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ABSTRACT: High-energy electron beams with energies in the 15—30 keV
range are used to excite optical Mie modes in crystalline Si nanospheres with
radius 80—100 nm. Cathodoluminescence (CL) spectra show emission from
resonant electric and magnetic dipole and quadrupole modes, with relative
intensities that depend strongly on electron energy and impact parameter. The
measured trends are explained by a coupling model in which the electron-energy
dependent CL excitation probability—and thus the CL emission—is proportional
to the Fourier transform of the modal electric field at a spatial frequency
determined by the electron velocity. As a result, the coupling to a specific
resonant mode is strongly dependent on the electron energy and the impact
parameter of the electron beam. This enables the selective enhancement of CL
emission from a resonant mode by phase-matching with the electron velocity. A
systematic study of spatial excitation probability for the electric dipole mode as a
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function of electron energy further confirms the validity of the coupling model. Angle-resolved cathodoluminescence measurements
show strong directional emission due to far-field interference of coherently excited Mie modes. By varying the electron energy and
impact parameter the intensity and interference of these modes can be controlled and the angular distribution tailored. The insights
in the localized deep-subwavelength coherent excitation of resonant Mie modes explored here are important for studies in light-
emitting nanostructures, sensors, and photovoltaics, in which the interplay of local modes and far-field directional emission must be

controlled.
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angle-resolved

Bl INTRODUCTION

Controlling light in photonic nanostructures at a deep-
subwavelength scale is crucial for many technological advance-
ments, ranging from quantum technologies to solar applica-
tions." In particular, directional light emission from photonic
structures is important for optimizing the performance of light-
emitting diodes and lasers, sensors, and photovoltaics.”” As
previously shown, selective coupling to resonant optical
nanoantennas provides a unique means to tailor the
directionality of optical emitters.”” Both metallic and high-
index dielectric nanostructures are of interest for these
applications. While the former can support plasmonic
resonances which are mainly governed by the material
properties, high-index dielectric nanostructures are particularly
interesting since they can support a wide range of Mie
resonances that are electric and magnetic in nature with very
low absorption losses (much lower than for plasmons) and
high Q-factor (narrow emission line width).>*~® Previous
works have investigated the resonances of Si nanostructures
due their ability to support dipolar and quadrupolar Mie
modes in the visible spectral range where Si shows relatively
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low loss due to its indirect electronic bandgap.”'” This allows
for strong tunability of light-matter interactions by tailoring the
size, shape and dielectric environment of the Mie particles,
thereby controlling the resonant energy and angular emission
distribution of the electric and magnetic multipolar modes.
Furthermore, it has been shown that the interference of these
multipolar modes can lead to light emission in specific
directions, similar to the Kerker effect in Mie theory.'' In
order to take advantage of these properties, it is crucial to
control and probe the electric fields at the nanoscale.

To study optical near fields of nanostructures at a spatial
resolution below the optical diffraction limit, three different
electron microscopy techniques have been developed in recent
years: cathodoluminescence (CL) spectroscopy, electron
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energy loss spectroscopy (EELS) and, more recently, photon-
induced near-field electron microscopy (PINEM). In all cases
the electron is used to probe the electric field along the
electron trajectory that is either induced by the electron itself
(for CL and EELS) or by an external laser (for PINEM). In the
case of CL and EELS, a bypassing electron polarizes the
material, creating an electric near field that acts back on the
electron, causing it to lose energy. The total energy loss is
measured in EELS, while the radiating part can be detected in
the far field as CL."” The CL emission from plasmonic or Mie
particles has a coherent phase relation with the electron
impact."’ The advantage of CL spectroscopy is its capability to
probe the electric field with nanometer precision due to the
small focus dimension of the electron beam.'* The femto-
second electromagnetic field oscillation created by a bypassing
electron offers a broadband source of modal excitation,
enabling broad spectral analysis in a single CL measurement."

In nanophotonics, CL and EELS have mostly been used to
study plasmonic nanostructures.'”'®™'® Recently, dielectric
structures have also been investigated using electron beams.
Coenen et al. characterized higher-order electric and magnetic
Mie resonances in lithographically fabricated Si nanodisks
using CL in a scanning electron microscope (SEM).6
Matsukata et al. experimentally demonstrated CL spectra of
resonant modes in Si nanospheres in a transmission electron
microscope (TEM) and observed strong directionality in the
CL radiation.'” And recently, Fielder et al. explored the
interplay of Mie resonances and transition radiation in CL
spectra of Si nanospheres.”” These works show the potential of
CL spectroscopy to investigate and control directional light
emission. However, so far, the relation between the strength of
the electron-mode coupling, the spectrum and the direction-
ality of the CL emission in dielectric nanostructures has not
been studied in a comprehensive way.

In this work we demonstrate that we can achieve
directionality of the emission from electron-excited dielectric
resonators, showing the electron beam analogue to the Kerker
effect that is known from optics. It also enables us to sensitively
test the model for electron-mode coupling. We investigate the
coupling of the electron beam to specific resonances in
individual Si nanospheres both theoretically and experimen-
tally. We take advantage of the fact that, at a given velocity, the
electron resonantly couples to specific spatial frequency
components of the oscillating electric near-field distribution
in the particle.”! By varying the electron energy and impact
parameter in an SEM we selectively couple to modes with
specific spatial near field distributions. We then control the
interference of the excited modes to create specific far-field
radiation patterns. We take advantage of the spherical
symmetry to exploit analytical solutions for the mode profiles
from Mie theory. Our results provide fundamental under-
standing of electron-mode coupling and provide a framework
to control and design directional light emission from single
dielectric nanostructures.

B THEORY

Fundamentally, the electron energy loss that leads to CL is
determined by the coupling between the electron and the
electric near-field component in the direction along the
electron trajectory. The CL and EELS spectral intensities are
then proportional to the work done by this field component on
the electron. In the nonrecoil approximation, i.e., assuming that
the electron velocity remains constant when traversing the

nanostructure, the CL emission intensity (I'c;) for an electron
traveling along the z-axis for a particle with a single resonant
mode, is proportional to'>*

2
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(1)

with R = (x,y) the impact parameter in Cartesian coordinates,
o the angular frequency (@ = 27c/4), E, the z-component of
the induced electric field, and v the electron speed. Classically,
eq 1 can be interpreted as the net energy loss along the
electron trajectory: the integrated effect of the acceleration and
deceleration of the electron caused by its interaction with the
induced oscillating electric near field. The resulting absolute
CL intensity is then determined by this energy loss and the
nanostructure’s albedo, given by the relative contribution of
radiative and nonradiative losses. Equation 1 shows that the
electron beam effectively takes the Fourier transform of optical
near fields at a spatial frequency (g = @/v): the observed
coupling strength (CL intensity) at a given electron velocity
then directly represents the strength of the spatial frequency g
in the distribution of the near fields in the z-direction. The CL
emission at a given impact parameter is maximized when the
electron motion is phase-matched with the induced oscillating
fields for that impact parameter. For a z-oriented dipole mode
excited in the center—characterized by sharp features at the
edge of the particle—the phase matching condition is g ~ (21 +
1)7/D, with D the diameter of the particle and n an integer.”"
First, we theoretically study the configuration where an
electron beam couples to the z-oriented electric dipole (ED) in
a Si sphere with radius r = 100 nm. In Figure 1a, we show the
real part of the z-component of the electric field incident at
such a particle at 4 = 600 nm. The induced electric fields are
calculated using classical Mie theory™ using optical constants
for crystalline Si from Green et al.”* Next, we study the CL
emission for two electron beam impact parameters in spherical
coordinates (b), given by the distance to the center of the
particle; (1) electrons passing through the particle center (b =
0 nm) and (2) near the outer edge (b = 90 nm). Figure 1b
shows the real part of the z-component of the induced electric
field along the electron trajectory for the corresponding two
impact parameters. By taking the Fourier transform of the E,
profiles, we calculate the CL emission probability associated
with this mode for an electron energy in the range between 5
and 30 keV (Figure 1c). For electrons impacting in the center
of the particle, we find a maximum CL excitation probability at
12 keV, corresponding to a spatial frequency of 0.047 nm™".
Here, the electron is in phase with the excited mode (ED)
causing maximal electron energy loss and hence, maximum CL
emission. This maximum CL excitation probability corre-
sponds to the second-order phase-matching condition for
center excitation, g = 377/D. The first peak at lower g (higher
electron energy) is found at 0.016 nm™" (165 keV). For an
electron beam exciting the nanosphere on the edge, no clear
CL excitation probability maximum is observed in the studied
range and the CL emission increases with electron energy. The
analysis in this section clearly shows that the electron beam
coupling to dielectric Mie modes depends strongly on the
impact parameter and electron velocity. As we will show next,
this provides a unique means to tailor the coupling of the
electron to specific resonant modes, thereby controlling both
the spectrum and angular distribution of the CL emission.
While the analysis above provides basic insight into the
coupling concept, in experiments the modal field distributions
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Figure 1. (a) Real part of the z-component of the electric field of a z-
oriented electric dipole mode induced with a plane wave polarized
along z at 4 = 600 nm in a dielectric nanosphere with a radius r = 100
nm. (b) Real part of the z-component of the electric field along the
electron trajectory for two electron beam impact parameters; one at b
= 0 (blue) and the other at b = 90 nm (red), indicated by the arrows
in (a). (c) Calculated normalized CL emission intensity as a function
of electron energy using eq 1. The CL emission intensity is
proportional to the square modulus of the spatial Fourier transform
of the z-component of the electric field for the two electron
trajectories of panel (b). The top axis shows the corresponding spatial
frequency (q = @/v) for A = 600 nm.

depend on the electron energy and impact parameter and, due
to the coherent excitation process, create modal interference in
the far field. In the remainder of this work, we use the
electrodynamical electron-mode coupling model to calculate
the CL excitation and emission spectra and far-field angular
distributions.”® This model provides an analytical derivation
for the electric and magnetic fields in the case of coherent
excitation of multiple modes by an electron beam crossing the
particle (see Methods section). The resulting expression for
the CL emission probability is a sum over the electric and

magnetic modes for orders / and orientation with index m,
given by
o+

Lo (@) o 30 7 (I + lay, P}

I=1 m=—1 (2)

where b, denote the magnetic and a the electric modes of
the scattered electromagnetic field in the far field. Mode
indices refer to the mode order—/ = 1 for magnetic or electric
dipole modes (MD, ED), / =2 for electric and magnetic
quadrupole modes (EQ, MQ)—and orientation (for an out-of-
plane dipole, m = 0, and for an in-plane dipole, m = +1).

Experiments. Single-crystalline nanospheres with radii
between 80 and 100 nm were fabricated using the method
developed by Sugimoto et al.”° and deposited on a 15 nm-thin
Si;N, TEM membrane (see Methods section). CL experiments
were performed using a SEM operating at acceleration voltages
in the range of 15—30 keV. A half-parabolic mirror placed
between the sample and the electron column collects the
emitted CL and directs it to a spectrometer for spectral
analysis. Angular CL emission distributions were recorded in
Fourier mode by projecting the emission on a CCD imaging
sensor, using a S0 nm wide bandpass filter (see Methods
section).

B RESULTS AND DISCUSSION

Spectral Cathodoluminescence. First, we study the CL
emission for a Si nanosphere with a radius of 96 nm, excited by
a 30 keV electron beam. Figure 2a shows the measured and
calculated CL spectrum at b = 86 nm using eq 2. The
experimental spectrum is corrected considering the collection
efficiency of the parabolic mirror and the spectrometer. In the
spectra, we find four clear peaks, corresponding to the different
modes supported by the Si nanosphere. Experimentally, we
find peaks corresponding to MD at A = 744 nm, ED at 4 = 605
nm, MQ at 1 = 563 nm, and EQ at 1 = 487 nm. For all
experimental resonances, the peak energy is red-shifted
compared to the theoretical ones. We ascribe this to the effect
of mode coupling to the Si;N, substrate.””** We observe good
agreement between experiment and theory for the trend in line
width of the modes, where quadrupolar modes exhibit
narrower resonances compared to the broader dipolar
modes. The modal intensities for ED and MD modes show
a similar trend for experiment and theory, while an opposite
trend is observed for the EQ and MQ modes. The
experimental EQ mode is more intense than the MQ one,
while theory shows the opposite. We primarily attribute this
discrepancy to the increase of the absorption coefficient of Si
below 4 = 500 nm due to the direct bandgap at 450 nm, which
strongly reduces the calculated intensity at that wavelength.

In Figure 2b—i, we display the measured spatial distribution
of the CL intensity for the same nanosphere for each of the
Mie modes in (a). We show the CL intensity at the center
wavelength of the four resonances. The experimental data (b—
e) are averaged over a 4 nm-bandwidth at 4 = 487 nm (EQ), 4
= 563 nm (MQ), 4 = 605 nm (ED), and A = 744 nm (MD).
The corresponding theoretical data (f—i) are calculated at the
peak wavelengths of 450, 557, 595, and 745 nm, for EQ, MQ,
ED, and MD, respectively. We note that CL analysis is an
excitation spectroscopy technique in which the electron
excitation is spatially well-defined and the spatial resolution
in the CL excitation maps is determined by the electron
trajectory. The CL emission is collected from the entire
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Figure 2. (a) Measured (red) and calculated (dashed black) CL spectra from a r = 96 nm Si nanosphere excited with 30 keV electrons. The
measured spectrum is taken at b = 86 + 5 nm, while b = 86 nm is used for the calculated spectrum. The inset shows the SE image of the Si
nanosphere with the red dot indicating the position of the electron beam excitation for the experimental spectrum (b = 86 + S nm). (b—e)
Measured and (f—i) calculated CL maps at the resonance wavelengths of the different multipoles. The measured CL maps are averaged over a
bandwidth of 4 nm with the center wavelength of 487 nm (EQ), 563 nm (MQ), 605 nm (ED), and 744 nm (MD). The theoretical CL maps are
calculated using eq 2 considering all modes until /_, = 2 and for wavelengths of 450, 557, 595, and 745 nm, respectively. Pixel sizes of 14 nm for
the experimental and 12 nm for the theoretical CL maps are used, respectively.

particle within the focal collection area and numerical aperture
of the parabolic mirror. We further note that the resolution of
the secondary electron (SE) image shown in the inset of Figure
2a is much higher than the CL resolution. In contrast to the
electron trajectory-dependence in CL, SEs mainly originate
from the surface of the sample resulting in an estimated spatial
resolution of 1—2 nm. This allows us to accurately determine
the radius of the Si nanosphere with a simple postprocessing
step.

The CL maps in Figure 2 clearly show that electron beam
excitation results in characteristic spatial excitation distribu-
tions for the different Mie modes in the Si nanosphere, similar
to what was found before.'””” Next, we analyze these data
using the coherent coupling model described above. Many
trends in the measured maps match well with the calculated
CL emission maps. For all modes, the excitation efficiency is
highest at the edge of the particle, in both experiment and
theory. Small features such as the larger area of reduced
intensity in the center for the ED mode are also observed
theoretically and experimentally.

The theoretical ED and EQ modes show higher overall
intensities at the edges, compared to MD and MQ mode; an
effect that is also visible in the measurements. We note that the
sharply concentrated ring in the experiment of Figure 2d
directly shows the high lateral spatial resolution of the CL

measurement. From a comparison with the theoretical map, we
derive that the spatial resolution is better than the pixel size in
these experiments, i.e., below 14 nm. This is a result of the
electron beam focal diameter on impact (5—10 nm) and small
straggle of the electron beam due to inelastic scattering, which
is in qualitative agreement with Monte Carlo simulations of
electron trajectories for the studied geometry.

The nonspherical shape of the CL maps is attributed to
small sample drift during each of the measurements. Further
asymmetries in the measurements are due to the asymmetry of
the parabolic mirror light collection geometry, which makes
the CL collection efliciency for each mode dependent on its
angular emission distribution. This effect is visible in the CL
maps for the ED and MD modes, for which the bottom left
corner is slightly dimmer: CL generated in that area beams
toward the mirror’s opening and is therefore only partly
collected. These results already hint at the specific angular
emission characteristics of electron-excited Mie modes that we
will study in detail further on.

The good agreement between experiment and theory now
allows us to study the effect of electron energy on the electron-
mode coupling and assess the spatial frequency formalism for
resonant modal excitation as described above. To do so, we
study the dependence of CL emission on the electron energy
ranging from 15 to 30 keV corresponding to a spatial frequency
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range of 0.044—0.032 nm™' at the ED resonance wavelength
(for electron-energy dependent spectra, see Figure S1). Figure
3 shows the experimental (a) and theoretical (b) CL maps as a
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Figure 3. (a) Measured and (b) calculated CL maps obtained by a
crosscut through the center line of a Si nanosphere of r = 96 nm
excited with electron energies ranging from 15 to 30 keV. The
experimental data are collected at a center wavelength of 605 nm with
a 4 nm bandwidth. The theoretical calculations are performed at the
ED resonance wavelength, A = 595 nm, using eq 2 considering all
modes until /, = 2. The white dashed line in experiments and
theory shows the rule-of-thumb for the expected minima of the phase-
matching condition for the ED, q ~ 2nz/D¥, for n = 2 and with D*
the height of the particle at a certain impact parameter (for a spherical
particle with radius R, the height at a certain impact parameter is given

by D* = 24/R* = 1*).

function of electron energy and impact parameter along the
center line of the sphere (crosscut through the nanosphere
from left to right) for the ED resonance (4 = 60S + 2 nm for
experiments and A = 595 nm for theory). The electron-energy
dependency of the other Mie resonances is shown in Figure S3.
The main trend of the measurements follows the calculated
data: the excitation efficiency shows a minimum value which is
strongly dependent on the electron energy. This clearly
underlines the phase-matching condition for the ED: the
minimal coupling strength is expected at g ~ 47/D*, with D*
the height of the particle at a certain impact parameter, which
is visualized by the white dashed lines in Figure 3a,b. In fact,
these electron-energy dependent CL measurements allow us to
determine the thickness of the nanosphere at different impact

parameters using the well-defined phase-matching condition of
the ED resonance. Furthermore, for excitation at the edge of
the nanosphere, the model predicts a decrease in CL intensity
with decreasing electron energy; this is also found in the
experimental CL maps, where the intensity at the edge
vanishes at the lowest experimentally feasible energy of 15 keV.
This originates from the lower CL excitation probability of
both the in-plane (x-, and y-oriented) and the out-of-plane ED
modes (z-oriented) near the edge of the particle (cf. blue line
in Figure lc).

Directional Far-Field Emission. With the detailed
understanding of selective mode coupling obtained in the
previous section, we now study the angular distribution of the
CL emission from an individual Si nanosphere and explore
how it can be controlled by electron energy and positioning of
electron beam. This gives the possibility to control their
interference in the far field, thereby creating directionality of
CL emission.

First, we theoretically study the angular emission profile for a
Si nanosphere (r = 96 nm) excited by a 30 keV electron beam,
as depicted schematically in Figure 4a. We choose an impact

(@) 30kev |() ; (9) (h) 595 nm
Y IZ LY 'Z/Y
~X ~X ~X

EDx+EDz D+EQ (m=+1) full solution

(e) 760 nm

‘*’LLL

MDy MD+EDz

MD+EDz+EDx fuII solution

Figure 4. (a) Schematic of excitation configuration: a Si nanosphere
with 7 = 96 nm is excited by a 30 keV electron beam at b = 86 nm.i
(b—h) Far-field radiation patterns at two emission wavelengths: (b—
e) A =760 nm (MD and ED resonances) and (f—h) 4 = 595 nm (ED
and EQ resonances). The radiation patterns are calculated by taking
the Poynting vector (S) of the scattered electromagnetic field of eq 4,
coherently summing over the modes. For the full solution, the sum of
all modes using /. = 2 is considered. The color map visualizes the
z-direction of the radiation (S,): red for upward and blue for
downward intensities.

parameter of b = 86 nm as we know that close to the edge, the
electron can couple to both magnetic and electric modes at this
electron energy. The calculated CL spectra is shown in Figure
S4, decomposed into the different modes. To achieve
directionality, we exploit the Kerker effect known for dielectric
spheres. We study the angular emission distribution at two
emission wavelengths where the interference of the modes
creates directional emission: (1) A = 760 nm, using the
interference between the ED and the MD mode (Figure 4b—
e), and (2) A = 595 nm, using the ED and the EQ mode
(Figure 4f—h). The data are derived by calculating the
Poynting vector for the coherent sum in the far field of the
indicated modes. The full modal solution is obtained by
summing all relevant modes with /. = 2.

In Figure 4b we recognize the typical radiation pattern for an
MD mode with dipole moment along the y direction (MD,).
We note that the electron beam does not couple to the MD,,
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and MD, modes because their electric field vectors are
perpendicular to the electron beam trajectory.”> When adding
the contribution of the ED, mode (Figure 4c), we observe
directional CL emission opposite to the electron trajectory.
This corresponds to the transverse Kerker effect that has been
theoretically studied® and experimentally observed.”’ When
we add the ED, mode as displayed in Figure 4d, the combined
effect with the MD gives a Kerker-type interference along the
z-axis, creating downward directionality. In the full solution
(Figure 4e), adding up all modes with /= 2, we observe
both horizontal and vertical directionality: the CL radiation is
directed toward negative x and negative z. This is the result of
the interference of the MD + ED, mode and of the MD + ED,,
mode, respectively. We note that the vertical directionality is
downward at wavelengths above the MD resonance wave-
length (Ayp = 726 nm) because the ED and MD resonance are
in-phase.

In Figure 4f-h, we follow the same steps for the ED
resonance at 4 = 595 nm. We start by only considering the
contributions of the ED modes, namely ED, and ED,, resulting
in a symmetric emission distribution around the y-axis (Figure
4f). Next, in Figure 4g the contribution of the EQ_is added,
which leads to directionality toward the opposite side of the
electron beam impact position. This is due to the interference
of the EQ and the ED modes. Comparing this to the full
solution shown in Figure 4h, we see that this interference is the
largest contribution to the full solution.

This theoretical study shows that controlling the interfer-
ence of coherently excited Si Mie modes creates strong
directional CL emission in the far field, both in the horizontal
and vertical direction. For emission at 4 = 760 nm there are
two dominant mechanisms: interference of the MD mode with
the out-of-plane ED mode (ED,) resulting in horizontal
directionality, and interference of the MD mode and the in-
plane ED mode (ED,) resulting in vertical directionality. At A
= 595 nm, the coherent addition of the EQ mode is necessary
to generate horizontal directionality, due to the absence of the
MD mode.

With this theoretical framework for directionality, we now
experimentally exploit this formalism for the selective
excitation of resonant modes thereby controlling their
interference and thus tailoring the angular emission distribu-
tion. In these experiments, in which we use a slightly smaller
nanosphere (r = 85 nm), we vary both the electron energy and
the impact parameter.

Figure Sa shows the CL excitation probability as a function
of electron energy at impact parameter b = 42 nm calculated
for specific modes using eq 2. We consider the CL emission at
A = 585 nm, in between the ED and the MD resonance
wavelength. We find a strong dependence of the CL excitation
probability for specific modes on the electron energy. For
example, at 15 keV the electron does not couple to the ED,
mode but excites only the ED, mode, while at 30 keV the
contribution of the ED, mode is strongest. Using these CL
excitation probabilities, we calculate the angular CL emission
profile at two electron beam energies. At 30 keV (Figure Sc)
the theory predicts a strong horizontal directionality toward
the opposite side of the excitation (the negative x-direction),
originating from Kerker-like interferences of ED, + MD and
ED, + EQ modes. This strong directionality reverses to the
opposite direction, and decreases in strength, for excitation
with a 17 keV electron beam (Figure Sb). This comparison
shows the strong effect of far-field interference of the
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Figure S. Analysis of directional CL emission toward the upper
hemisphere from a Si nanosphere with r = 85 nm excited with an
electron beam with energy ranging from S to 30 keV with b = 42 nm.
(a) CL excitation probability between electron and ED, (blue), ED,
(orange), MD (green), and EQ (red) modes versus electron energy,
with the low CL intensity modes shown in the inset. (b, c) Calculated
and (d, e) measured far-field radiation intensities in the positive z-
direction (where the electron comes from), excited with a (b, d) 17
keV and (c, e) 30 keV electron beam. The experimental data are
obtained with a 4 = (600 + 25) nm bandpass filter, and the theoretical
data are calculated at 4 = 585 nm.

coherently excited Mie modes in Si nanospheres on the
angular radiation profile.

To experimentally study the far-field radiation profiles, we
perform angle-resolved CL (AR-CL) measurements at 4 =
(600 + 25) nm for electron energies of 17 and 30 keV (Figure
Sd,e). The data show clear right and left beaming for the two
energies, respectively. This is in good agreement with the
calculated radiation patterns in Figure Sb,c. At 17 keV the
interference of the ED, and ED, modes in the far field creates
strong directionality toward the impact position, while at 30
keV we see a stronger contribution of the ED, mode
superimposed on contributions of MD and EQ modes that
make the radiation pattern asymmetric. Consequently,
selective mode coupling can be used to generate and tune
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CL emission with strong directionality by controlling the
electron beam energy.

Another important parameter to tune the directionality of
CL emission is the impact parameter b, which we investigate
for the same Si nanosphere at a fixed electron beam energy of
30 keV. Figure 6a shows the coupling efficiency of the electron
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Figure 6. Measured and calculated effect of the impact parameter b
on the directionality of the CL emission toward the upper hemisphere
from a Si nanosphere with r = 85 nm excited with a 30 keV electron.
(a) CL excitation probability between electron and ED, (blue), ED,
(orange), and MD (green) versus b, the gray background shows the
inside and the outside of the particle. The inset shows the magnified
y-axis for low CL intensity modes. Calculated (b, c) and measured (d,
e) far-field radiation intensities in the positive z-direction (where the
electron comes from), for excitation at (b, d) b = 42 nm, and (c, e) b
=76 nm. The experimental data is obtained with a 4 = (600 + 25) nm
bandpass filter, and the theoretical calculation is done at 4 = 585 nm.

beam with the EQ, ED,, ED,, and MD modes as a function of
impact parameter b. The inset shows a magnified view of the
lower-intensity modes. We clearly observe two interaction
regimes: close to the nanosphere’s center (b = 20 nm) the ED,
mode contributes strongest, while closer to the edge the
electron can couple to all modes. For two exemplary impact
parameters (b = 42 nm and b = 76 nm) we calculate the AR-
CL emission, shown in Figure 6b,c, respectively. In both cases
we notice a strong directionality toward the negative k-

direction, ie., opposite to the electron beam excitation.
However, for excitation closer to the edge (b = 76 nm), we
also find a contribution of the ED, mode which radiates into
the upper hemisphere, as well as radiation from the ED, + MD
modes in the horizontal (in-plane) direction.

Similar trends are also seen in the experiments represented
in Figure 6d,e, where we find a strong horizontal (in-plane)
directionality for b = 42 nm, and an additional radiation
component into the upper hemisphere for excitation at b = 76
nm. While experiments and theory generally agree well, we also
notice in comparing Figure 6¢,e that the relative contribution
of MD + EDz (horizontal directionality) and MD + ED,
(vertical directionality) to the overall directionality do not fully
match. The experimental data indicate that the contribution of
the ED, mode is stronger than suggested by the calculations.
We attribute this deviation to the effect of the substrate: the 15
nm-thin Si;N, substrate changes the induced electric field in
the nanosphere and thereby changes the relative electron-
coupling strength to the ED, and the ED, mode.

B CONCLUSIONS

In conclusion, we experimentally and theoretically studied the
effect of the electron beam energy and impact parameter on
the cathodoluminescence (CL) emission of crystalline Si
nanospheres. In the experiments, we spectrally identified
electric and magnetic dipolar and quadrupolar Mie resonances
in the Si nanospheres upon electron beam excitation, in good
agreement with theory. Two-dimensional spectral CL ex-
citation maps show the modal excitation profiles at high spatial
resolution, only limited by the electron beam spot size and
small beam straggle.

The spectral and spatial distributions are in good agreement
with a model in which the electron resonantly couples to
specific modal field distributions with characteristic spatial
frequencies that are determined by the electron velocity and
resonance wavelength. The accessible electron energies in the
SEM offer a wide range of velocities and thus probe a wide
span of spatial frequencies, enabling the studies presented here.
We use the selective modal excitation mechanism to control
the directionality of the CL emission. Both electron energy and
impact parameter are used to selectively excite resonant modes
that interfere in the far field to create well-defined angular
beaming.

The insights in this paper can inspire novel designs of lasers,
light-emitting diodes, sensors, and photovoltaics, utilizing the
coupling of nanosized optical emitters to resonant nanostruc-
tures. The resonant nanostructures can function as effective
antennas by directing light generated at the nanoscale to the far
field. With the resonant electron-mode coupling mechanism
solidly confirmed in these experiments it becomes possible to
design this coupling for a wide range of electron-light-matter
interactions, in further advanced CL, EELS and PINEM
spectroscopies.

B METHODS

Analytical Models. In our initial electron-to-mode
coupling model the CL emission is taken proportional to the
energy lost by the electron as it passes through the electric field
of a specific single mode. The CL emission (I'; ) for an impact
parameter (R = (x,)), and frequency (@) can be calculated as
the path integral along the electron trajectory over the z-
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component of the electric field of a specific mode (E,), given
by

2
FCL(RI w) X ‘ /dz EZ(R, Z)e—l(w/v)z (3)

with v the electron speed. With this method, valid in the
nonrecoil approximation and when considering the modes
individually, we can study the coupling of the electron to single
modes. We calculate the induced electric field for a single
mode using Mie theory. By using vector spherical harmonics,
we calculate the induced electric fields for different modes,
excited by a plane wave.”> While this model presents an
intuitive way to determine the coupling to different modes, it
does not consider how these modes couple with each other.
For the full solution, we use a Mie-based solution of the CL
emission probability.”> It enables us to consider multiple
modes at the same time and is then crucial for the spectral and
directionality study. The model gives the expansion of the
electric and magnetic fields induced by an electron crossing a
sphere in vector spherical harmonics, where the total electric

(E" (r,w)) and magnetic fields (H"(r, ®)) outside the particle
(region II) are given by

o +
E'(r, ) = Z Z

{bllixh1+(k0r)xlm(0) ¢)

Y X k)X 0 ¢>}

0 +/
H'Y(r, ) = Zi >y {a,mh,+(k0r)X,m(€ )

0 /=1 m=-I

= < bn¥ X I (ko)X (6, ¢)}

0 (4)
Here b,lil and a,Irln are the expansion coeflicients of the scattered
field for mode / > 0 and orientation (—/ < m < /) with the
analytic formulas from ref 25, X, are the vector spherical
harmonics evaluated in spherical coordinates, and ;" the
spherical Hankel function of the first kind. The CL emission
radiated at a point r = (R, 6, ¢) in spherical coordinates is
proportional to the Poynting vector given by

R .
I (o, r) « Re{E"(r, w) x H" (r, w)}-#
®

(8)
In order to compute the CL spectrum, we integrate the
Poynting vector over all angles and sum over the modes (/) and
orientations (m). This results in the expression

(@) = ———5 D Z {log? + laj1*}

whe ZO 0 I=1 m=—I (6)

with Z, the impedance in free space \/E . By selecting the
&

modes of interest (/, m), either magnetic or electric in eqs 4
and 6, we isolate the contribution of each multipole to the CL
radiation.

Cathodoluminescence Measurements. The measure-
ments were performed in a FEI Helios 600, ThermoFisher
Scientific, Inc. SEM equipped with a half-parabolic mirror and
spectral and angular CL acquisition SPARC system from
Delmic B.V. The acquisition of the CL maps was performed

using a pixel size of 14 nm and an exposure time of 1 s. All
spectra and maps shown in this paper were taken from the
same nanosphere, and the CL background signal from the
supporting Si;N, membrane was subtracted. The systems’
response was calibrated using transition radiation from a single
crystalline aluminum sample as described in literature®” and
this has been used to correct all experimental CL data. The
study on directional emission was done at a smaller Si
nanosphere of a radius of 85 nm. For the angle-resolved CL
emission measurements, the grating was removed from the
optical path, and the reflected light from the mirror is directed
onto a 2D CCD camera to measure in Fourier mode. For these
measurements bandwidth filters with a bandwidth of 50 nm,
and an exposure time of 5 s were used. In both spectral and
angular CL measurements, the electron beam current was 1.4
nA.

Fabrication of the Sample. The Si nanospheres were
fabricated starting by crushing SiO lumps to powder and
annealing it in N, atmosphere. The powder was etched in a
hydrofluoric acid (HF) to remove the SiO, matrices. Finally,
the freestanding Si nanospheres were transferred to methanol
and then ultrasonicated and filtered to particle sizes around
100 nm radius.”® Next, we drop casted 5 uL from the
suspension of solution onto a 15 nm-thin Si;N, support film
for TEM provided by PELCO and dried it. By postprocessing
the SE images, we determined the particle radii of 96 and 85
nm for the spectral and angular CL analysis, respectively.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.5c00173.

Measured and calculated electron-energy dependent CL
spectra (Figure S1) for a silicon nanosphere with a
radius of 96 nm excited at the edge and the center; the
CL emission line profiles along the center of this particle
(Figure S2); Monte Carlo simulations of electrons
passing through silicon for an electron energy of 15 and
30 keV (Figure S3); and the calculated CL spectrum for
a 96 nm radius particle excited at b = 86 nm with a 30
keV electron beam decomposed into the contributions
of the MD, ED, MQ, and EQ (Figure S4) (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Evelijn Akerboom — Center for Nanophotonics, NWO-
Institute AMOLF, 1098 XG Amsterdam, The Netherlands;
orcid.org/0000-0002-5543-3255; Email: e.akerboom@
amolf.nl
Albert Polman — Center for Nanophotonics, NWO-Institute
AMOLF, 1098 XG Amsterdam, The Netherlands;
orcid.org/0000-0002-0685-3886; Email: a.polman@
amolf.nl

Authors

Théo Soler — Center for Nanophotonics, NWO-Institute
AMOLF, 1098 XG Amsterdam, The Netherlands

P. Elli Stamatopoulou — Institute of Nanotechnology,
Karlsruhe Institute of Technology, 76131 Karlsruhe,
Germany

Hiroshi Sugimoto — Department of Electrical and Electronic
Engineering, Graduate School of Engineering, Kobe

https://doi.org/10.1021/acsphotonics.5c00173
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsphotonics.5c00173?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c00173/suppl_file/ph5c00173_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evelijn+Akerboom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5543-3255
https://orcid.org/0000-0002-5543-3255
mailto:e.akerboom@amolf.nl
mailto:e.akerboom@amolf.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Polman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0685-3886
https://orcid.org/0000-0002-0685-3886
mailto:a.polman@amolf.nl
mailto:a.polman@amolf.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="The%CC%81o+Soler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+Elli+Stamatopoulou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroshi+Sugimoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

University, Kobe 657-8501, Japan;
1520-0940

Minoru Fujii — Department of Electrical and Electronic
Engineering, Graduate School of Engineering, Kobe
University, Kobe 657-8501, Japan

Saskia Fiedler — Center for Nanophotonics, NWO-Institute
AMOLF, 1098 XG Amsterdam, The Netherlands;

0rcid.0rg/0000—0002-7753—0814

orcid.org/0000-0002-

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.5c00173

Author Contributions

IT.S. and E.A. contributed equally to this work. E.A., S.F., and
A.P. conceived the project. H.S. and M.F. fabricated the silicon
nanospheres. T.S. and E.A. performed the measurements and
did the analysis. T.S. and P.E.S. made the model. T.S. and E.A.
drafted the original draft. S.F and A.P. supervised the project,
and all authors reviewed and edited the manuscript.

Funding

This work is financed by the Dutch Research Council (NWO)
and has received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 Research
and Innovation Program under Grant Agreements No.
101019932 (Quantum Electron Wavepacket Spectroscopy
(QEWS)), No. 101017720 (Electron Beams Enhancing
Analytical Microscopy) (eBEAM) and No. 101151994
(Electron Transport Experimental Investigation of Perovskites
using Light and Electron Injection at the Nanoscale,
EXPLEIN). This work is partially supported by JSPS
KAKENHI No. 22K18949, JST FOREST Program No.
JPMJFR213L and Kobe University Strategic International
Collaborative Research Grant.

Notes

The authors declare the following competing financial
interest(s): A.P. is cofounder and co-owner of Delmic B.V., a
company that produces commercial cathodoluminescence
systems like the one that was used in this work.

B REFERENCES

(1) Koenderink, A. F.; Aly, A; Polman, A. Nanophotonics:
Shrinking Light-Based Technology. Science 2015, 348 (6234), 516—
521.

(2) Lozano, G.; Rodriguez, S. R. K.; Verschuuren, M. A; Rivas, J. G.
Metallic Nanostructures for Efficient LED Lighting. Light: Sci. Appl.
2016, 5 (6), No. e16080.

(3) Krasnok, A. E.; Miroshnichenko, A. E.; Belov, P. A.; Kivshar, Y.
S. In All-Dielectric Optical Nanoantennas, AIP Conference Proceed-
ings; AIP, 2012; pp 22—24.

(4) Quidant, R; Van Hulst, N. F; Curto, A. G.; Volpe, G;
Taminiau, T. H.; Kreuzer, M. P. Dot Coupled to a Nanoantenna.
Science 2010, 329, 930—933.

(5) Coenen, T.; Vesseur, E. J. R; Polman, A.; Koenderink, A. F.
Directional Emission from Plasmonic Yagi-Uda Antennas Probed by
Angle-Resolved Cathodoluminescence Spectroscopy. Nano Lett.
2011, 11 (9), 3779—3784.

(6) Coenen, T.; Van De Groep, J.; Polman, A. Resonant Modes of
Single Silicon Nanocavities Excited by Electron Irradiation. ACS Nano
2013, 7 (2), 1689—1698.

(7) Kuznetsov, A. 1; Miroshnichenko, A. E.; Brongersma, M. L,
Kivshar, Y. S;; Luk’yanchuk, B. Optically Resonant Dielectric
Nanostructures. Science 2016, 354 (6314), No. aag2472,
DOI: 10.1126/science.aag2472.

(8) Xu, J.; Wu, Y.; Zhang, P.; Wu, Y.; Vallée, R. A. L.; Wu, S.; Liu, X.
Resonant Scattering Manipulation of Dielectric Nanoparticles. Adv.
Opt. Mater. 2021, 9 (15), No. 2100112.

(9) Evlyukhin, A. B.; Reinhardt, C.; Seidel, A.; Luk’Yanchuk, B. S.;
Chichkov, B. N. Optical Response Features of Si-Nanoparticle Arrays.
Phys. Rev. B 2010, 82 (4), No. 045404.

(10) Kittel, C.; McEuen, P. Introduction to Solid State Physics; John
Wiley & Sons, 2018.

(11) Kerker, M; Wang, D. S; Giles, C. L. Electromagnetic
Scattering By Magnetic Spheres. J. Opt. Soc. Am. 1983, 73 (6),
765—767.

(12) Polman, A; Kociak, M.; de Abajo, F. J. G. Electron-Beam
Spectroscopy for Nanophotonics. Nat. Mater. 2019, 18 (11), 1158—
1171.

(13) Coenen, T.; Haegel, N. M. Cathodoluminescence for the 21st
Century: Learning More from Light. Appl. Phys. Rev. 2017, 4 (3),
No. 031103.

(14) Schefold, J.; Meuret, S.; Schilder, N.; Coenen, T.; Agrawal, H,;
Garnett, E. C.,; Polman, A. Spatial Resolution of Coherent
Cathodoluminescence Super-Resolution Microscopy. ACS Photonics
2019, 6 (4), 1067—1072.

(15) Brenny, B. J. M.; Polman, A,; De Abajo, F. J. G. Femtosecond
Plasmon and Photon Wave Packets Excited by a High-Energy
Electron on a Metal or Dielectric Surface. Phys. Rev. B 2016, 94 (15),
No. 155412.

(16) de Abajo, F. J. G. Optical Excitations in Electron Microscopy.
Rev. Mod. Phys. 2010, 82 (1), 209—275.

(17) Nelayah, J.; Kociak, M.; Stéphan, O.; De Abajo, F. J. G.; Tencé,
M.; Henrard, L.; Taverna, D.; Pastoriza-Santos, I; Liz-Marzan, L. M;
Colliex, C. Mapping Surface Plasmons on a Single Metallic
Nanoparticle. Nat. Phys. 2007, 3 (5), 348—353.

(18) Yamamoto, N.; Araya, K; de Abajo, F. J. G. Photon Emission
from Silver Particles Induced by a High-Energy Electron Beam. Phys.
Rev. B 2001, 64 (20), No. 205419.

(19) Matsukata, T.; Matthaiakakis, N.; Yano, T. A,; Hada, M,
Tanaka, T.; Yamamoto, N.; Sannomiya, T. Selection and Visualization
of Degenerate Magnetic and Electric Multipoles up to Radial Higher
Orders by Cathodoluminescence. ACS Photonics 2019, 6 (9), 2320—
2326.

(20) Fiedler, S.; Stamatopoulou, P. E.; Assadillayev, A.; Wolff, C.;
Sugimoto, H.; Fujii, M.; Mortensen, N. A,; Raza, S.; Tserkezis, C.
Disentangling Cathodoluminescence Spectra in Nanophotonics:
Particle Eigenmodes vs Transition Radiation. Nano Lett. 2022, 22
(6), 2320—2327.

(21) Akerboom, E.; Di Giulio, V.; Schilder, N. J.; de Abajo, F. J. G;
Polman, A. Free Electron-Plasmon Coupling Strength and Near-Field
Retrieval through Electron Energy-Dependent Cathodoluminescence
Spectroscopy. ACS Nano 2024, 18 (21), 13560—13567.

(22) Asenjo-Garcia, A.; De Abajo, F. J. G. Plasmon Electron Energy-
Gain Spectroscopy. New J. Phys. 2013, 15, No. 103021.

(23) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light
by Small Particles; John Wiley & Sons, 2008.

(24) Green, M. A,; Keevers, M. J. Optical Properties of Intrinsic
Silicon at 300 K. Prog. Photovoltaics 1995, 3, 189—192.

(25) Stamatopoulou, P. E.; Zhao, W.; Echarri, A. R.; Mortensen, N.
A.; Busch, K; Tserkezis, C.; Wolff, C. Electron Beams Traversing
Spherical Nanoparticles: Analytic and Numerical Treatment. Phys.
Rev. Res. 2024, 6 (1), No. 013239.

(26) Sugimoto, H.; Okazaki, T.; Fujii, M. Mie Resonator Color Inks
of Monodispersed and Perfectly Spherical Crystalline Silicon
Nanoparticles. Adv. Opt. Mater. 2020, 8 (12), No. 2000033,
DOI: 10.1002/adom.202000033.

(27) van de Groep, J.; Polman, A. Designing Dielectric Resonators
on Substrates: Combining Magnetic and Electric Resonances. Opt.
Express 2013, 21 (22), 26285—26302.

(28) Tizei, L. H. G,; Lourengo-Martins, H.; Das, P.; Woo, S. Y;
Scarabelli, L.; Hanske, C.; Liz-Marzidn, L. M.; Watanabe, K;
Taniguchi, T.; Kociak, M. Monolayer and Thin h -BN as Substrates
for Electron Spectro-Microscopy Analysis of Plasmonic Nanoparticles.

https://doi.org/10.1021/acsphotonics.5c00173
ACS Photonics XXXX, XXX, XXX—XXX


https://orcid.org/0000-0002-1520-0940
https://orcid.org/0000-0002-1520-0940
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minoru+Fujii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saskia+Fiedler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7753-0814
https://orcid.org/0000-0002-7753-0814
https://pubs.acs.org/doi/10.1021/acsphotonics.5c00173?ref=pdf
https://doi.org/10.1126/science.1261243
https://doi.org/10.1126/science.1261243
https://doi.org/10.1038/lsa.2016.80
https://doi.org/10.1021/nl201839g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl201839g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3056862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3056862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1126/science.aag2472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202100112
https://doi.org/10.1103/PhysRevB.82.045404
https://doi.org/10.1364/JOSA.73.000765
https://doi.org/10.1364/JOSA.73.000765
https://doi.org/10.1038/s41563-019-0409-1
https://doi.org/10.1038/s41563-019-0409-1
https://doi.org/10.1063/1.4985767
https://doi.org/10.1063/1.4985767
https://doi.org/10.1021/acsphotonics.9b00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.94.155412
https://doi.org/10.1103/PhysRevB.94.155412
https://doi.org/10.1103/PhysRevB.94.155412
https://doi.org/10.1103/RevModPhys.82.209
https://doi.org/10.1038/nphys575
https://doi.org/10.1038/nphys575
https://doi.org/10.1103/PhysRevB.64.205419
https://doi.org/10.1103/PhysRevB.64.205419
https://doi.org/10.1021/acsphotonics.9b00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c12972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c12972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c12972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1367-2630/15/10/103021
https://doi.org/10.1088/1367-2630/15/10/103021
https://doi.org/10.1002/pip.4670030303
https://doi.org/10.1002/pip.4670030303
https://doi.org/10.1103/PhysRevResearch.6.013239
https://doi.org/10.1103/PhysRevResearch.6.013239
https://doi.org/10.1002/adom.202000033
https://doi.org/10.1002/adom.202000033
https://doi.org/10.1002/adom.202000033
https://doi.org/10.1002/adom.202000033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.21.026285
https://doi.org/10.1364/OE.21.026285
https://doi.org/10.1063/1.5054751
https://doi.org/10.1063/1.5054751
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics pubs.acs.org/journal/apchd5

Appl. Phys. Lett. 2018, 113 (23), No. 231108, DOIL 10.1063/
1.5054751.

(29) Thollar, Z.; Wadell, C.; Matsukata, T.; Yamamoto, N.;
Sannomiya, T. Three-Dimensional Multipole Rotation in Spherical
Silver Nanoparticles Observed by Cathodoluminescence. ACS
Photonics 2018, 5 (7), 2555—2560.

(30) Qin, F.; Zhang, Z.; Zheng, K; Xu, Y.; Fu, S.; Wang, Y.; Qin, Y.
Transverse Kerker Effect for Dipole Sources. Phys. Rev. Lett. 2022,
128 (19), No. 193901.

(31) Matsukata, T.; Wadell, C.; Matthaiakakis, N.; Yamamoto, N.;
Sannomiya, T. Selected Mode Mixing and Interference Visualized
within a Single Optical Nanoantenna. ACS Photonics 2018, S (12),
4986—4992.

(32) Coenen, T.; Vesseur, E. J. R; Polman, A. Angle-Resolved
Cathodoluminescence Spectroscopy. Appl. Phys. Lett. 2011, 99 (14),
2009-2012.

https://doi.org/10.1021/acsphotonics.5c00173
ACS Photonics XXXX, XXX, XXX—XXX


https://doi.org/10.1063/1.5054751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5054751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b01293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b01293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.128.193901
https://doi.org/10.1021/acsphotonics.8b01231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3644985
https://doi.org/10.1063/1.3644985
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c00173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

