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ABSTRACT: Plasmonic multinanoparticle systems exhibit
collective electric and magnetic resonances that are
fundamental for the development of state-of-the-art optical
nanoantennas, metamaterials, and surface-enhanced spec-
troscopy substrates. While electric dipolar modes have been
investigated in both the classical and quantum realm, little
attention has been given to magnetic and other “dark”
modes at the smallest dimensions. Here, we study the
collective electric, magnetic, and dark modes of colloidally
synthesized silver nanosphere trimers with varying inter-
particle separation using scanning transmission electron
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microscopy (STEM) and electron energy-loss spectroscopy (EELS). This technique enables direct visualization and
spatially selective excitation of individual trimers, as well as manipulation of the interparticle distance into the
subnanometer regime with the electron beam. Our experiments reveal that bonding electric and magnetic modes are
significantly impacted by quantum effects, exhibiting a relative blueshift and reduced EELS amplitude compared to classical
predictions. In contrast, the trimer’s electric dark mode is not affected by quantum tunneling for even Angstrom-scale
interparticle separations. We employ a quantum-corrected model to simulate the effect of electron tunneling in the trimer
which shows excellent agreement with experimental results. This understanding of classical and quantum-influenced
hybridized modes may impact the development of future quantum plasmonic materials and devices, including Fano-like

molecular sensors and quantum metamaterials.
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oble metal nanoparticles have attracted substantial

interest in recent years owing to their ability to

support localized surface plasmon resonances (collec-
tive oscillations of conduction electrons). These plasmonic
excitations allow manipulation of light at the nanoscale and
have enabled technological advances ranging from improved
catalytic and photovoltaic cell efficiencies' > to sensitive
molecular detectors,[‘_6 medical therapeutics,7‘8 nanoscale
lasers,” spasers,lo and modulators."*

While most plasmonic systems have been designed using a
classical electrodynamic framework, several recent studies have
shown that quantum effects can significantly modify the
electromagnetic response.'”~>' For example, quantum phe-
nomena such as tunneling and size-dependent confinement
effects have been observed, leading to relative blueshifts and
resonance quenching,'>'*7"¢

as well as the emergence of new
. 1
tunneling modes.

These results not only provide an
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important design consideration for optical nanoanten-
1922-24 25
nas, but may also enable ultrafine sensors
. 17
molecular electronic devices.

and new

To date, nearly all studies of quantum plasmonic systems
have focused on electric dipolar modes, as are excited in one or
two particle systems. Nevertheless, higher-order modes such as
magnetic and dark modes are also of paramount importance in
plasmonic materials and devices. For example, optical-
frequency magnetic resonances have been shown to improve
the sensitivity of circular dichroism spectroscopy” >’
enable tunable permeabilities for novel metamaterials.
Dark modes (plasmonic resonances that cannot be directly
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Figure 1. Aberration-corrected TEM images of a silver nanosphere trimer with particles converging and coalescing under the influence of the
electron beam. The particles are 25 nm in diameter and supported on an 8 nm-thick SiO, membrane substrate. The electron beam induces
particle convergence from a separation of 1 nm (a) down through subnanometer gaps (b) until particle contact (c) and ultimate

recrystallization into a single entity (d). Scale bars equal 10 nm.
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Figure 2. Classical-regime experimental and simulated trimer spectra with field maps for three electron beam excitation positions. Trimers
with vertex (a—c), edge (d—f), and center (g—i) excitations (beam position indicated with red X’s) are depicted with their experimental
STEM-EELS (a, d, and g) and BEM simulation spectra (b, e, and h). The nature of the resonance peak modes is identified with classical BEM
field maps and arrows depicting a time snapshot of field direction (c, f, and i). The prominent resonances include electric bonding (blue
circle), magnetic (purple square), higher-order modes (green triangle), and dark modes (gold pentagon). All scale bars equal 10 nm.

excited by paraxial light owing to their lack of a net dipole
moment) are also of interest in the development of
ultrasensitive molecular detectors.””** The influence of
quantum effects on these modes remains unexplored, largely
due to the challenges associated with fabricating subnanometer
features in complex nanoparticle geometries.”>°

In this article, we investigate electric, magnetic, and dark
plasmonic modes as they transition from the classical to
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quantum regime. We focus our study on nanoparticle trimers as
one of the most basic plasmonic metamolecules supporting a
rich variety of resonances of different fundamental charac-
ter.>>?>"=* To access the quantum regime, we use a
combination of scanning transmission electron microscopy
(STEM) and electron energy-loss spectroscopy (EELS). The
focused electron beam is used both to image and manipulate
the interparticle separation of self-assembled trimers. Con-
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currently, EELS allows direct probing of the plasmonic
response. By correlating plasmonic spectra with trimer
geometry, we discover prominent quantum influences on the
electric and magnetic modes of trimers at the smallest
separation distances but purely classical behavior for the
radially symmetric dark mode.

RESULTS AND DISCUSSION

Silver nanospheres are chosen as the constituents of the trimer
owing to their strong electric polarizability and capacity to
strongly couple. These properties enable the formation of
distinct modes with relatively narrow spectral line widths. While
smaller particles are more responsive to electron beam
manipulation,”’ the nanospheres must also be sufficiently
large to exhibit a detectable plasmonic magnetic mode EELS
signal. Consequently, 25 nm-diameter particles are selected for
this study and synthesized according to a previously reported**
colloidal chemistry procedure.

The cleaned, concentrated and filtered nanoparticle solution
is dropcast on 8 nm thick SiO, TEM membranes for analysis.
During the process, particles self-assemble on the surface into
multimer clusters with varying number of nanosphere
constituents, including the equilateral triangle trimers that are
the focus of this study.

The nanosphere trimers are imaged and characterized
through STEM-EELS, which has the advantages of allowing
direct visualization of the individual nanostructures and
enabling the selective excitation of plasmonic modes through
the placement of the electron beam.'”**** For the purpose of
this study, we employ a spherical aberration (Cs) image-
corrected FEI Titan TEM with an imaging resolution of 0.07
nm in 300 kV TEM mode. STEM-EELS is performed in 80 kV
mode to increase the nanoparticle scattering cross section and
improve the spectral energy resolution to 0.1 eV when
combined with a monochromator. The focused probe has a
spatial resolution of 0.5 nm.

The focused electron beam can be used to induce particle
motion, allowing dynamic modification of the interparticle
separation. This phenomenon is likely a combination of
Coulombic attraction and surface diffusion; the electron beam
can induce polarization of the particles into aligned, attractive
dipoles*"** as well as facilitate the diffusive movement of the
nanoparticles’ surface atoms.”*™*’ The electron-beam-induced
merging phenomenon is illustrated in Figure 1, where a series
of silver nanosphere trimer TEM images depict decreasing
interparticle separation distances. Initially, the 25 nm-diameter
spheres self-assemble into an equilateral triangle trimer with
gap sizes of ~1 nm (Figure 1a). After interaction with a focused
electron beam, the particles proceed to converge and achieve
Angstrom-scale separations (Figure 1b). Upon further
coalescence, physical connections are established (Figure 1c),
which ultimately broaden and recrystallize to create fully
merged aggregates (Figure 1d). This final form remains
relatively stable and is no longer substantially affected by the
electron beam.

Before exploring the modal evolution as the particles
coalesce, a baseline understanding of the trimer’s plasmonic
response to electron excitation is needed for the classical
regime (>0.5 nm gap sizes). As previous EELS work on
multimers has been limited,”* > we performed fully rigorous
three-dimensional Boundary Element Method (BEM) simu-
lations™™° (see Methods) to determine which relative electron
beam positions would most clearly reveal the trimer’s
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fundamental resonant modes. These classical electrodynamic
calculations indicate that electric bonding, magnetic, and dark
modes can be excited and detected with the focused beam at
the trimer vertex, edge, and center, respectively. These
locations are illustrated in Figure 2 along with the experimental
and simulated spectral response.

The experimental data in Figure 2 depict the aligned and
summed spectra from >800 EELS collections, each lasting 10
ms. As a first example of trimer excitation, the vertex position
STEM-EELS experimental data is depicted in Figure 2a. The
plot features two primary resonance peaks at 2.6 eV (blue
circle) and 3.5 eV (green triangle), showing excellent
agreement with the simulations of Figure 2b. Note that the
SiO, substrate used in the experiment causes the resonances to
redshift compared to the simulations, which are performed in
vacuum. Further, since our theoretical simulations assume a
perfectly monochromated electron beam, while the exper-
imental spectra have a small, ~0.1 eV energy spread in the
incident electrons, the experimental spectra show broader
resonances than the theory.

To discern the specific nature of the observed plasmonic
resonances, simulated field maps are generated for energies
corresponding to the spectral peaks. The field maps are
accompanied by arrows depicting the direction of the electric
field at a given time snapshot. All of the arrows are normalized
to have the same length in three dimensions; accordingly,
smaller arrows indicate the presence of out-of-plane field
components. As seen in Figure 2c¢, the lower energy resonance
of Figure 2b can primarily be attributed to the electric bonding
mode in which the field directions exhibit a dominant vertical
component. This field geometry indicates a strong dipole
couplin§ similar to the bonding dipolar plasmon resonance of
dimers." The two higher energy peaks (>3.4 eV) in the
simulation correspond to a more complex combination of
higher-order modes, as illustrated in Supporting Information
Figure 1.

A second trimer system with edge excitation is presented in
Figure 2d. As with the vertex excitation of Figure 2a, electric
bonding (blue circle) and higher-order modes (green triangle)
are observed, but unlike the vertex excitation, a third, weaker
resonance at lower energy (purple square) emerges. This
feature, appearing as a shoulder to the electric bonding mode,
again shows good correspondence to the idealized theoretical
simulations (Figure 2e) that indicate a lower intensity third
peak. According to simulated field maps at this energy (Figure
2f), this resonance corresponds to a magnetic mode associated
with circulating displacement currents across the three-particle
loop.

In Figure 2g, the third excitation position at the trimer’s
center reveals a unique STEM-EELS resonance profile
containing a primary, intense peak at 3.5 eV (gold pentagon).
With close correspondence to the classical theoretical
simulation (Figure 2h), this resonance indicates the presence
of an in-plane, radially symmetric dark mode in which all
induced dipoles are directed toward the center (Figure 2i). As
the polarization of the individual particles in the trimer create
zero net dipole moment, this mode is not excitable with
paraxial light.*> It can, however, be accessed by judicious
placement of the electron beam.

With this understanding of the classical trimer modes and
excitation locations, we can now decrease the gap sizes into the
subnanometer size regime by using the focused electron beam.
Concurrently, we can collect EELS data on the modal evolution
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Figure 3. Spectral series comparing the plasmonic mode evolution in experimental EELS, classical theory, and quantum-corrected model
(QCM) simulations as the particles merge (a—c). The spectra are accompanied by classical theoretical NF maps for the most relevant post
merging modes (d—f). The trimer is excited with the electron beam in the edge position (red X’s < 1 nm from the top particle) and proceeds
to merge at the two top junctions. Experimental EELS data is systematically collected as the two junctions’ gap sizes decrease and the
prominent resonant modes are monitored, including magnetic (purple square), electric bonding (blue circle), higher-order modes (green
triangle), electric charge transfer (orange rhombus) and magnetic charge transfer (brown hexagon). While all three spectral sets agree for
merging separations >0.4 and <0 nm, only the QCM theory predicts the experimental trends at the smallest gaps. Further experimental and

simulation details can be found in Methods.

while the trimer dimensions are altered. Our observations,
described below, indicate the emergence of nonclassical
plasmonic behavior for a select set of trimer modes, while
others maintain purely classical behavior.

An example isosceles trimer merging and modal evolution
sequence is depicted in Figure 3a. Starting with the trimer from
Figure 2d, the electron beam is directed at the edge excitation
location, causing the trimer to transform from three separated
nanospheres (bottom) to a single merged entity with two
physical junctions. This combination of excitation position and
merging configuration supports both electric and magnetic
modes before and after physical particle contact. In particular,
experimental spectra show three peaks at 2.4 eV (purple
square), 2.8 eV (blue circle), and 3.5 eV (green triangle) for
~0.5 nm separations that evolve into two resonances as the
lowest energy peak diminishes prior to particle contact. Then,
as a physical connection forms, new, lower-energy resonances
appear, including a strong peak initially at 1.5 eV (orange
rhombus) that proceeds to blueshift during merging, as well as
the emergence of a weaker peak at ~1 eV (brown hexagon).

To understand the nature of the evolving plasmonic modes,
we first compare our results to classical simulations, shown in
Figure 3b. According to classical predictions, as the top two
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merging junctions’ interparticle distances decrease from 0.5 to
0.1 nm, the trimer’s magnetic mode (purple square) should
continue to shift to lower energies and intensify, while the
electric bonding mode (blue circle) should also redshift.
Meanwhile, the dominant higher-order resonances at 3.5 eV
should remain at constant energy throughout the merging
process.

Once the particles touch (separation distances <0 nm),
classical simulations predict that the bonding electric and
magnetic modes disappear. Simultaneously, new modes
emerge, as electrons can freely move between particles through
a physical connection. At the lowest energies (~1 eV), a new
magnetic charge transfer plasmon (mCTP) mode appears
(brown hexagon) with circulating displacement currents but
only one interparticle gap instead of the original three (Figure
3d). An electric charge transfer plasmon (CTP)*® mode also
emerges and intensifies at ~2 eV (orange rhombus), indicating
that electrons can freely move between the particles through a
physical connection, as seen in Figure 3e. As the nanospheres
continue to merge (with negative separation distances), this
electric CTP mode becomes stronger and blueshifts. Finally,
the higher-order gap modes evolve into higher-order electric
CTP modes (Figure 3f), which also have resonance frequencies
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that remain unaltered at 3.5 eV (green triangle). For a detailed
description of the modal evolution in the classical regime see
Supporting Information Figure 2.

When panels a and b in Figure 3 are compared, it can be seen
that the classical simulations display close correspondence with
experimental EELS data for separation distances >0.4 and <0
nm. Both sets initially display the three primary resonances—
magnetic, electric bonding, and higher-order—with the first
two showing a slight redshift as the separation distance
decreases. After contact, both simulation and experiment
indicate the emergence of new electric CTP and mCTP
modes at low energies.

For gap sizes between 0 and 0.4 nm, however, notable
differences become apparent. In particular, the magnetic and
electric bonding modes in the experimental data do not
continue to redshift, as classical predictions would suggest.
Instead, the magnetic mode becomes quenched, making it no
longer visible at the smallest distances. The electric bonding
mode also dampens and the resonance appears to blueshift
prior to the particles coming into contact.

To understand this divergent behavior at Angstrom-length
scales, a quantum model becomes necessary. Previously, ab
initio density functional theory models have provided a good
point of comparison for dimer systems.'”*”*® These models,
however, have been computationally limited to relatively small
systems, such as two 4 nm diameter Na spheres with ~2000
conduction electrons.”” To model the trimer composed of 25
nm-diameter silver particles in this study, over 1 million
conduction electrons would need to be simulated.

Therefore, we apply a recently developed quantum-modified
electrodynamic approach called the quantum-corrected model
(QCM)."® This strategy incorporates a quantum-modified
treatment of the interparticle gap region conductivity in a
classical simulation, accounting for the electron tunneling
current between particles at optical frequencies. As tunneling
probability is dependent on gap size, the interparticle junction
is discretized into cylindric shells corresponding to different
separation lengths and modeled with appropriate electron
conductivities (d,). These, in turn, are used to calculate the
permittivities of the gaps (¢,).

The QCM has been benchmarked against Time-Dependent
Density Functional Theory (TDDFT) calculations, indicating
that it accurately describes the physics of the high frequency
tunneling conductivity in small dimer systems. Moreover, it has
been used to predict the behavior of larger, two-particle
plasmonic systems.'>'® Here, the QCM is employed to study
the more complex nature of merging trimers™ (additional
details can be found in Methods).

At interparticle separations >0.4 and <0 nm, QCM
simulations show close correspondence to both classical
prediction trends and experimental data. Within the smallest
gap region, however, it diverges from the classical model and
follows a similar spectral evolution as the experimental STEM-
EELS collections. As was observed in the experimental spectra,
the magnetic and electric bonding resonances do not continue
to redshift. Instead, the magnetic mode becomes quenched and
the electric bonding resonance dampens and transforms into a
higher-order charge transfer plasmon mode, which blueshifts
prior to the particles touching. Similar electric mode
phenomena have been predicted for dimers in the quantum
regime."” Finally, the QCM simulations predict that the low-
energy electric CTP emerges at +0.1 nm, before the particles
physically come into contact. This feature has been reported in
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dimers'” and is generated when the quantum tunneling
probability is sufficiently high to facilitate interparticle
conductivity.’® This QCM prediction agrees well with the
appearance of the CTP mode at lower energies in the
experimental data.

To better illustrate the evolution of the magnetic and electric
resonances at these Angstrém-scale separation distances, Figure
4 shows the distribution of electric and magnetic field
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Figure 4. Electric and magnetic simulated field maps before and
after the onset of quantum tunneling. Quantum-corrected model
simulations of 25 nm-diameter silver nanosphere trimers with edge
excitation (red X’s) are generated at 0.4 nm gap distances (a and
b), outside the quantum regime, and at 0.3 nm gap distances (c and
d), where quantum tunneling is substantially stronger. As indicated
by the electric field direction arrows, the magnetic mode is
displayed at left (a and c), while the electric bonding mode is
shown at right (b and d). The insets in b and d display a zoomed
view of the electric fields in the gap regions. The quantum effects at
the smaller separation distances result in a significant decrease in
the magnetic and electric field amplitude for their corresponding
modes. All scale bars equal 10 nm.

amplitudes and electric field directions for the relevant modes
as the gap sizes diminish. The first column plots the magnetic
field amplitude of the premerge magnetic mode, while the
second column shows the electric field amplitude of the electric
bonding mode. Rows 1 and 2 correspond to separation
distances of 0.4 and 0.3 nm, before and after reaching the
quantum tunneling threshold, respectively.

For d = 0.4 nm (Figure 4a,b), quantum tunneling still does
not substantially impact the response of the system, and both
electric and magnetic modes present the expected classical
bonding behavior. The magnetic mode (Figure 4a) generates a
strong magnetic field at the center of the system as a result of
the circulating displacement currents across the three particle
loop. The electric dipole mode instead presents intense electric
fields at the particle gaps as a result of the strong coupling
between the modes of the individual particles.

In contrast, the d = 0.3 nm separation distance (Figure 4c,d)
is sufficiently small to allow a high-frequency tunneling current
between the particles to be established. To use a circuit model
analogy, at this threshold, the gap impedance acquires an
increasingly resistive character (from the electron tunneling).
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Further, the capacitive bonding nature of the modes loses
strength, resulting in the damping and quenching of the
bonding electric and magnetic modes. Consequently, the
magnetic field amplitude map (Figure 4c) indicates a
substantial drop in the magnetic field concentration at the
center of the particle loop, and the electric fields in the
interparticle gaps are similarly reduced (Figure 4d).

While the magnetic mode and the bonding electric mode
display distinct nonclassical behavior, other plasmonic modes
are not equally affected by quantum phenomena in the sub-nm
regime. This contrast is seen when a trimer is excited through
the center gap and the three particles symmetrically merge (all
connections occurring simultaneously). The dark mode
resonance, as seen in Figure Sa, initially occurs at 3.5 eV with
0.5 nm gap size and remains constant throughout the entire
particle convergence.
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Figure S. Spectral series comparing experimental EELS and
classical simulations for a merging trimer with center excitation.
The beam positions are indicated by red X’s. Both experimental (a)
and classical simulations (b) indicate a dominant peak that remains
at a consistent energy throughout the merging process. All scale
bars equal 10 nm.

Classical simulations (Figure Sb) are performed for
comparison with experiment. Both reveal virtually identical
resonance energy trends with separation distance, as the dark
gap mode evolves into a dark merged trimer mode with similar
field orientation (see Supporting Information Figure 3). This
similarity between experimental data and classical simulations
indicates that quantum effects do not influence the dark mode
resonance behavior, even at the smallest interparticle
dimensions.

Why does the dark mode behavior remain consistent
between experiment and classical theory while the magnetic
and bonding electric gap modes show substantial differences?
This discrepancy is likely caused by the orientation of electric
fields and charge distribution at the junctions; in the magnetic
and electric bonding modes, charges with opposite polarity are
induced at the interparticle interfaces, creating a strong local
field through the gap and further facilitating electron tunneling
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between the nanospheres. The radially symmetric dark mode,
in contrast, has identical charge polarity at the junctions,
reducing the electric field and hindering electron transport
between particles. For this distribution of induced charges,
applying the quantum corrected model to the interparticle
regions yields a gap permittivity equal to that of vacuum.
Consequently, no tunneling occurs and the dark mode spectral
evolution is identical to the trends determined through classical
simulations. Note that this result should also be applicable to
other dark modes of metamolecule assemblies, including the
antibonding longitudinal modes of nanoparticle dimers.

CONCLUSIONS

To summarize, we have employed STEM-EELS for sub-
nanometer imaging, selective excitation of hybridized multimer
modes, spectral analysis, and electron-beam manipulation of
nanoparticles. Further, we theoretically analyzed the response
of the system through quantum-corrected model simulations.
Combined, these methods allow us to explore fundamental
trimer modes and their progression for interparticle gap sizes in
the subnanometer regime. Plasmonic mode evolution during
merging reveals that classical electrodynamics correctly captures
the behavior of certain cases (eg, radially symmetric dark
mode), but is insufficient for others (i.e., electric bonding and
magnetic modes) in which quantum phenomena appear. These
spectral features, including resonance quenching and relative
blueshifting, provide strong indication of electron tunneling
between particles. Consideration of quantum features will play
an important role in the design of future multiparticle
metamolecules with sub-nm gaps and support new interdisci-
plinary exploration bridging molecular electronics, nonlinear
optics, and plasmonics.

METHODS

Chemicals and Synthesis. Silver nanospheres are synthesized
with citrate ligands according to previously described methods.** In
brief, silver nitrate (>99% Alfa Aesar) is reduced in water by a
combination of trisodium citrate (MP Biomedicals) and tannic acid
(J.T. Baker), the quantity of the latter controlling the particle size. In
this experiment, a 40 mL aqueous solution of 0.74 mM AgNO; is
heated to 60 °C under constant stirring. A 10 mL aqueous solution of
6.8 mM citrate and 6 yM tannic acid is then rapidly added. Both
solutions are prepared with Milli-Q deionized water (18 MQ cm™).
After 3 min, the combined mixture is further heated to a vigorous boil
for 20 min before finally being allowed to cool to room temperature.

To remove excess citrate and unreacted metal salts in solution, the
nanospheres are centrifuged at 8000 rpm for 10 min and the
concentrated pellet is filtered with a 0.2 ym pore filter (Pall Corp.).
This results in limiting the nanosphere size distribution to 25 + 2 nm.

The particles in the concentrated and filtered solution are then
dropcast onto a 8 nm-thick SiO, transmission electron microscope
(TEM) membrane (Ted Pella, Inc.), which provides a smooth, inert
surface for extended particle observation and electron-beam-induced
motion, while also being sufficiently thin to minimize background and
signal attenuation. Before deposition, the substrate is plasma cleaned
to remove organic contamination and render the membrane more
hydrophilic to aid in particle attachment. Once dropcast, the sample
solution is allowed to dry on the membrane, and during the process
the particles self-assemble into multimer clusters composed of varying
number of nanospheres. Included among these particle clusters are the
equilateral triangle trimers that are the focus of this study. The trimer
particles are separated internally by ~1 nm gaps owing to the citrate
ligands on the surfaces. The coverage of the citrate is nevertheless
sufficiently sparse that particles were capable of coalescing when
induced to move under the electron beam and do not demonstrate any
carbon contamination during exposure.
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Electron Microscopy. An FEI Titan 80—300 environmental
(scanning) TEM is operated at 300 kV for highest, aberration-
corrected TEM imaging resolution (0.07 nm). Scanning TEM
(STEM) and electron energy-loss spectroscopy (EELS) operation,
however, use 80 kV excitation, as it increases the particles’ scattering
cross-section and enables, with the aid of a monochromator, a spectral
resolution of 0.1 eV, based on the full width at half-maximum of the
zero-loss peak (ZLP). A Gatan 966 Quantum spectrometer is used
with an energy dispersion of 0.01 eV per channel. A 50 ym C3
aperture, camera length of 48 mm, and a spectrometer entrance
aperture of 2.5 mm are used, resulting in a convergence semiangle of
8.7 mrad and a collection semiangle of 20.2 mrad. The spatial imaging
resolution with the focused STEM probe is 0.5 nm.

EELS data is collected by focusing the STEM beam at either 1 nm
from the top trimer particle (top edge for “vertex” excitation, right
edge for “edge” excitation) or at the center of the gap between the
three nanoparticles. These relative locations are demonstrated in
Figure 2. Generally, 1600 acquisitions, each lasting 10 ms, are collected
between STEM images; the short time durations of the individual
acquisitions are necessary to prevent the saturation of the CCD
detector by the dominant ZLP.

Particle coalescence is caused by the energy and electric fields of the
electron beam during spectral acquisition. Since the surface ligand
coverage of the nanospheres is reduced through the aforementioned
cleaning procedures, the particles could merge through a combination
of electron-beam-facilitated surface diffusion**™*’ and an induced
dipole—dipole coupling caused by the passing electrons’ electric
field.*"** To maximize particle movement during spectral acquisition
while minimizing perturbation during imaging, the current of the beam
is modulated between 250 pA for the former and S0 pA for the latter.

To generate the experimental series during trimer particle merging
in Figure 3, continuous recordings of EELS data are collected between
the acquisitions of the four STEM images. During those interval
periods, the plasmonic response of the system slowly evolves, so the
data is subdivided into sections of >500 acquisitions which exhibit
relative consistency in resonance energies. These aligned and summed
spectral subdivisions are presented as the seven spectra in Figure 3a.

Boundary Element Method Simulations. The experimental
data of this study is compared to numerical calculations using the
Boundary Element Method.’*** In particular, we used the Metallic
Nanoparticle Boundary Element Method MATLAB toolbox.>® In our
study, a three-dimensional implementation and electron beam
excitation source are used, allowing a fully rigorous simulation of the
nanoparticle system geometry. Silver nanospheres (25 nm-diameter)
with empirical bulk dielectric functions® are used as the trimer
components and the electron beam is placed to match the
experimental methods.

The particles are simulated in free space (& 1) to reduce
computational complexity, but in so doing, ignore the influence of the
SiO, substrate. As a result, isolated 25 nm silver spheres resonate at 3.5
€V rather than the 3.35 eV observed experimentally. Heuristically, this
0.15 eV difference can be accounted for through the use of an effective
medium of & = 1.3, which is the weighted average of the permittivity of
surrounding vacuum (& = 1) and that of the membrane (¢ = 2.1) using
a 2-to-1 ratio.’’

For the edge excitation, BEM classical simulations model the trimer
from an interparticle gap size of +0.5 nm down to particle contact at 0
nm assuming that the particles approach each other in an isosceles-like
configuration; the separation distance between the two lower particles
is kept constant at 0.5 nm while the other two interparticle gaps sizes
are reduced. After a physical connection is formed, the nanospheres
are assumed to directly overlap with negative separation distances. A
tangent toroidal surface (inner radius = 0.5 nm) is applied to reduce
the sharpness of this contact and ease the convergence of the
calculations. This approach has been used in previous studies to
simplify particle merging evolution'*®*

For the center excitation (Figure S and Supplemental Information
Figure 3), the three particles are assumed to converge equilaterally.
After the physical contact, the three nanospheres are modeled to
directly overlap with negative separation distances. As in the previous
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case, a tangent surface has been used to avoid singularities and
facilitate the convergence of the calculations.

The Quantum-Corrected Model (QCM) simulations were
employed using the approach introduced in ref 15. The QCM defines
an effective material to be inserted in the gap, characterized by a
frequency-dependent classical conductivity ¢, (or equivalently,
permittivity &,) chosen to mimic the charge transfer from quantum
tunneling. o, is initially calculated for low energies and then properly
extended to high frequencies, in good agreement with the results of
TDDEFT calculations. The effective conductivity o, varies exponentially
as a function of the local distance between each pair of opposing
points across the gap, as described in detail in ref 63. Once ¢, has been
defined, the optical response of the whole system is obtained with the
BEM. As the simulation solves Maxwell's equations based on a
distribution of surface charges and currents rather than using spatially
inhomogeneous volumes, we consider several shells with a particular o,
corresponding to a local separation distance. The shells extend only
through the region where the local distance is smaller than 0.5 nm, as
the tunneling substantially diminishes for larger separations. We
verified that three shells are sufficient to obtain converged results of
the EELS spectra and the NF maps. In the QCM simulations, no
tangent surface is required after contact in order to converge the
calculations, as the presence of the distance-dependent effective
medium avoids discontinuities. For overlapping particles, the negative
interparticle separation distance is defined in classical calculations as
the length between the center of the particles minus the sum of the
adjacent two particles’ radii. The QCM negative separation distances
are equivalent to those of the classical model when the area of the
particle contact junction necks are the same.
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