To obtain values 

for the polarizability terms, least-squares fitting of Equations 4-6 is applied to experimental 

extinction measurements. This fitting is repeated for each of the three primary resonances focused 

on in this work. We note that spectral overlap between short-axis and long-axis modes, in particular 

the short-axis backbone dipole (590 nm) and the long-axis backbone quadrupole (550 nm), is 

accounted for by including terms for both modes. 

All theoretical methods and calculations not presented here, or in the main text, are discussed in 

the Supporting Information. This discussion includes the FDTD and BEM calculations used 

throughout this work. In addition, the Supporting Information contains further discussion of the 

analytical model and fitting, as well as the numerical values of the polarizability contributions for 

each mode.  
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Figure 1. Au NC structural and array features. (a) SEM micrograph, with a 500 nm scale bar, 

depicting Au NC aspect ratio. (b) Fourier transform image analysis of a 5,000 µm2 array area 

(4,000x magnification) illustrating long-range periodicity of the NC array (see Figure S2 for the 

corresponding SEM micrograph). (c) 2D and 3D AFM micrographs, with 500 nm scale bars, 

showing Au NC topography. Using AFM data, (d) cross-section profiles were averaged over 100 

NC structures from the center mirror plane along the backbone of the NC (red) and at ±30° 

(orange), ±60° (green), and ±90° (grey) radially off-center from the backbone. Each off-center 

cross-section profile is calculated by averaging the values at the two indicated locations. 
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Figure 2. Au NC electric (|𝐸|/|𝐸௢|) and magnetic (|𝐻|/|𝐻௢|) near-field patterns generated using 

FDTD calculations. Responses at normal incidence from (a-c) PPL, LCP light (d-f), and RCP light 

(g-i). In all subfigures, the white arrow indicates the incident polarization. The respective intensity 

gradient scales pertain to the column of plots below them. These simulated near-field patterns 

correspond to resonance modes described as a short-axis backbone dipole (a, d, and g), a short-

axis tips dipole (b, e, and h), and a long-axis dipole (c, f, and i). Upon comparison of calculated 

and experimental extinction spectra (see main text and Figure 3), these three dominant resonance 

modes are respectively assigned to the experimental peaks at 590, 1300, and 2200 nm.  
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Figure 3. Comparison of experimental and FDTD simulated LSPR optical extinction spectra. The 

incident PPL is oriented according to the inset arrows and NC orientation shown. (a) Experimental 

short-axis excitation with resonances at 590 nm and 1300 nm. (b) Theoretical short-axis excitation 

with resonances at 600 nm and 1100 nm. (c) Experimental long-axis excitation with resonances at 

550 nm, 1060 nm, and 2200 nm. (d) Theoretical long-axis excitation with resonances at 580 nm, 
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870 nm, and 1800 nm. Theoretical calculations are performed using the single Au NC geometric 

model shown in Figure S4. 
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Figure 4. (a) Definitions of NC rotations where the endcap arrow indicates a positive value rotation 

from the respective starting plane relative to the incident light, 𝑘, propagating along the 𝑧-axis. 

Here, the substrate with NC array resides in the 𝑥𝑦 plane. (b) Reference key for representative in-

plane NC rotations by 𝜙. (c) Illustration of representative rotations applied in the orientation-

dependent extinction experiments depicted in Figures 5, 6, and 9. The illustration in (c) aids 

visualization of combined s- and p-polarizations of the incident PPL (grey dashed double arrow) 

in each associated experiment. The NC substrate is shown tilted from the optical axis to 𝜃 = 30° 

where the light is s-polarized (𝐸-field along 𝑦-axis, in the 𝛼 plane) and remains so as the substrate 

is rotated around its normal axis, 𝑛, by angle 𝜙′. This description applies to the experiments of 

Figures 5 and 9. For the experiments of Figure 6, the substrate is fixed in a given 𝛼, 𝜃, 𝜙 orientation 

and PPL is rotated by the azimuthal angle 𝜙 in the laboratory frame (grey circular arrow to indicate 
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rotation). In this methodological description, incident PPL fluctuates between combinations of s- 

and p-polarized light about the tilted substrate orientation.  
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Figure 5. Optical extinction with polarization of light fixed along the vertical 𝑦-axis as a function 

of sample rotation in 𝜙 (𝜙′ for out-of-plane orientations) and 𝜃 (see Figure 4; 𝛼 = 0° throughout). 

For the polar contour plots at (a) 𝜃 = 0°, (e) 𝜃 = 30°, and (i) 𝜃 = -30°, the radial axis is the 

wavelength range 500 nm to 2500 nm. Polar plots show respective peak wavelength profiles at 

designated orientations: (b, f, and j) short-axis backbone dipole mode at 590 nm, (c, g, and k) short-

axis tips dipole mode at 1300 nm, and (d, h, and l) long-axis dipole mode at 2200 nm. For 𝜃 = 
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±30° (f-h and j-l), the normal incidence extinction profile (b-d) is inlayed in gray for comparison. 

Polar plots for peak resonances are normalized within each respective wavelength set. The 

analytical fits are shown in black. 
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Figure 6. Optical extinction with PPL rotated about a fixed sample orientation (compare Figure 4c 

where 𝜙௉௉௅ rotation is proportionate to 𝜙 in the laboratory frame). Polar plots show respective 

peak LSPR profiles at designated orientations involving both 𝜃 and 𝛼. (a-d) Short-axis backbone 

dipole mode at 590 nm at 𝜙 = 90°, (e-h) short-axis tips dipole mode at 1300 nm oriented at 𝜙 = 

90°, and (i-l) long-axis dipole mode at 2200 nm oriented at 𝛼 = 0°. Maxima observed in (c, d) due 

to selective excitation of the long-axis backbone quadrupole mode. The normal incidence 

extinction profile (equivalent to Figure 5b-d) is inlayed for comparison. Polar plots for peak 
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resonances are normalized within each respective wavelength set. The analytical fits are shown in 

black. 
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Table 1. Selected optical extinction intensity changes from Figure 6 quantifying the range of active 

plasmonic character. 

Au NC 
orientation 

(𝛼, 𝜃) 

Short-axis 
backbone 

dipole  

(𝜙′ = 90°) 

Short-axis 
tips dipole 

(𝜙′ = 90°) 

Long-axis 
dipole 

(𝜙′ = 0°) 

𝜙௉௉௅ = 0° (180°) 
(30°, 0°) 0.27a 0.08 0.11 

(-30 0°) 0.36 0.08 0.11 

(0°, 30°) -0.21a  -0.21 -0.20 

(0°, -30°) -0.21 -0.21 -0.20 

𝜙௉௉௅ = 90° (270°) 
(30°, 0°) -0.05 0.09 0.05 

(-30°, 0°) -0.01 0.09 0.05 

(0°, 30°) 0.30 0.11 0.04 

(0°, -30°) 0.30 0.11 0.04 
a Sign indicates either an increase (൅) or a decrease (െ) from normal incidence optical extinction 

intensity. 
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Figure 7. Graphical representation of polarizability terms relevant for modeling linear (𝐴௟௜௡௘௔௥, 

a.u.) and CD (𝐴஼஽, a.u.) extinction of (a) long-axis dipole mode at 2200 nm, (b) short-axis tips 
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dipole mode at 1300 nm, and (c) short-axis backbone dipole mode at 590 nm. The 𝐴௟௜௡௘௔௥ and 𝐴஼஽ 

values are from independent fittings, and values from different fittings cannot be meaningfully 

compared. To match previous literature convention for such graphical representation,47 𝐴௜,௝௟
ிீ  terms 

from the fitting model of Equations 4-6 have been doubled for 𝐹, 𝐺 ൌ 𝐸, 𝐻 (see Supporting 

Information). Polarizability elements determined to contribute insignificantly to orientation-

dependent extinction and incident polarizations are omitted in the plots (white area); however, 

these elements may be relevant for other experimental conditions not evaluated in this work. 
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Figure 8. Schematic illustration of representative structure-induced multipole interactions in Au 

NCs. (a) Magnetoelectric coupling: 𝐸௬ excites electric dipole 𝑝௬, causing charges to circulate the 

ring-like backbone and thereby exciting magnetic dipole 𝑚௭. (b) Dipole-quadrupole coupling: the 

gradient 𝛻௭𝐸௫ of the incident 𝐸௫-polarized field excites electric quadrupole 𝑄௫௭. Because the 

bottom portion of the NC has larger size and greater proximity to the dielectric substrate, the 

bottom lobes of quadrupole mode dominate the multipolar response, thereby exciting an electric 

dipole 𝑝௫ of matching symmetry.  
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Figure 9. CD responses from CPL where the sample is rotated along 𝜙 (𝜙′ for out-of-plane 

orientations) and 𝜃 (see Figure 4; 𝛼 = 0° throughout). For the polar contour plots at (a) 𝜃 = 0°, (e) 

𝜃 = 30°, and (i) 𝜃 = -30°, the radial axis is the wavelength range 500 nm to 2500 nm. Polar plots 

show respective peak wavelength CD profiles at designated orientations: (b, f, and j) short-axis 

backbone dipole mode at 590 nm, (c, g, and k) short-axis tips dipole mode at 1300 nm, and (d, h, 

and l) long-axis dipole mode at 2200 nm. For 𝜃 = ±30° (f-h and j-l), the normal incidence CD 
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extinction (b-d) is inlayed for comparison. Polar plots for peak resonances are normalized within 

each respective wavelength set. The analytical fits are shown in black. 
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Table 2. Anisotropy (𝑔) factors from CD responses in Figure 9 quantifying the range of active 

chiral plasmonic character (𝛼 = 0° throughout). 

Sample 
orientation 

𝜃 

Short-
axis 

backbone 
dipole 

Short-
axis tips 
dipole 

Long-
axis 

dipole 

Au NC at 𝜙′ = 90° 
30° -0.16a -0.55 0.44 

-30° 0.12 0.55 -0.44 

Au NC at 𝜙′ = 270° 
30° 0.12 0.55 -0.44 

-30° -0.16 -0.55 0.44 
a Sign indicates (൅) left- or (െ) right-handedness at designated orientations. 
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