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Plasmonic noble metal nanoparticles enable nanoscale confinement of electromagnetic fields for the
development of chemical and biological sensing, photonic devices, and light trapping technologies.
Scanning transmission electron microscopy and electron energy loss spectroscopy (STEM-EELS) has
emerged as a key tool in experimentally observing the near field plasmonic modes of a wide variety of
nanoparticle shapes and sizes [1]. When nanoparticle are at least approximately thin and invariant along
the direction of the electron beam, the EELS signal can be related to a photonic localized density of
states (LDOS) [2]. This LDOS, however, does not describe the three-dimensional fields or potentials
surrounding the plasmonic nanoparticle [3], particularly in prismatic nanocrystals common in noble
metal nanoparticle synthesis. Qualitative measurement of the three-dimensional EELS response has been
demonstrated for a silver nanocube [4]. An alternative approach to reconstruct the surface charges
corresponding to an eigenmode decomposition of the EELS response has been proposed theoretically
[5], but has not been demonstrated experimentally to date.

Here, we present surface charge reconstructions of the principal modes of silver right bipyramids.
Experimental tilt-series STEM-EELS was acquired on the PICO microscope, a modified FEI Titan
operated at 300 kV and equipped with a monochromator and a Quantum GIF for fast spectroscopy
acquisition. Chemically synthesized silver right bipyramids with side length of approximately 50 nm
were drop-cast onto molybdenum trioxide (MoQOs) crystals dispersed on lacey carbon TEM grids. A
straight-forward reconstruction of surface charge uses non-penetrating trajectories only [5], and so a
partial MoOs crystal substrate with a bipyramid resting against a crystal side in cross-section was
selected for tilt-series STEM-EELS measurements. An annular dark field (ADF) tilt series was acquired
concurrently with STEM-EELS for structural tomography of the particle morphology. ADF images
were acquired in 3° increments from 68° to -67°. STEM-EELS maps were acquired at 0° and every 9°
from 65° to 38°, limited by carbon contamination. The STEM-EELS data was processed by non-
negative matrix factorization (NMF) to separate modal contributions. Compressed sensing electron
tomography (CS-ET) [6] was performed on the ADF data, the bipyramid morphology was extracted
from the tomogram by threshold-based segmentation, and a surface mesh was generated for use in
boundary element method (BEM) [7] simulations and surface charge reconstructions.

The proposed reconstruction technique [5] uses conjugate gradient methods to minimize a cost function
of the least-squares norm of the experimental data and a forward-calculated EELS response from a
surface charge model. Given the prior knowledge of the particle morphology determined from CS-ET,
the initial input surface charge distribution for cost function minimization was determined from BEM
eigenmode calculations. To further constrain the cost function optimization algorithm to handle
experimental noise and artifacts, an additional soft thresholding regularization penalty was used to
identify solutions to the surface charge optimization that exhibited a small number of surface elements
with high intensity, consistent with the experimental data and the highly localized surface charge
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densities typical of corner modes.

Figure 1 presents surface charge reconstructions for two of the four principal corner modes observed
experimentally. In the tilt series, two overlapping modes at 2.7 eV were not separated by NMF.
However, two-dimensional maps of additional silver bipyramids revealed two separate modes in this
spectral window. As determined from BEM simulations, the corner modes in an isolated right bipyramid
comprise three dipole ((x,y) and z) and one quadrupole (z%) excitation, showing good agreement with the
experimentally recovered modes. Symmetry-breaking by the substrate separates the degenerate (X,y)
modes in the isolated bipyramid into modes at 1.3 eV and 1.8 eV. Significant surface charges on the
substrate are observed in part due to artifacts in the experimental EELS maps exhibiting signal along the
substrate-vacuum boundary. The method may be extended to higher energy modes localized along the
edges and faces of the bipyramid, though these modes present additional challenges due to a high degree
of multipolar mode overlap. The surface charge reconstructions presented here represent an excitation-
independent response and can be used to predict the response to general illuminating fields with near or
far field sources, offering a direct and quantitative assessment of the optical response of plasmonic
particles from EELS [8].
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Figure 1. Simulated and experimentally recovered surface charge distributions for (a) x and (b) z
dipolar corner modes of a silver right bipyramid (each shown at two orientations). Surface charges are
shown on a normalized color scale. Axes (top left) indicate the relative coordinates of each orientation.
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