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ABSTRACT 

 
The collective oscillation of the conduction band electrons in metal 

nanostructures, known as plasmons, can be used to manipulate light on length scales 

that are smaller than the diffraction limit of visible light.  In this dissertation, a correlated 

approach is used to probe localized surface plasmon resonances (LSPRs) in metallic 

nanostructures, and their application to surface-enhanced spectroscopy.  This 

correlated approach involves the measurement of LSPRs with dark-field optical 

microscopy (resonance-Rayleigh scattering), and electron energy-loss spectroscopy 

(EELS) in a scanning transmission electron microscope (STEM).  Structural parameters 

of the exact same nanostructures obtained from the STEM are subsequently used in 

performing fully three-dimensional continuum electrodynamics simulations to support 

the experimental observables. 

The first part of this work utilizes the correlated approach with theoretically 

calculated near-electric field enhancements, in exploring the LSPRs of silver nanorods 

with varying aspect-ratios.  Multivariate statistical analysis (MVSA) is used to extract the 

experimentally measured plasmon modes obtained from STEM/EELS, with a spatial 

resolution on the length scale of the plasmon itself.  These results demonstrate the 

ability of the correlated approach to yield complementary information not accessible 

from either technique on its own.  In the second study, the electromagnetic hot spots 

responsible for single-molecule surface-enhanced Raman scattering (SMSERS) are 

investigated with the correlated approach and theoretical simulations.  The results 

suggest the possibility of exciting a hot spot with an electron beam, and inducing 
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Raman scattering from a single molecule when the beam is positioned 

antisymmetrically with respect to the hot spot.  The third and final part of this work 

investigates Fano resonances in silver nanocubes with STEM/EELS, and the changes 

that occur in the LSPR spectra of nanocubes after exposure to the electron beam.  The 

results from this study suggest that the hybridized modes responsible for Fano 

interference in STEM/EELS are the same as those present in optical spectroscopy. 
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INTRODUCTION  
 

Statement of Purpose 

 
The emergence of STEM/EELS as an unprecedented technique capable of 

mapping the plasmonic properties in metallic nanostructures on length scales 100 times 

smaller than optical wavelengths (~1 nm) has revolutionized the field of fundamental 

and applied plasmonics.  Despite the great potential that is associated with using this 

technique, the connection between electron-driven plasmons, encountered in EELS, 

and optically-driven plasmons, encountered in plasmonic devices, is still not well 

understood.  Moreover, the direct and routine imaging of optically-driven plasmons still 

remains a significant challenge. 

The work presented here focuses on correlating optical spectroscopy 

(resonance-Rayleigh scattering) and electron microscopy from the exact same 

nanostructures.  The approach is twofold: (1) Imaging plasmon modes in single 

nanoparticle structures as well as nanoparticle aggregates, and correlating these 

measurements with resonance-Rayleigh scattering measurements and fully three-

dimensional electrodynamics simulations.  (2)  Directly imaging the plasmons that give 

rise to surface-enhanced Raman scattering in molecules and establishing the location of 

the molecule relative to the plasmons which underlie these optical scattering 

spectroscopies.   
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Literature Background  

Localized Surface Plasmon Resonance (LSPR) 

The phenomenon of localized surface plasmon resonance (LSPR) in nature can 

be traced as far back as the advent of stained glass windows that were used in 

churches.  The bright colors that were observed came as a result of the interaction of 

light with the silver and gold nanoparticles embedded in the glass.  In the 19th century, 

Michael Faraday conducted some experiments to investigate how light interacted with 

gold particles of various sizes,1 while in the 1950s, Ritchie laid the foundations for the 

application of surface plasmons to the field of surface science in his pioneering work.  

Localized surface plasmon resonances result from the collective oscillations of the 

conduction band electrons in small metallic nanoparticles.  Figure 1 gives a schematic 

representation of the oscillation induced by the interaction of a time-varying electric with 

metal sphere. 

In 1908, Mie solved the Maxwell’s equations that describe the absorption and 

scattering of spherical particles of arbitrary sizes.2  In metallic nanoparticles, LSPRs are 

responsible for the observed extinction (absorption plus scattering) spectra.  Numerous 

studies have shown that the positions of the LSPR spectra are dependent on the size, 

shape and local dielectric environment of the nanoparticle.3  These metallic 

nanoparticles are usually of the order d << λ where d is the size of the nanoparticle and 

λ is the wavelength of the incident radiation.  The criterion, d << λ, enhances the use of 

local surface plasmon resonance to concentrate light in metallic nanoparticles and it 

stems from the different (relative) permittivities, ε, of the metal and the surrounding 
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dielectric media.  When light is concentrated in this manner, there is an enhancement in 

the electric field which can be used to manipulate spectroscopy and other non-linear 

phenomena.  This criterion is also responsible for the intense signal enhancement 

observed in surface-enhanced Raman spectroscopy (SERS),4 more recently, single-

molecule surface-enhanced Raman spectroscopy (SMSERS),5-6 which will be discussed 

in greater detail.  Other applications of LSPRs include optical chemical sensing,7 

plasmonic solar cells,8 biomedicine,9 and plasmonic waveguiding.10-11  
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Figure 1. Schematic diagram of the plasmon excitation for a sphere showing 

the displacement of the conduction electron charge relative to the nuclei. 
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Plasmon Imaging Techniques 

In the last ten years, the number of methods available for manufacturing metallic 

nanoparticles has greatly expanded.  Nonspherical particles have been developed using 

wet chemistry techniques and have yielded particles such as rods,12 triangles,13 and 

cubes.14  Other methods such as nanosphere lithography (NSL)15 and e-beam 

lithography (EBL)16 have also been developed.  The optical properties of these metallic 

nanoparticles are usually characterized using spectroscopic methods such as near-field 

scanning optical microscopy (NSOM),17-20 photon scanning tunneling microscopy 

(PSTM),21 photoemission,22 and dark-field illumination.23  However, these spectroscopic 

methods are diffraction-limited and are not capable of providing the desired nanoscale 

spatial resolution of LSPR modes within a single nanoparticle.  Plasmon imaging in 

NSOM is limited to spatial resolutions of about 10 nm which is too large for imaging very 

confined LSPRs.  State-of-the-art NSOM experiments have demonstrated spatial 

resolutions on the order of 15 nm24 but require the fabrication of very sharp tips25 which 

can be very difficult. 

The limitations in imaging plasmon modes in metallic nanoparticles can be easily 

overcome with electron energy-loss spectroscopy (EELS) in a scanning transmission 

electron microscope (STEM).  For many years, the study of bulk plasmon losses in thin 

metallic films26 and clusters27 has been done using this method but it was only fairly 

recently that the extraction of information from the low energy region of the spectrum 

became possible.  The advent of monochromated electron beams and improved energy 

resolution has enabled the characterization of LSPRs in metallic nanostructures with 
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energies as low as 1 eV.28  In EELS, a monoenergetic beam of electrons is exposed to 

a material and analyzed after the material has interacted with the electron beam.  The 

electric field associated with a swift electron interacting with the metallic nanostructure 

leads to the displacement of the conduction electrons in the material.  These conduction 

electrons undergo collective oscillations at their natural plasmon frequency while the 

fast-moving electron loses energy which corresponds to the plasmon energy.29  The 

scattered electron beam is then collected and analyzed with a spectrometer which 

displays the energy distribution corresponding to the exchange of energy between the 

incident electron beam and the metallic nanostructure. 

Surface-Enhanced Raman Spectroscopy (SERS) and Single-Molecule SERS 

The phenomenon of surface-enhanced Raman spectroscopy (SERS) was first 

observed by Fleischman et al. in 1974,30 and discovered independently by Jeanmaire 

and Van Duyne4 and Albrecht and Creighton31 in 1977.  When it was first observed for 

pyridine adsorbed on an electrochemically roughed silver electrode, the unusual 

intensity of the Raman signals was attributed to the increased surface area of the 

roughened substrate.  In 1978, Moskovits attributed the huge increase in the Raman 

cross-section to the excitation of surface plasmons32 and it now provides the framework 

for understanding the bulk of the SERS effect.  Two mechanisms of enhancement are 

usually ascribed to SERS; an electromagnetic enhancement and a chemical 

enhancement.  These two mechanisms are related to the induced dipole moment by the 

equation: 
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where  is the dipole moment of the molecule,  the molecular polarizability, and E is 

the applied electric field.  The chemical enhancement is usually governed by the 

modification of the molecular polarizability while the electromagnetic mechanism is 

governed by the adjustment of the applied electric field E.  However, it has been 

predicted that the chemical enhancement contributes about 3-4 orders of magnitude to 

the Raman signal of molecules on some metallic surfaces33 while the electromagnetic 

enhancement contributes as large as 1013.34  The electromagnetic enhancement factor 

E, is usually given by: 

 

where  is the local electric field enhancement factor at the incident frequency  

and  is the electric field enhancement factor at the Stokes-shifted frequency . 

In 1997, Nie and co-workers,6 and Kneipp and co-workers5 simultaneously and 

independently discovered the phenomenon of single-molecule SERS (SMSERS).  This 

technique can be used for detecting and identifying a single molecule without labeling, a 

method used in fluorescence spectroscopy.5  The huge enhancement observed in 

SMSERS is facilitated by the strong surface plasmon-related electromagnetic fields 

within and around metallic nanostructures35 although a resonance-Raman enhancement 

also contributes to the overall enhancement observed (~105-6).36  Brus and co-

workers37-38 showed that the hot spots formed at the junction of two nanoparticles likely 

play a major role in SMSERS and this was supported by using atomic force microscopy 

(AFM) to show that the SMSERS-active structures were aggregates of Ag 

nanoparticles.  Also, electrodynamics calculations have shown that anisotropic 
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nanoparticle dimers such as prisms can be a source of hot spots which would further 

increase the electromagnetic enhancement factor.39-40  Advancement in the area of 

SMSERS has been hampered by the insufficient understanding of the nature of the hot 

spots that are responsible for the observed electromagnetic enhancements.41  

 

Chapter Summaries 

In this dissertation, the plasmonic properties of metallic nanostructures are 

investigated using resonance-Rayleigh scattering and STEM/EELS.  Chapter I uses this 

approach in examining individual silver nanorods with varying aspect-ratios.  Chapter II 

elucidates the nature of electromagnetic hot spots responsible for SMSERS, and the 

mechanism of this excitation in STEM/EELS.  Finally, Chapter III investigates the 

properties of Fano interferences in silver nanocubes on a substrate, and the effect of 

raster-scanning the electron beam on the optical LSPR of the exact same nanocube.  

The studies published here demonstrate the complementarity of photon- and electron-

driven plasmonic excitations.   
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Abstract   

Plasmonics is a rapidly growing field, yet imaging of the plasmonic modes in 

complex nanoscale architectures is extremely challenging.  Here we obtain spatial maps 

of the localized surface plasmon modes of high-aspect-ratio silver nanorods using 
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electron energy loss spectroscopy (EELS) and correlated to optical data and classical 

electrodynamics calculations from the exact same particles.  EELS mapping is thus 

demonstrated to be an invaluable technique for elucidating complex and overlapping 

plasmon modes. 

 

Published Work 

The collective oscillation of the conduction electrons in a metallic nanostructure, 

commonly excited by coupling to an electromagnetic field, is known as a localized 

surface plasmon (LSP).1  These oscillations have frequencies and intensities which are 

highly sensitive to the shape, size, and dielectric environment of the nanostructure,2 

leading to a plethora of related applications such as photonic circuits,3 wave-guiding on 

subdiffraction limit length scales,4 and chemical and biological sensing;5 plasmon 

excitation also leads to local enhancements of incident electromagnetic fields of several 

orders of magnitude, enabling the spectroscopic detection of single molecules.6-8  

Utilizing such materials requires intimate understanding of the relationship between the 

structure and the optical response of the material, which requires a characterization 

technique capable of elucidating the structure and functionality of the particle on the 

nanometer and subnanometer length scale.  With the recent proliferation of aberration-

corrected and monochromated transmission electron microscopes (TEMs), electron 

microscopy techniques - specifically electron energy loss spectroscopy (EELS) in the 

scanning transmission electron microscope (STEM), and energy filtered TEM (EFTEM) 

- have re-emerged as unique tools to map the energy and spatial distribution of metallic 
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nanoparticle plasmon modes on length scales relevant to the application of the LSP 

oscillation.9-22  

While it is clear that LSPRs can be excited by both far-field optical excitation and 

fast moving electrons, the detailed connection between resonance-Rayleigh scattering, 

EELS mapping, and electrodynamics remains unexplored at the single particle level.  

Studies correlating these measurements are especially important, therefore, if the 

fundamental connection between EELS derived data and optically driven plasmons is to 

be elucidated.  Theoretical studies have shown that the photonic density of states is 

related to the EELS intensity,13 although it has been cautioned that a quantitative 

description of this coupling may not be possible.23  The complexity of the experiment is 

increased further for high-aspect-ratio nanostructures, where data interpretation 

becomes challenging due to the many LSP components - both longitudinal and 

transverse.24  Moreover, the “dark” modes of these particles are of fundamental interest 

for applications such as subdiffraction limit wave-guiding without radiative loss; a 

method to extract the rich and complex data from these systems is therefore urgently 

needed. 

Here we present EELS mapping of plasmon modes for a series of silver 

nanorods, correlated for the first time to optical data taken from the exact same 

particles, and electrodynamics simulations utilizing the experimental geometries.  

Remarkably, we find that the many plasmon modes characteristic of high aspect-ratio 

particles can be reliably extracted using multivariate statistical analysis (MVSA).  

Further, the modes so identified are in excellent agreement with local field maps 
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obtained using plane wave excitation and classical electrodynamics modeling.  

Moreover, the main features of the resonance-Rayleigh scattering spectra from the 

correlated nanostructures are captured by the electrodynamics simulations, reinforcing 

the powerful connection between electron and optical excitation of plasmon modes.  

Similar components are resolved using both conducting (C) and insulating (SiNx) 

substrates. 

Samples were prepared by depositing commercially available solutions of silver 

nanoparticles directly onto TEM support films.  Silver nanoparticles were obtained from 

nanoComposix and used without further purification. Our experiments utilized two types 

of TEM grids: (1) a copper grid coated with 2-3 nm of amorphous carbon on formvar 

(Ted Pella, Inc. #01822) and (2) 20 nm supported SiNx membrane (SPI Supplies 

#4105SN).  Prior to use the carbon grid was cleaned with HPLC grade chloroform to 

remove the formvar.  These grids were chosen to allow comparison of STEM/EELS 

measurements on both conducting and non-conducting substrates.  The SiNx support 

produced superior results, due to a more even dispersion of the nanoparticles on this 

surface, and a higher signal-to-noise ratio in the optical scattering measurements.  A 2 

μL aliquot of the colloidal sample was drop-coated directly onto the TEM support, and 

the solvent was allowed to evaporate.  Once the silver nanoparticles had been 

deposited, the sample was placed on a coverslip, mounted in a custom designed 

sample holder, and purged with dry nitrogen in order to remove water on the 

nanoparticles and grid. 
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First, resonance-Rayleigh scattering measurements were performed on a series 

of individual particles, and wide-field images were collected to serve as maps to enable 

the location of the same nanoparticles during subsequent STEM measurements.  

Scattering measurements were performed using an inverted microscope (Nikon, Ti-U) 

equipped with a dark field condenser (Nikon,NA = 0.95-0.80).  The excitation source 

was the unpolarized output of a tungsten halogen lamp.  Scattered light from an 

individual nanoparticle was collected with a 100x (Nikon, 0.7<NA<1.4, oil immersion) 

objective and coupled into a dispersive imaging spectrometer (Acton Research, f = 0.3 

m) using a f = 5.0 cm lens.  Light was detected on a liquid nitrogen cooled back-

illuminated charge couple detector (CCD) (Princeton Instruments, PIXIS 100).  The 

dark-field scattering spectrum of each individual nanoparticle was obtained using a 150 

grooves/mm grating with a 500 nm blaze.  Similar to a procedure described by Wang et 

al.,25 a wide-field image of the silver nanoparticles on the TEM grid was also recorded to 

serve as a map for subsequent location in the STEM.  This method enabled correlated 

optical and STEM measurements from the same nanostructures. 

After particles of interest had been identified from the optical characterization, the 

sample was inserted into a dedicated aberration-corrected, cold-field-emission STEM.  

Using the optical maps, each nanoparticle was found in turn and an EEL spectrum 

imaging (SI) map collected from the zero loss peak-containing region.  In each case the 

rod in question was found by comparison of the optical map to the pattern of particles 

imaged in the STEM at very low resolution; after identification, a higher resolution 

annular dark field (ADF) image was collected (Figures 2a, 3a, and 4a), followed by the 
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SI.  The STEM/EELS spectrum imaging measurement was performed on a VG 

Microscopes HB501UX STEM with Nion aberration corrector and Gatan Enfina EEL 

spectrometer.  The spectrometer dispersion was set to 0.05 eV per channel with an 

exposure time of 0.05 s per spectrum.  The pixel size/density was chosen to give a total 

acquisition time of around 15 mins for a single SI.  The energy resolution (as measured 

by the fwhm of the zero loss peak) was ∼0.45-0.50 eV.  The data presented in this 

paper come from particles identified unambiguously as the same particles from which 

optical data were collected. 

Next, we simulated the optical response and local field enhancements using the 

discrete dipole approximation (DDA),19, 26-28 by the DDSCAT7.0 program.29  In the DDA, 

silver rods are represented as a cubic array of polarizable elements whose polarizability 

is determined from the nanoparticle dielectric function.26, 30  The silver rods discussed in 

this report were modeled as cylinders with a hemispherical cap at each end.  Dipoles 

are induced as a result of the interaction of the polarizable elements with an incident 

plane wave field and with fields arising from the other polarizable elements.  The fields 

outside the nanoparticle are determined from the superposition of the incident plane 

wave and the fields of the induced dipoles.  These fields are calculated half a grid 

spacing from the surface, instead of right on the surface, in order to avoid numerical 

instabilities that arise at the surface.  The grid spacing used was 1 nm and the dielectric 

constants of silver were from Palik.31  The refractive index of the surrounding medium 

was fixed at a value of 1.35 to include the substrate effect implicitly.  It is known that the 

optical scattering spectra of nanoparticles can depend on the solid angle of collection; 
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this effect is not modeled in our electrodynamics simulations.  In our current 

measurements the use of a high numerical aperture objective should minimize these 

effects, although studies exploring the dependence of the scattering spectra on the 

polarization and solid angle of collection are an interesting avenue of future research. 

Data analysis for high aspect-ratio particles is especially challenging due to the 

large number of overlapping (both spatially and spectrally) LSP modes.24  To extract the 

experimentally measured modes from our data, we employed MVSA, using the 

Automated eXpert Spectral Image Analysis (AXSIA) program developed by Keenan and 

co-workers.32-34  This software uses a combination of principal component analysis 

(PCA) with matrix rotation to maximize spectral contrast,32 thus improving the 

interpretability of the individual components.35  The resulting decomposed data 

comprised spatial maps of the individual LSP component spectra, which we were able 

to compare with the simulated field plots. 

To perform the data analysis, first the zero loss peak (ZLP) was fit to a Gaussian 

plus Lorentzian using Gatan Digital Micrograph software; peak centering at zero 

electron volts was performed to align the individual spectra, and a ZLP subtraction was 

performed.  Examination of the spectrum image before deconvolution reveals a 

progression of overlapping modes - energy slices of these data for Rod 1 are given in 

Figure 6 (Appendix for Chapter I).  Noise reduction is achieved using MVSA methods, 

which extract the experimentally-measured modes using a PCA followed by matrix 

rotations, using AXSIA.32-33  MVSA methods decompose SI data into spatial and 

spectral-component matrices.  The procedure applied by AXSIA first scales the data for 
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non-Gaussian noise.36-37  This so-called optimal-scaling normalization or Poisson-

scaling method was used to account for the nature of the noise in the data,36 whereby 

higher signal levels are contaminated by noise in proportion to the signal and therefore 

need to be down-weighted prior to MVSA (lest such algorithms fit noise at the expense 

of weaker but relevant spectral information).  An eigenanalysis was then performed on 

the scaled data in order to determine the pseudo- or chemical-rank of the decomposed 

spectral and spatial matrices.  Normally, the sorted eigenvalues are interrogated 

manually but AXSIA employs an automated routine to discriminate noise from non-noise 

components (the so-called breakpoint in the aforementioned plot).  In principle, this 

reduced rank approximation of the data provides a succinct description of the signal and 

suppresses the experimental noise.  PCA is then performed on the scaled data with the 

previously determined pseudo-rank prescribing the number of retained components.  

The AXSIA software allows additional manipulation of the data in the form of matrix 

rotations, which in the case of the data presented here maximizes the spectral 

components’ mutual simplicity (or contrast) and is used to improve the interpretability of 

the individual components.  The resulting decomposed data comprised two matrices 

which include spatial components and respective spectral components, each displaying 

one well-defined peak, which we took to represent the plasmon mode and its 

corresponding spectrum or energy.  Before AXSIA was run, the centered and ZLP-

subtracted data were truncated to the region of interest (a wide energy range of 0.45-

8.45 eV was chosen, to avoid deleting relevant information), and the noise 

normalization,36-37 PCA decomposition, rotation of the spectral components via the 
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Varimax procedure32 and related inverse rotation of the spatial components, and inverse 

noise normalization to return to real counts from scaled counts were performed.  

Specifically, the operations performed by AXSIA are, in the following order: (1) a 

Poisson scaling;36-37 (2) a PCA, resulting in orthogonal spatial components and 

orthonormal spectral components; (3) a rotation of the orthonormal spectral basis using 

Varimax32 and an inverse rotation of the spatial components which as a result are no 

longer orthogonal; (4) an inverse Poisson scaling to return to physical count space from 

Poisson space, resulting in spectral and spatial components which are now both 

oblique.  These resultant matrices nonetheless retain the relevant and interpretable 

spectral and spatial information.  It should be noted for clarity that while the title of 

Keenan et al.32 is concerned with “spatial-domain simplicity”, the paper is more general 

and discusses the method underlying “spectral-domain simplicity” as applied here. 

Figures 2-4 compare experimental and theoretical plasmon maps for three 

nanorods analyzed in this way.  In the case of all three rods four or more components 

are resolved in the 0.5 - 4.0 eV region (Figures 2-4, panels b and c).  Where individual 

rotated PCA components appeared to display the same symmetry and were separated 

in energy by less than the spectral resolution of the measurement (~0.45 eV) we 

superimposed them into a single component; this is noted in the figure caption where it 

applies, and all of the uncombined modes are displayed in the Supporting Information 

(Figures 7-9).  Figures 2-4 represent the first demonstration of an experimental mapping 

of plasmon modes at this level of complexity.  In each case dipolar modes are observed 

below 1 eV, followed by a series of quadrupolar and higher multipolar modes with 
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increasing numbers of nodes for increasing energy, with transverse modes emerging 

above 3 eV.  Our approach is shown to be general by the consistency of the results 

between the different rods.  As expected, additional multipolar modes emerge as the 

rod aspect-ratio increases (e.g., Figure 2 versus Figures 3 and 4), and the mode energy 

increases with decreasing aspect-ratio.  The EEL spectra displayed in each figure 

(Figures 2e, 3e, and 4e) are the sum of all the spectra from the centered, ZLP-removed 

SI, before MVSA.  

The calculated field-enhancement plots obtained from plane wave excitation, 

given as |Eloc|
2/|E0|

2, are in excellent agreement with both the energy and spatial 

distribution of the MVSA extracted plasmon maps.  This agreement is quite striking 

given the simplicity of our theoretical approach and suggests a more general 

applicability of EELS to the mapping of optically driven plasmons.  In some cases the 

nodes in the experimentally determined plasmon maps are not as clearly demarcated 

as in the theoretical plots and we attribute this to the finite energy resolution of the 

experiment (e.g., the E = 2.2 eV mode in panels b and d of Figure 3).  In the 

electrodynamics calculations, excitation of all experimentally observed plasmon modes 

is not possible with the polarization parallel to the rod axis; the inactive modes, 

however, are active when the laser polarization is rotated 45° with respect to the rod 

axis.  The slight asymmetry of the field plots in these cases, resulting from retardation 

effects,38 has been reduced by taking an average of the +45° and -45° polarization 

directions.  The polarization direction in each case is indicated in the figure inset. 
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Figure 2. EELS data and electrodynamics calculations for Rod 1. (a) ADF image of the rod: length = 192 nm, diameter = 

20 nm, aspect-ratio = 9.6. (b) MVSA score images, and (c) loading spectra, for each component, interpreted as plasmon 

maps and energies, respectively. From a total of 12 components found by MVSA, four components were considered 

overlapping and combined to form the E = 0.8 eV mode, two were combined to form the E = 3.5 eV mode, and three are 

displayed as found. (d) DDA calculated electric field plots displaying the field generated by a plane wave optical excitation 

at the energies and polarizations given on each panel. (e) Summed EEL spectrum. 
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Figure 3. EELS data and electrodynamics calculations for Rod 2. (a) ADF image of the rod: length = 267 nm, diameter = 

42 nm, aspect-ratio = 6.4. (b) MVSA score images, and (c) loading spectra, for each component, interpreted as plasmon 

maps and energies, respectively. From a total of 11 components found by MVSA, four components were considered 

overlapping and combined to form the E = 0.9 eV mode, two were combined to form the E = 3.2 eV mode, and three are 

displayed as found. (d) DDA calculated electric field plots displaying the field generated by a plane wave optical excitation 

at the energies and polarizations given on each panel. (e) Summed EEL spectrum. 
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Figure 4. EELS data and electrodynamics calculations for Rod 3. (a) ADF image of the rod: length = 202 nm, diameter 

= 40 nm, aspect-ratio = 5.1. (b) MVSA score images, and (c) loading spectra, for each component, interpreted as 

plasmon maps and energies, respectively. From a total of 12 components found by MVSA, two components were 

considered overlapping and combined to form the E = 1.2 eV mode, two were combined to form the E = 3.2 eV mode, 

and two are displayed as found. (d) DDA calculated electric field plots displaying the field generated by a plane wave 

optical excitation at the energies and polarizations given on each panel. (e) Summed EEL spectrum. 
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Figure 5. Comparison of spectra collected/simulated for each rod: (a) Rod 1; (b) Rod 2; (c) Rod 3. The EEL spectrum 

in each case (shown in red) is the sum of all spectra from the SI after zero-loss-peak centering and removal: black, 

experimental resonance-Rayleigh scattering spectra; blue, theoretical calculations of the scattering spectra for 

polarizations at 0° and 45° with respect to the rod axis (dotted and solid lines, respectively). The experimental spectra 

for Rod 1 (a) was obtained on a C support film whereas Rods 2 and 3 ((b) and (c)) were supported on a SiNx 

membrane. 
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Figure 5 presents a comparison of the summed EELS spectra with the 

experimentally measured resonance-Rayleigh spectra and the theoretically calculated 

nanorod scattering spectra.  In each case, the total EEL spectrum exhibits three broad 

peaks which we attribute to collections of plasmon components in order of increasing 

energy: dipolar, multipolar, and transverse.  The peak positions of the longitudinal 

(dipole <1 eV) and transverse (>3 eV) modes in the theoretically calculated optical 

scattering spectra correlate well with peaks in the EEL spectra.  There are differences in 

intensity as might be expected since the excitation mechanism in each case is different, 

i.e., plane wave versus electron beam.  Figure 5 also compares the experimental 

resonance-Rayleigh spectra with simulated scattering spectra.  The modes with the 

strongest optical activity are the dipolar modes (<1 eV) and the bulk plasmon modes (>3 

eV); however, the optical data are limited to the visible region of the spectrum (1.5-3.0 

eV) and does not encompass these modes.  In the measured energy range the 

scattering features, e.g., the 1.8 and 2.4 eV experimental modes in Figure 5b, are 

estimated to be an order of magnitude smaller than the dipolar scattering peak.  Despite 

this fact, we still find that the main features in the experimental scattering spectra are 

reproduced in the theoretical scattering spectra.  The small shifts between the 

theoretical and experimental peak positions result because these weak modes are 

particularly sensitive to the dielectric environment.  While the agreement between our 

electrodynamics simulations and the experimental scattering spectra is not quantitative, 

the agreement between the calculated electric field enhancement plots and EELS maps 

is striking (Figures 2-4).  These data taken together suggest that correlated studies such 
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as these will ultimately provide a unified picture of optical and electron beam excited 

plasmons.  Further, it reinforces the notion that plasmon maps derived from EELS 

excitation have direct relevance for the plethora of processes relying on optical 

excitation of plasmons. 

A comparison of optical scattering measurements or individual EEL spectra 

(Figure 5), with that obtained from a MVSA of the EEL SI (Figures 2-4) reveals that 

vastly more information is available by utilizing EELS mapping.  Where the optical 

spectrum measures only specific allowed transitions within a limited energy range, and 

the summed EEL spectrum shows overlapping collections of modes, MVSA reveals all 

of the symmetries and energies predicted by simulation – including both bright and dark 

modes, with spatial resolution on the length scale of the plasmon itself.  It is clear from 

comparison of the summed EEL spectra with the MVSA deconvoluted EELS plasmon 

maps that the relatively low energy resolution of the electron microscope leads to such 

great spectral overlap of modes that they cannot be identified without spatial mapping 

combined with deconvolution.  For complex or high aspect-ratio nanostructures, it is 

insufficient to take individual spectra, even from a series of points on an image, nor will 

energy slices (such as produced by EFTEM imaging) properly separate modes with 

close spectral overlap.  We also believe that correlated optical and EELS 

measurements from the exact same nanostructure are necessary to understand the 

connection between photon and electron excited plasmons.  Low-energy-loss EEL SI 

mapping with MVSA analysis, when combined with correlated optical scattering data 

and electrodynamics modeling, therefore provides an invaluable method for the 
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characterization of plasmonic nanostructures whose complexity will only continue to 

increase in the future. 
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Appendix for Chapter I 

 

Figure 6. Energy slices from the spectrum image of Rod 1, after centering and ZLP 

subtraction, but before noise reduction with principal component analysis (PCA). 
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Figure 7. All of the components found by AXSIA for Rod 1, numbered according to their pseudo-rank from the 

eigenanalysis. Components #3, #5, #7, and #10 were superimposed to form the 0.8 eV component, and components #1 

and #4 were superimposed to form the 3.5 eV component, in Figure 2 of the manuscript. 
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Figure 8. All of the components found by AXSIA for Rod 2, numbered according to their pseudo-rank from the 

eigenanalysis. Components #3 and #8 were superimposed to form the 0.9 eV component, and components #2 and #5 

were superimposed to form the 3.2 eV component, in Figure 3 of the manuscript. 
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Figure 9. All of the components found by AXSIA for Rod 3, numbered according to their pseudo-rank from the 

eigenanalysis. Components #3 and #7 were superimposed to form the 1.2 eV component, and components #2 and #5 

were superimposed to form the 3.2 eV component, in Figure 4 of the manuscript. 
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CHAPTER II 

 

SINGLE-MOLECULE SURFACE-ENHANCED RAMAN SCATTERING: 

CAN STEM/EELS IMAGE ELECTROMAGNETIC HOT SPOTS? 
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Abstract 

Since the observation of single-molecule surface-enhanced Raman scattering 

(SMSERS) in 1997, questions regarding the nature of the electromagnetic hot spots 

responsible for such observations still persist.  For the first time, we employ electron-

energy-loss spectroscopy (EELS) in a scanning transmission electron microscope 

(STEM) to obtain maps of the localized surface plasmon modes of SMSERS-active 

nanostructures, which are resolved in both space and energy.  Single-molecule 

character is confirmed by the bianalyte approach using two isotopologues of 

Rhodamine 6G.  Surprisingly, the STEM/EELS plasmon maps do not show any direct 

signature of an electromagnetic hot spot in the gaps between the nanoparticles.  The 

origins of this observation are explored using a fully three-dimensional electrodynamics 

simulation of both the electron-energy-loss probability and the near-electric field 

enhancements.  The calculations suggest that electron beam excitation of the hot spot 

is possible, but only when the electron beam is located outside of the junction region. 

 

Published Work 

Surface-enhanced Raman scattering (SERS),1-3 discovered more than three 

decades ago, relies on the localized surface plasmon resonance (LSPR)4-5 to deliver 

large Raman enhancement factors (106 - 1010) to molecules located close to the surface 

of plasmonic nanostructures.  The SERS effect is so dramatic that, despite the 

weakness of Raman scattering, the vibrational spectrum of a single molecule can be 

easily observed.6-7 The claims of single-molecule SERS (SMSERS) were initially met 
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with skepticism because of the extraordinary enhancements proposed (~1015), and 

efforts immediately turned to proving the existence of SMSERS8-10 and characterizing 

the nanostructures that gave rise to such massive enhancements.11-14  More than 15 

years later it has become widely accepted that electromagnetic hot spots play a major 

role in SMSERS. In the electromagnetic mechanism (EM) of SERS, excitation of the 

LSPR in a plasmonic nanostructured material leads to a significant electric field 

enhancement (EFE) at the particle surface, and the Raman cross section of molecules 

in this enhanced field can be increased by several orders of magnitude.5, 15  

Electromagnetic enhancements of 1010 - 1011 at the junction between two closely 

spaced metallic particles (hot spots) have been predicted,14, 16-17 and the maximum 

achievable enhancements are moderately reduced when quantum effects are taken into 

account.18  Also, studies have shown that more modest enhancement factors (on the 

order of 107-108) are sufficient to observe a single molecule in SERS for a resonant 

molecule such as R6G.19 

While the idea of electromagnetic hot spots in SERS is well-known,20-21 Brus and 

co-workers22-24 showed using polarization studies that hot spots formed at the junction 

of two nanoparticles likely play a major role in SMSERS.  This claim was further 

supported by atomic force microscopy showing that SMSERS-active structures are 

aggregates of Ag nanoparticles.  A study correlating high-resolution transmission 

electron microscopy (HRTEM), SMSERS, and LSPR showed that multiple aggregate 

nanostructures ~100 nm in size, were suitable for observing SMSERS and continuum 

electrodynamics calculations on the simplest SMSERS-active aggregates, also 
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confirmed that the hot spot was located near the interparticle junctions.25-26  Wustholz et 

al. 27 demonstrated that the EFE can reach its maximum when two particles are in 

subnanometer proximity or have coalesced to form crevices.  Studies performing high-

resolution two dimensional (2D) imaging of SMSERS hot spots, measured the spatial 

distribution of the SMSERS centroid position and the SERS intensity,28-29  and these 

studies were later expanded to include images of the aggregates.30  A recent theoretical 

investigation of the spatial, spectral and polarization dependence of the electromagnetic 

SMSERS-active hot spots showed that high electromagnetic field strength can be 

produced at multiple spectral and spatial locations.26  This study further demonstrated 

that some hot spots exist due to the collective and phase-uniform excitation of LSPR, 

while others originate from interfering plasmonic excitations resulting from scattering 

from gaps and surfaces. 

Despite the large body of evidence in favor of electromagnetic hot spots, only 

now have techniques emerged that can image plasmons with the spatial (<1 nm) and 

energy resolutions (0.1 - 0.3 eV) necessary to observe the elusive electromagnetic hot 

spots, which are thought to be essential for SMSERS.  One such technique is electron-

energy loss spectroscopy (EELS) in a scanning transmission electron microscope 

(STEM).31-40  The power of this technique is derived from its ability to experimentally 

render the photonic local density of states (LDOS).  Using a Green’s function approach, 

Garcia de Abajo and Kociak41 concluded that “the energy loss probability is directly 

related to the local density of states in arbitrary systems”.  Numerical simulations 

support this conclusion and they further emphasize the correspondence between the 



47 
 

projection of the LDOS onto the electron trajectory and the EELS signal.41  Hohenester, 

Ditlbacher, and Krenn42 considered this same question and instead concluded that 

“there exists no clear-cut relation between EELS and LDOS”.42  They further examined 

coupled, flat metallic nanostructures and state that EELS can “be blind to the hot spots 

in the gap region between particles.”  These theoretical studies focused on structures 

which are quasi-planar, and it is not clear to what extent the results apply to the 

complex 3D nanoaggregates encountered in SMSERS, where the imaging of hot spots 

takes on primary importance.  Previous experimental studies have examined (mostly 

planar) coupled nanoparticle structures,31-33, 36-37 although none of them were known to 

be SMSERS-active. 

Herein, we present the first STEM/EELS imaging study of plasmon modes in 

nanostructures confirmed to be SMSERS-active.  Our STEM/EELS studies do not show 

an enhanced EEL in the gap regions between nanoparticles, where one would expect 

the electromagnetic hot spots to be located.  Further, we support our experimental 

findings with a fully three-dimensional electrodynamics simulation of both the near-

electric field enhancement (hot spot) and EELS loss probability, for the exact 

nanoparticle geometry obtained from the experiment.  The simulations are in full 

agreement with the experimental results and yield insights into the specific EEL 

signatures associated with hot spots. 

In our experiment, SMSERS active clusters were identified using the bi-analyte 

approach,10, 43 which relies on two isotopologues of Rhodamine 6G,8 R6G-d0 and R6G-

d4.  Briefly, Ag nanoparticles were treated with a low concentration of the mixture of 
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R6G-d0 and R6G-d4 (ca. 10-9 M) such that approximately one R6G molecule, either 

R6G-d0 or R6G-d4  was adsorbed per active site according to the Poisson distribution8 

(see Appendix for Chapter II, Figure 14). Many SMSERS active aggregates were 

analyzed with our correlated STEM/EELS/optical approach to ensure a representative 

data set.  Figure 10 presents correlated annular dark field (ADF) images and optical 

spectra of two representative nanostructures confirmed to be SMSERS-active.  In good 

agreement with previous HRTEM studies,25 our structures consist of number of 

nanoparticles with varying degrees of contact. These contact regions, which we call 

“junctions”, arise from coalesced or closely spaced structures and are thought to 

support electromagnetic hot spots.  Figure 10 also displays the Raman spectra, without 

baseline or background correction, and the resonance-Rayleigh scattering 

measurements of the two SMSERS-active particles.  As previous studies have 

indicated, there is no correlation between the SERS enhancement factor and the LSPR 

maximum.23, 25  

When preparing SMSERS active nanoclusters via aggregation, only a few 

percent of the total aggregates are found to be active.7  This small population of active 

aggregates is due, in part, to the low analyte concentrations required to ensure single 

molecule character; however, it is additionally assumed that only “special” aggregates 

generate an electromagnetic hot spot on resonance with the excitation laser.  In this 

picture, these “special” aggregates lead to the strongest SMSERS signal; although, 

theoretical studies26 have cautioned that one aggregate may have multiple hot spots 

and that the maximum electromagnetic enhancement may be a weak function of the  



49 
 

Figure 10. Annular dark field (ADF) images (left), Raman scattering (middle), and resonance-Rayleigh (right) 

scattering spectra of two SMSERS active trimer structures. Single molecule character was confirmed using the 

isotopologue method. 
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Figure 11. Spatially resolved electron-energy-loss (EEL) maps for a loss energy of 2.3 eV for SMSERS active trimers.  

Images have been normalized to the zero-loss peak (ZLP).  A complete EEL spectrum is obtained for every pixel in the 

region of interest (defined by the ADF in Figure 10); however, we focus on the loss energy of 2.3 eV as this corresponds 

to the energy of the Raman laser (532 nm, 2.3 eV) used in the SMSERS experiment.  (Images for other loss features are 

available in the Appendix for Chapter II.)  While it is assumed that the largest electromagnetic enhancement is obtained 

at the gap region, no localization of the EEL intensity is observed in the gaps. Scale bars are 50 nm (left) and 100 nm 

(right). 
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Figure 12. ADF images (left) and electron-energy-loss (EEL) spectra (right) for 

selected points around the SMSERS active structures (a, b).  For comparison the 

EEL spectra and ADF images of a nanorod are adapted from Reference 35.  The 

energy of the laser line used in our experiment (532 nm≈2.3 eV) is indicated with an 

arrow in the graphs. The spectra have been normalized so the highest point is 1. 

Scale bars are 50 nm (a), 100 nm (b), and 50 nm (c). 
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Figure 13. (a) Comparison of the calculated electric near-field magnitude obtained 

from plane wave excitation (left) with the EEL probability map for a 100 keV electron 

beam (right) for the SMSERS active trimer displayed in Figure 1. Simulation of the 

plane wave excitation is performed via the DDA at a wavelength of 532 nm. The wave 

vector of the excitation field is directed along the z-axis and is polarized along the x-

axis. The two-dimensional slice displayed corresponds to the plane where the electric-

field magnitude is maximized. Other polarizations, wave-vector directions, and 

projection planes were examined and show similar localization of the field in the 

junction regions. The loss-probability map, computed via the e-DDA, is displayed at a 

corresponding loss-energy of 2.3 eV. In agreement with the experiment, the EEL map 

does not show an intense loss probability in the junction region. (b) Induced 

polarization maps (2.3 eV) obtained for two different positions of the electron beam 

(green bullet). Placement of the electron beam in the junction leads to a net anti-

bonding arrangement of dipoles (right), whereas placement of the electron beam on 

the outside right corner leads to a net bonding arrangement (left). Also shown is the 

induced polarization (red vectors) and resulting scattered electric field (blue vectors), 

both normalized to unity to aid visualization. Both panels display two-dimensional 

slices taken from fully three-dimensional simulations of the trimer. The plane of 

visualization was chosen to lie at the height of the centroid of the two cubes. 



53 
 



54 
 

laser excitation energy.  To examine the possibility of an electromagnetic hot 

spot at the energy of our resonance-Raman experiments (532 nm, 2.3 eV) we plot, in 

Figure 11, the spatially resolved intensity corresponding to an electron-energy-loss of 

2.3 eV for the structures shown in Figure 10.  We emphasize that the image obtained in 

Figure 11 is not dependent on the EELS data processing method.  Raw energy slices of 

EEL (spectra after centering, normalizing to the zero loss peak (ZLP), and subtracting 

the ZLP), and plasmon modes extracted using the Automated eXpert Spectral Image 

Analysis (AXSIA) program, are similar to those presented in Figure 2 (See Appendix for 

Chapter II Figures 15b, 16b, 17c, 18b).  These results demonstrate that there is no 

localization of the EEL intensity in the gaps at 2.3 eV, even at the junctions between the 

particles. 

We have also extracted EEL spectra from the gap regions and display them in 

Figure 12.  This allows us to probe resonances occurring at energies different from the 

excitation laser, e.g. an exceptionally bright aggregate may yield SMSERS activity, even 

when the laser is off resonance from the hot spot.  As evident from Figures 12a and b, 

we do not observe any sharp resonance for either trimer at the points located between 

the nanoparticles.  One might object that the energy resolution of the current experiment 

(~0.5 eV) is insufficient to resolve some of the modes (e.g. modes corresponding to the 

gap between the nanoparticles); therefore, for a comparison, we have also included in 

Figure 12 EELS data for a nanorod adapted from our previously published work.35  For 

the nanorod, we observe well-resolved (spatial and spectral) plasmon resonances. 
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While it is well known that extreme near-electric-field enhancements can be 

obtained at locations near sharp surface protrusions or in nanogaps,14, 16-17 our EELS 

results do not show a clear localization of the EEL intensity at the junction of two 

nanoparticles.  In order to examine this observation in detail we employ a modified 

version of the discrete dipole approximation (DDA), called electron-driven DDA (e-

DDA),44 which imposes the electric field of a swift electron,45-46  

 

rather than a plane wave upon a fully three-dimensional target located a distance 

 

away from the direction of propagation.  In this expression  is the speed of the 

electron, chosen to propagate along the z axis,  

 

and K0 and K1 are modified Bessel functions.  As in the DDA, the target is discretized 

into a finite collection of polarizable points that are each driven by the field of the 

electron, Eq 1, and by the electric-dipole field of all other target points.  Each point is 

described by a linear polarizability that depends upon the complex-valued and 

frequency-dependent dielectric function of the bulk material.47  When the electron beam 

is positioned near the target, the EEL spectra at each position b can be computed from 

the loss probability per unit frequency,34, 48  

  



56 
 

where Pj is the dipole moment of jth target dipole and E is the electric field of the swift 

electron evaluated at position j.  Further details of the theoretical methods are available 

in SI and an in depth comparison of e-DDA calculations with experimental STEM/EELS 

measurements are the subject of a companion manuscript.44 

Figure 13(a) compares the calculated electric near-field magnitude, obtained 

from plane wave excitation (DDA), and the energy-loss-probability map, obtained from a 

100 keV electron beam (e-DDA). The calculation in both cases is performed at an 

energy of 2.3 eV corresponding to excitation with 532 nm light or a 2.3 eV energy loss 

from the electron beam. 

The calculated loss-probability map (Figure 13a, right panel) compares well with 

the experiment (Figure 11) although small differences are observed, likely due to the 

complex nature of the nanoaggregates, imperfect reconstruction of the experimental 

ADF image to an array of dipoles, and variations in the local environment of the 

aggregate.  Even though this structure is predicted to have an intense electromagnetic 

hot spot in the junction region under plane wave excitation (Figure 13a, left panel), and 

is known to be SMSERS active, a strong EEL probability in the junction region at 532 

nm is not observed in either the STEM/EELS experiment or the e-DDA theory.  We do, 

however, observe strong loss features at points external to the junctions (Figure 13). 

Insight into these features can be explored by computing the polarization induced 

in the target at 2.3 eV for different electron-beam positions (Figure 13b).  Our analysis 

suggests that the planar model of bonding and anti-bonding dipoles42 is applicable to 

the more complex geometries observed in SMSERS.  When the electron beam is 
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positioned in the junction, the calculations show that a net anti-bonding arrangement of 

the target's polarization vectors is induced.  This leads to a node of the scattered 

electric field in the junction and a small loss probability results.  When the electron beam 

is positioned on the right side of the nanoaggregate, a net bonding arrangement of the 

induced polarization vectors is obtained. This underlies a capacitive electric field that is 

localized in the junction and is characteristic of an electromagnetic hot spot.  In fact, we 

show in a related paper that the electron-induced junction field and the hot spot set up 

by plane wave excitation are directionally identical.44 

Both of these arrangements of the target's electronic polarization are due to the 

forces exerted by the polarization of the electric field of the swift electron.   Interestingly, 

this means that the electromagnetic hot spot can indeed be excited by the electron 

beam, and that it is in principle possible to induce Raman scattering from the single 

molecule with the electron beam. 

We present, for the first time, plasmon maps of SMSERS-active nanoparticles 

employing STEM/EELS.  Although it is widely accepted that electromagnetic hot spots 

are responsible for SMSERS activity, and are located between the gaps of 

nanoparticles, we do not see a large EEL intensity in these regions.  We have rigorously 

confirmed that each structure examined indeed gives rise to SMSERS before EELS 

imaging.  Our experimental results are complemented with fully three-dimensional 

simulation that builds the electron-beam excitation directly into the DDA and utilize 

shape parameters derived from the experiment.  The simulations are in good agreement 

with the experimental results and yields insights into the specific EEL signatures 
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associated with hot spots.  In other words, the electromagnetic hot spot can be excited 

when the electron beam is positioned at the periphery of the nanoaggregate.  With the 

rapid emergence of STEM/EELS as a tool for probing the plasmonic properties of 

nanostructures, we believe the work presented here will impact a wide range of 

STEM/EELS plasmon imaging experiments going forward. 
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Appendix for Chapter II 

I.  Experimental Methods 

R6G-d4 was synthesized according to the procedure described by Blackie and 

co-workers,1 with NMR and mass spectrometry data of the resulting compound 

matching this prior report.  Ag nanoparticles were treated with a low concentration of the 

mixture of R6G-d0 and R6G-d4 (ca. 10-9 M) such that approximately one R6G molecule, 

either R6G-d0 or R6G-d4 was adsorbed per active site according to the Poisson 

distribution2 (Figure 14).  Silver nanoparticles were obtained from nanoComposix and 

used without further purification.  In our experiment, no salt was added to the SMSERS 

solution since previous nanoparticle studies had demonstrated the existence of 

sufficient aggregations and for the purpose of this study simpler structures with not 

many overlapping nanostructures are desired.  200 mesh Cu grids coated with holey 

carbon (SPI supplies #3540C-FA) were used as TEM supports.  A 3 µL aliquot of the 

SMSERS solution was drop-coated directly onto the TEM grid and the solvent was 

allowed to evaporate.  After deposition, the sample was placed on a coverslip, mounted 

in a custom-designed sample holder and purged with dry nitrogen.  For the Raman 

scattering, the sample was irradiated with 532 nm linearly polarized laser light (Spectra 

Physics, model J-20) at grazing incidence with a power density of ~0.03 W/cm2.  Optical 

measurements were carried out on an inverted microscope (Nikon, Ti-U) equipped with 

a dark-field condenser (Nikon, NA= 0.95-0.80) and an ultra-steep Raman long-pass 

edge filter (Semrock) to block the laser Rayleigh line.  Raman spectra were collected 

using a 100X (Nikon, 0.7<NA<1.4, oil immersion) objective and detected on a liquid 
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nitrogen-cooled back-illuminated charge couple detector (CCD) (Princeton Instruments, 

PIXIS 100).  Resonance-Rayleigh scattering measurements were performed on the 

SMSERS-active nanoparticles after removing the long-pass edge filter utilizing the 

unpolarized light output of a tungsten-halogen lamp.  A wide-field image of the silver 

nanoparticles on the TEM grid was also recorded to serve as a map for subsequent 

characterization in the STEM.  This method enabled correlated optical and STEM 

measurements of the exact same SMSERS-active nanostructures with an average of 15 

active clusters per grid.  

After identification and optical characterization of active SMSERS nanoparticles, 

the sample was inserted into an aberration-corrected, cold-field-emission STEM (VG 

Microscopes HB501UX STEM with Nion aberration corrector and Gatan Enfina EEL 

spectrometer).  The SMSERS-active nanoparticles were found by comparing the dark-

field optical map to the pattern of particles visible in the STEM at very low resolution.3  

After identification, a high resolution ADF image and an EEL spectrum image were 

collected from the ZLP containing region, i.e., an EEL spectrum is recorded at each 

pixel over the entire region of interest.  The spectrometer dispersion was set to 0.05 eV 

per channel with an exposure time of 0.05 s per spectrum.  The pixel size/density (60 × 

37 pixels for Figure 2, left and 57 × 76 pixels for Figure 11, right) was chosen to give a 

total acquisition time of around 11 minutes for a single spectrum image. Shorter 

acquisition times were used to avoid accumulation of contaminations caused by the 

electron beam.  The energy resolution, determined by the full-width-half-maximum of 

the ZLP, was ~0.5-0.55 eV.  The STEM/EELS data were analyzed using three different 
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approaches; in the first approach, the raw EELS data were examined after centering the 

ZLP of each spectrum at 0eV, normalizing to the ZLP, and subtracting the ZLP, leaving 

only the inelastic contributions to the spectrum image.  In the second approach, for a 

particular pixel of interest, the complete EEL spectra, after centering and subtracting the 

ZLP, were background subtracted and plotted for different probe positions on the entire 

structure. In a third and final approach, multivariate statistical analysis employing AXSIA 

program,4-5 was applied to the data to extract statistically significant component spectra 

and maps; details of this analysis have been discussed in our previously published 

work.6  The data analysis using AXSIA is presented in SI.  Our experimental 

measurements are also supported by electrodynamics simulations based on the DDA,7-8 

and the details are presented in the SI. 

 

II.  Simulation Methods 

Discrete Dipole Approximation (DDA) calculations7-8 were utilized to examine the 

electromagnetic-field properties of the trimer aggregate shown in the Figure 10a of the 

manuscript.  In the DDA the target is discretized into a collection of polarizable points, 

each induced by its interaction with an incident plane wave and with fields arising from 

the other polarizable elements.  Structural parameters for the SMSERS-active 

nanostructures, such as the edge length, corner rounding (radius of curvature), and the 

gaps between the nanoparticles were obtained from the experimental annular dark field 

(ADF) image and were used to build the dipole array.  These fields are calculated half a 

grid spacing from the surface, instead of immediately on the surface, in order to avoid 
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numerical instabilities that arise at the surface.  The grid spacing used was 2 nm, the 

dielectric constants of silver were from Palik,9 and the effective medium approximation 

of 1.35 was employed to include the substrate effect implicitly.  The effective medium 

approximation is a well-documented method to include the effects of substrate and the 

environment of the nanoparticles and defines an average dielectric function to describe 

the optical response of the entire aggregate.10  Simulation of the plane wave excitation 

is performed at a wavelength of 532 nm. The wave vector of the excitation field is 

directed along the z-axis and is polarized along the x-axis. The two-dimensional slice 

displayed corresponds to the plane where the electric-field magnitude is maximized. 

Other polarizations, wave-vector directions, and projection planes were examined and 

show similar localization of the field in the junction regions. The loss-probability map, 

computed via the e-DDA, is displayed at a corresponding loss-energy of 2.3 eV. In 

agreement with the experiment, the EEL map does not show an intense loss probability 

in the junction region.  
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Figure 14. Histogram showing the frequency with which only R6G-d0  (red), only R6G-

d4 (blue) and both R6G-d0 and R6G-d4 (purple) vibrational modes were observed. 

Nanoparticles were treated with a low concentration of the mixture of R6G-d0 and 

R6G-d4 (ca. 10-9 M) such that approximately one R6G molecule, either R6G-d0 or 

R6G-d4 was adsorbed per active site according to the Poisson distribution. 
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Figure 15. Energy slices from the spectrum image of trimer, after centering, normalizing to zero-loss peak (ZLP) and 

subtracting ZLP, but before noise reduction with principal components analysis. 
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Figure 16. Plasmon maps and loading spectra of SMSERS-active nanostructures using AXSIA. Multivariate statistical 

analysis (MVSA) employing the AXSIA program, was applied to the data to extract statistically significant component 

spectra and maps.   
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Figure 17. Energy slices from the spectrum image of trimer, after centering, normalizing 

to zero-loss peak (ZLP) and subtracting ZLP, but before noise reduction with principal 

components analysis. 
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Figure 18. Energy slices from the spectrum image of trimer, after centering, normalizing to zero-loss peak (ZLP) and 

subtracting ZLP, but before noise reduction with principal components analysis. 
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CHAPTER III 

 

OPTICAL AND ELECTRON ENERGY-LOSS SPECTROSCOPY OF THE 

NANOCUBE LSPR:  PROBING FANO INTERFERENCES AND BEAM 

DAMAGE WITH STEM/EELS 
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Abstract 

In this work, the Fano interference phenomenon between localized surface 

plasmon resonances (LSPRs) of individual silver nanocubes is investigated using dark-

field optical microscopy and electron-energy loss spectroscopy (EELS) in a scanning 

transmission electron microscope (STEM).  By computing the polarization induced by 
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the electron beam, we show that the hybridized modes responsible for this Fano 

interference are the same as those present in the resonance-Rayleigh scattering 

spectrum of an individual nanocube on a substrate.  We further demonstrate the drastic 

changes that occur in the LSPR of nanocubes after exposure to the electron beam.  Our 

work demonstrates the importance of using a correlated approach, combining both 

optical and electron spectroscopies, in probing the unique optical phenomena that are 

present in plasmonic systems.     

Introduction 

Metal nanoparticles support collective excitations of their conduction electrons, 

which are known as localized surface plasmon resonances (LSPRs).1  LSPRs can be 

probed by both far- and near-field excitation sources, including laser light and swift 

electrons, from a scanning transmission electron microscope (STEM).2-3  The field of 

plasmonics has experienced rapid growth in the last decade, driven in large part by the 

ability of metallic nanostructures to manipulate light at subwavelength scales and the 

high degree of tunability of the LSPRs by modifying the size, shape, and the 

surrounding dielectric environment of the nanoparticle.4  When light is concentrated 

using LSPRs, there is an enhancement in the electric field near the nanoparticle 

surface, which can be used in various surface-enhanced spectroscopies, chemical 

catalysis, and other applications.5-8  Localized surface plasmon resonances are also 

utilized routinely in other areas including the detection of single molecules,9-12 optical 

waveguides,13-16 photonic circuits,17-19 non-linear spectroscopy,20-25 and solar energy 

harvesting,26-31 among others.   
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The recent increase in the diverse applications of LSPRs warrants a fundamental 

understanding of the optical response of nanostructures based on their geometries and 

interactions with a local environment, particularly at the single nanoparticle level.32-33  

Numerous studies on noble metal nanoparticles have correlated optical resonance-

Rayleigh scattering with particle structure and continuum electrodynamics 

simulations.34-42  These reports emphasized the strong dependence of the LSPRs on 

nanoparticle geometry; however, direct measurements of the near-field optical response 

of nanostructures were lacking.  Similarly, the effect of a surrounding dielectric 

environment on LSPRs has been investigated with spectral shifts in the LSPRs due to 

changes in the refractive index of the substrate being reported.36, 43-46 STEM with 

electron-energy loss spectroscopy (EELS) offers a method of probing the near-field 

response and local dielectric environment of metal nanoparticles with sub-nanometer 

spatial resolution.2, 47-48  The emergence of STEM with EELS2, 49-52 or energy-filtered 

TEM (EFTEM),53-54 as an unprecedented tool for directly mapping plasmon modes in 

metal nanostructures with subnanometer resolution, has fostered a deeper 

understanding of the near- and far-field effects in plasmonic systems. 

More recent studies have reported the manifestation of Fano resonances in 

plasmonic nanostructures when excited by light.43, 55-57  This phenomenon occurs as a 

result of the coupling and interference between optically bright and dark modes due to 

symmetry breaking.43, 58 The energetically narrow spectral features found in Fano 

resonances make them attractive in areas such as refractive index59 and molecular 

sensing,57 particularly due to the absence of radiative damping in the subradiant modes.  
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While most Fano interference studies have involved optical techniques such as dark-

field optical microscopy, the observation of this phenomenon in STEM/EELS is still 

lacking and not well understood.  To date, only cathodoluminescence (CL) 

spectroscopy, in which a focused electron beam is used as an excitation source, has 

been used to investigate Fano resonance signatures in certain plasmonic systems.60-61  

It has been shown that under electron beam excitation, Fano interferences were not 

observed in these systems.  More recently, however, Masiello and co-workers have 

predicted the signatures of electron-driven Fano resonances in CL and EELS in 

symmetry-broken nanorod dimers that are heterogeneous in material composition and 

asymmetric in length.62 

In this article, we apply a combination of dark-field optical microscopy and 

STEM/EELS63-64 to the investigation of the LSPR properties in individual silver 

nanocubes.  Single nanocubes have been chosen in this study due to their already well-

characterized plasmonic and optical Fano resonances.35-36, 43, 60, 65-67  Our observations 

are supported with fully three-dimensional continuum electrodynamics simulations using 

plane wave and electron beam excitations.  Our simulations and experiments indicate 

that Fano interferences are present within the nanocube-substrate configuration and 

can be excited with EELS. Additionally, the damaging effect of raster-scanning the 

electron beam over the nanocube on the subsequent optical scattering spectrum is 

examined. 

 



82 
 

Experimental Methods 

Dark-field Optical Scattering Experiment 

Samples were prepared using a method described previously.63 Briefly, a 3 μL 

aliquot of silver nanoparticle colloids was drop-coated onto a copper TEM grid coated 

with 10-20 nm of amorphous carbon (SPI supplies #3520C-CF).  Resonance-Rayleigh 

scattering measurements were performed on a series of individual particles using an 

inverted microscope (Nikon, Ti-U) equipped with a dark-field condenser (Nikon, 

NA=0.95-0.80).  The excitation source was unpolarized light from a tungsten-halogen 

lamp.  Scattered light from an individual nanoparticle was collected with a 100X 

objective (Nikon, 0.7<NA<1.4, oil immersion) and coupled into a dispersive imaging 

spectrometer (Acton Research, f=0.3 m) using a f=5.0 cm lens.  Light was detected on a 

liquid nitrogen-cooled back-illuminated charge coupled detector (CCD) (Princeton 

Instruments, PIXIS 100).  The dark-field scattering spectrum of each individual 

nanocube was obtained using a 150 g/mm grating with a 500 nm blaze.  A wide-field 

image of the silver nanoparticles on the TEM grid was also recorded to serve as a map 

for subsequent location in the STEM.  This method enabled correlated optical and 

STEM measurements from the same nanostructures.68 

 

STEM/EELS Experiment 

STEM/EELS experiments were performed on a Carl Zeiss LIBRA® 200MC field 

emission transmission electron microscope equipped with a monochromator and 

operating at 200 kV.  The electron source was a Schottky emitter and the 
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monochromator was integrated in the field emission gun to form an omega-type imaging 

element.  This special design of the monochromator eliminated 2nd order chromatic 

aberrations and also made it suitable for STEM/EELS under the operating conditions.  

The nanocubes of interest were found by comparing the optical maps to the pattern of 

particles imaged in the STEM at very low resolution.  After correctly identifying each 

nanocube with an optically measured LSPR spectrum, a high resolution high angle 

annular dark field (HAADF) image was recorded.  EEL spectra were obtained at each 

pixel over the entire region of interest with a dispersion of 0.05 eV per channel and a 

dwell time of 0.05 s per pixel.  The pixel size density used for collecting each spectrum 

image (SI) resulted in a total acquisition time of 12 minutes per SI.  The energy 

resolution for each SI, determined by the full width at half maximum (FWHM) of the zero 

loss peak (ZLP), was 0.19 eV. 

Experimental STEM/EELS data from each nanocube were analyzed using 

DigitalMicrograph imaging software by Gatan Inc.   Briefly, a pixel of interest from the SI 

of the nanocube was selected and the corresponding full energy-loss spectrum was 

obtained.  The ZLP of the EEL spectrum was fit to a Gaussian and Lorentzian and 

centered at 0 eV, with each EEL spectrum normalized to the ZLP before subtraction.  

The deconvoluted EEL spectrum was truncated to a region (2.0-4.0 eV) corresponding 

to the measured Rayleigh scattering spectra of the nanocubes in order to fully compare 

the resonances from both excitation sources.  The Automated eXpert Spectral Image 

Analysis (AXSIA) program developed by Keenan and co-workers69 was used in order to 

extract and interpret the plasmon modes which overlap spectrally and spatially.  
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Furthermore, the application of multivariate statistical analysis (MVSA) to the 

experimental EELS data ensured the reduction of non-uniform noise in the spectrum 

image while the principal component analysis (PCA) in Automated eXpert Spectral 

Image Analysis (AXSIA) produced the plasmon modes and corresponding spectra. 63 

 

Theoretical Methods 

The coupled-dipole approximation70 or discrete dipole approximation (DDA)71 

approach is routinely used to study the response of metal nanoparticles subjected to 

electromagnetic radiation.4  In this work, plane wave spectra and the associated 

scattered electric fields and target polarizations were generated with the DDA.71  

Electron energy-loss spectra (EELS), the resulting scattered electric fields, and target 

polarizations were generated using the recently developed electron-driven discrete 

dipole approximation (e-DDA).72-73  The structure of the computed cubes was adjusted 

within the experimental measurement error to best fit the computed far-field scattering 

spectrum to the experimental results.  The corner radii were within the variation of the 

observed radii for the cube being modeled, and the height of the cube, while not 

observed directly, was within the observed deviation from cubic of other synthesized 

cubes in the same batch. 

The two lowest energy plasmonic modes of the cube on a substrate are hybrid 

modes constructed from linear combinations of dipole (D0) and quadrupole (Q0) modes 

of the cube in vacuum.43  In order to determine the phase and relative magnitude of D0 

and Q0 across a spectral range spanning the two lowest energy modes, the target 
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polarizations, , were computed, then projected onto primitive dipolar and 

quadrupolar normal vectors, 

 

 

where d is the dipolar amplitude,  is the primitive dipolar normal vector, q is the 

quadrupolar amplitude, and  is the primitive quadrupolar normal vector.  For the 

plane wave, the primitive dipolar normal vector points in the opposite direction of the 

polarization of the driving electric field. The plane wave driven primitive quadrupolar 

normal vector points parallel to the polarization of the driving electric field in the upper 

half of the cube, and antiparallel in the bottom half.  For EELS, the primitive dipolar 

normal vector points radially outward from the line path of the electron.  The EELS 

primitive quadrupolar normal vector points radially outward from the line path of the 

electron in the upper half of the cube, and radially inward in the lower half. The 

polarization of the substrate was not explicitly treated by this mode projection analysis, 

but its effects are implicitly accounted for in all calculations. 

 

Results 

A.  Correlated studies of individual silver nanocubes 

The plasmonic properties of silver nanocubes were characterized using dark-field 

optical microscopy and STEM/EELS (see Experimental Methods section) although the 

discussion here will be limited to a single nanocube.  Structural parameters for each 
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cube such as edge lengths and radius of curvature have been obtained from the 

HAADF images in a STEM.  Figure 19 shows the overlaid experimental (red trace) and 

theoretical (black trace) spectra obtained using plane wave and electron beam 

excitations, from the exact same nanocube whose corresponding HAADF image is 

shown in the inset.  The experimental and theoretical optical scattering spectra (left 

panel) highlight the characteristic optical response of a silver nanocube on a substrate 

under plane wave excitation and are in excellent agreement with each other and with 

previous studies.35-36, 65  In the optical scattering spectra, the peak at ~2.3 eV is 

attributed to the hybridized bonding mode, D0 + Q0, between the primitive dipolar (D0) 

and quadrupolar (Q0) modes of the cube in vacuum while the peak at ~2.8 eV 

corresponds to the hybridized antibonding mode, D0 - Q0.  Hybridization between the D0 

and Q0 modes occurs in the presence of a substrate, as evidenced by the dip at ~2.6 eV 

in the optical scattering spectra, which lowers the symmetry of the plasmonic system 

and can be interpreted as a substrate-induced Fano resonance.43  Moreover, the 

splitting and relative peak intensities in the optical scattering spectrum are known to be 

strong functions of the spacing between the cube and the substrate.65  The higher 

energy modes (3.2 eV and 3.5 eV) present in the theoretical scattering spectrum are 

beyond the energy range of our spectrometer and hence, are not observed 

experimentally. 

In Figure 19, the experimental EEL spectra (red trace, middle and right panel) 

are extracted from two different positions (1 and 2 in HAADF image inset) on the 

nanocube although the STEM/EELS procedure involved raster-scanning the electron 
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beam over the entire nanocube.  This was done in order to investigate the spectral 

dependence of the plasmon resonance on the position of the electron beam.  The EEL 

probability spectra computed at the two beam positions are indicated by the dotted 

black trace.  In order to best compare to the STEM/EELS experiment, each point in the 

computed EEL spectra was convoluted with a Gaussian function with a full width at half-

maximum (FWHM) of 0.19 eV corresponding to the energy resolution of the ZLP in the 

STEM/EELS experiment (solid black trace).  While the computed and experimental EEL 

spectra at the corner and edge of the cube are in good agreement, the absence of the 

large dip in the experimental EEL spectrum at position 1 at ~3.1 eV may be due to an 

overlap between plasmon modes which is evident by the shoulder at ~3.2 eV in the 

experimental EEL spectrum. 

Utilizing a correlated approach in the study of the LSPR properties of silver 

nanocubes facilitates the investigation of Fano interferences with STEM/EELS since the 

optical scattering spectrum provides the essential information on where this interference 

is likely to occur.  In the resonance-Rayleigh scattering spectrum, the dip at 2.6 eV 

indicated by a black arrow, is due to a Fano interference corresponding to the local 

minimum at ~2.5 eV in the experimental EEL spectrum at positions 1 and 2.  Even 

without any sophisticated post STEM/EELS experimental data processing, the ability to 

resolve such a feature highlights the significance of obtaining EEL spectra at high 

energy resolution.74-75  In the computed EEL spectra, a similar feature at 2.6 eV 

(indicated by black arrow) is present at both electron probe positions; however, this 

feature is more pronounced when the probe is at position 2.  
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Figure 19. Comparison of the experimental (red trace) and computed (black trace) spectra obtained using plane wave light 

and electron beam excitation, for a single silver nanocube (HAADF image in inset). Left panel: resonance-Rayleigh scattering 

spectrum of a silver nanocube (schematic diagram indicating the polarization of the incident electric field in inset). Middle and 

right panels: electron-energy loss (EEL) spectrum obtained from the corner, (position 1) and edge (position 2) of the same 

nanocube. Solid black trace in the EEL spectra was obtained by convolving each point in the computed EEL spectra (dotted 

black trace) with a Gaussian function with a full width at half-maximum of 0.19 eV. Black arrows in the three panels indicate 

the position at which the D0 + Q0 → D0 – Q0 Fano interference occurs in the simulations. 
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This suggests that the efficiency of the coupling between the D0 and Q0 modes depends 

on the position of the probe and will be discussed subsequently.  A slight energy 

difference (~0.1 eV) between the computed resonance-Rayleigh Fano dip and the 

experimental EELS Fano dip observed in position 2 is likely an artifact of either electron 

beam damage or ZLP removal, and we do not believe it to be of any significance.   

B.  Investigation of Fano interference in STEM/EELS 

Coupling between a bright and dark mode is essential for the observation of 

Fano resonances.  With a STEM electron beam, the selection rules governing the 

excitation of LSPRs enable the excitation of both bright and dark modes and might 

hinder the direct observation of this interference.  However, the strong spatial 

dependence of the evanescent electric field of the passing electron suggests the 

possibility of an interference between a mode excited close to the electron beam and 

another mode excited outside its influence.62  While the substrate-mediated interaction 

between the D0 and Q0 modes under plane wave excitation has been shown to be a 

Fano resonance,43 no experimental work has of yet shown whether such a resonance 

will exist under electron-beam excitation.   

We can understand the Fano effect in the cube on a substrate by attaching a 

phase, φ( ), to the Q0 mode relative to the D0 mode as a function of excitation energy 

so that we may write the contribution from the two fundamental modes as a function of 

energy as: 
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where P is the overall target polarization and D0 and Q0 are the full vector-valued 

representations of the modes they represent.  The Fano resonance occurs when φ 

crosses π/2, where the hybridization switches from a bonding to an antibonding 

arrangement. 

To extract relative phase data from the computed polarizations, we have 

projected primitive dipole and quadrupole model normal vectors onto the simulated data 

(see Methods for greater detail).  Figure 20 shows the projection coefficients d( ) and 

q( ), for the D0 and Q0 modes respectively, as a function of excitation energy for both 

plane wave and electron beam excitations.  The blue and green traces in all three cases 

correspond to d( ) and q( ), respectively.  The red trace corresponds to the computed 

optical scattering and EEL spectra and has been included for comparison.  Under plane 

wave excitation (left panel), a relative phase shift through φ = π/2 in q( ) occurs around 

2.7 eV.  A corresponding phase shift through φ = π/2 is seen in the two rightmost panels 

of Figure 20, indicating the presence of a Fano interference in the EEL spectra as well.  

Similarly, a corresponding relative phase shift occurs in STEM/EELS close to 2.7 eV, 

again suggesting a Fano resonance.  These results are in excellent agreement with the 

computed substrate- and vacuum-localized scattered electric fields computed just lower 

and higher in loss energy from the phase-flip (Figure 22).  However, the phase shift is 

less pronounced in both edge and corner EEL spectra, indicating that the Fano 

interference, while present, will be much more subtle in the EEL spectrum than in the 

plane wave spectrum.  We believe this to be due to the electron beam’s capability to 

excite both the quadrupole and the dipole, though at different oscillator strengths 
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depending on the location of the electron beam.  By driving both the D0 and Q0 modes 

with the incident electric field to an extent, the phase shift in EELS is reduced compared 

to plane wave excitation and the Fano effect becomes smaller.  It is also worth noting 

that a Fano effect is enhanced in cubes without rounded corners.43 

C.  Plasmon and EEL probability maps of silver nanocubes 

Figure 21 presents the experimental and computed EEL probability maps of the 

same nanocube.  The experimental spectrum images (left panel) and normalized 

loading spectra (middle panel) were extracted using the MVSA and AXSIA program69.  

This method has been used previously in the extraction and interpretation of plasmon 

modes with high spectral and spatial overlap.63-64  The extracted eigenmodes at 2.2 eV, 

2.7 eV and 3.1 eV exhibit a similar spatial profile in which the intensity is localized at the 

corners of the cube while the eigenmode at 3.5 eV has an edge-localized spatial profile.  

The EEL probability maps (right panel) were computed for energies corresponding to 

the peaks in the theoretical EEL spectra (Figure 19, middle and right panels) for 

comparison.  Knowledge of the spectral positions of the superradiant (~2.3 eV) and 

subradiant (~2.8 eV) hybridized plasmon modes obtained from the optical scattering 

spectrum in Figure 19 enabled us to directly correlate the energies that correspond to 

the same plasmon eigenmodes in Figure 21 (2.2 eV and 2.7 eV).  However, discerning 

the three-dimensional profile of the hybridized plasmon modes, which have identical 

spatial profiles when projected onto the plane perpendicular to the motion of the 

electron beam, was done only by computational means since our STEM/EELS 

experiment only gathers two-dimensional loss probability information (Figure 22).  A 
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recent report by Nicoletti et al. has demonstrated the ability to obtain three-dimensional 

plasmon maps in silver nanocubes with electron tomography76 
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Figure 20. Investigation of Fano interferences using the projection coefficients d( ) (blue trace) and q( ) (green trace) 

of the D0 and Q0 modes under plane wave and electron-beam excitation. Left panel: projection coefficients as a function 

of excitation energy under plane wave excitation. The Fano interference occurs where the phase of the Q0 mode crosses 

φ = π/2 and is indicated by a dotted vertical line at ~2.7 eV. The computed optical scattering spectrum (red trace) has 

been used to correlate the position where the Fano interference occurs (~2.6 eV). Middle and right panels: projection 

coefficients with computed EEL spectra obtained at the corner and edge of the nanocube, respectively. Under electron 

beam excitation, the phase of the Q0 mode also cross φ = π/2 near 2.7 eV and suggests that the Fano interference 

mechanism under STEM/EELS excitation is the same as for a plane wave. 
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Figure 21. Top-down plasmon maps and computed EEL probability maps of a silver 

nanocube. Left panel: experimental EEL spectrum image components derived using 

MVSA and AXSIA. Middle panel: corresponding loading spectra for each spectrum 

image component, interpreted as the energy of each plasmon mode. Right panel: 

computed EEL probability maps indicating spatial regions on the nanocube where 

there is high electron energy loss probability. 
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D.  Identification of Vacuum- and Substrate-Localized Hybridized modes 

Figure 22 shows the computed scattered electric fields of the two lowest-energy 

modes, in which the vacuum- and substrate-localization of the electric fields are 

investigated for both plane wave and EELS for two different electron-beam positions.  

Under plane wave excitation, the substrate-localized electric near-field (Figure 22, left 

panel, top) arises from the hybridized plasmon mode formed from the constructive 

superposition of the primitive dipolar (D0) and quadrupolar (Q0) plasmon modes, D0 + 

Q0.  On the other hand, the vacuum-localized electric near-field (Figure 22, right panel, 

top) corresponds to the hybridized mode that originates from the destructive 

superposition of the primitive modes, D0 - Q0.43   

In the electron-beam excitation scenario (Figure 22, middle and bottom rows), 

the field maps show two spatial profiles that correspond to the D0 + Q0 and D0 - Q0 

hybridized modes at 2.34 eV and 2.8 eV obtained under plane wave excitation.  For the 

D0 + Q0 mode, the spatial profiles of the scattered near-electric-fields show a highly 

localized intensity at the cube-substrate interface for the two electron-beam positions.  

While the intensity is localized at the interface, there are small differences in spatial 

profile of this hybridized mode as the electron beam is moved from the corner to the 

edge of the cube.  This is due to the induced polarizations in the target from the electron 

beam giving rise to the scattered fields that depend on the position of the electron probe 

relative to the target.  Similarly, the D0 - Q0 hybridized mode shows a highly localized 

intensity at the top of the cube for both excitation sources. The significant 

correspondence between these plane wave and EELS hybridized plasmon modes 
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suggests that a Fano interference that has the exact same mechanism as that of a 

plane wave is induced by the electron beam. 

E.  Changes in local dielectric environment 

A recent EELS study of silver nanocubes by Mazzucco et al. suggested highly 

local effects on the LSPR77; however, a comparison of the experimental optical 

scattering spectra for the nanocubes was lacking despite the known strong dependence 

of the optical spectra on the local dielectric environment.  The deposition of 

contamination by the electron during STEM/EELS imaging warrants a study on how 

modifications to the local environment affect the optical scattering spectrum.  Figure 23 

(left and right panels) illustrates the optical scattering spectrum of a single silver 

nanocubes (ADF in inset), taken before (black trace) and after (red trace) STEM/EELS 

measurements.  The change in the optical LSPRs after STEM/EELS suggests that 

substrate has been drastically altered by the electron beam.  Furthermore, the 

stretching of the LSPRs differs from previous studies on silver nanocubes which 

reported red shifts both peaks in the LSPRs as the refractive index of the substrate was 

increased.36, 43  This effect has been recently highlighted in a perspective article78 and it 

also suggests a possible reason for the weak observation of Fano interferences in 

STEM/EELS. 
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Figure 22. Scattered near-electric fields of hybridized plasmon modes in a 

silver nanocube on a substrate (dashed line). Left panel: substrate-localized 

plasmon mode for plane wave (top) and electron-beam excitations (middle 

and bottom), corresponding to the constructive interference of the hybridized 

primitive dipolar (D0) and quadrupolar (Q0) plasmon modes. Right panel: 

vacuum-localized plasmon modes corresponding to the destructive 

interference of the D0 and Q0 plasmon modes. The plane in which the 

electric field is evaluated lies outside the cube by 1 nm, parallel to the front 

face of the cube, perpendicular to the substrate. 
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Figure 23. Resonance-Rayleigh scattering spectra of silver nanocubes obtained before (black trace), and after (red 

trace) exposure to the electron beam in STEM/EELS. The optical scattering spectra of both nanocubes after 

STEM/EELS strongly suggest a modification of the local dielectric environment by the electron beam. 
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Conclusion 

Through a correlated approach we have predicted and observed for the first time 

the subtle Fano interference in silver nanocubes with STEM/EELS.  The presence of a 

substrate mediates the hybridization of the primitive dipolar and quadrupolar modes 

present in the silver nanocube in both optical and STEM/EELS experiments.  By 

computing the polarization phase-flip from a relative phase of 0 to π/2 induced by the 

electric field of the electron probe, we have shown that the hybridized modes 

responsible for this interference are the same as those present in optical spectroscopy.  

Furthermore, we have demonstrated the drastic changes that occur in the optical 

LSPRs of silver nanocubes after exposure to the electron beam.  As efforts to 

understand the detailed connection between optically-driven and EELS-derived 

plasmons in complex nanostructures continue, a correlated approach, along with 

sophisticated data analysis and simulations, will be essential. 
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CONCLUSION 

Correlated optical spectroscopy when combined with STEM/EELS and 

theoretical simulations, provide a means of understanding the fundamental connection 

between electron- and photon-driven plasmonic processes.  The progress that has been 

made in understanding this fundamental connection in metallic nanostructures at the 

single-particle level has been demonstrated.  Furthermore, the application of 

STEM/EELS to single-molecule SERS in order to fully explore the nature of 

electromagnetic hot spots has been investigated.  The extraordinary ability of 

STEM/EELS to characterize plasmon resonances with the appropriate spatial and 

energy resolution, and its complementarity to all-optical techniques, suggests it will play 

an essential role in fundamental and applied studies of plasmonics going forward. 
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