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In this work, we present a theoretical and experimental electron energy-loss spectroscopy
(EELS) study on gold nanosphere dimers with inter-particle distance d varying from ten
nanometers to a few angstroms. Injecting an electron beam at the edge and the gap of the
dimers excites their longitudinal bonding dipolar mode (BDM) and antibonding dipolar mode
(ADM), respectively. Together with comprehensive EELS calculations within the frameworks
of a local classical model, a nonlocal hydrodynamic model, and a quantum corrected model,
we reveal that the spatial nonlocality and quantum tunneling phenomena have distinctively
different effects on the plasmonic properties of BDM and ADM, such as resonant energy shift
and intensity variation. Specifically, the spatial nonlocality effect blue-shifts the BDM energy
and decreases its EELS intensity at d <3 nm, while the quantum tunneling effect induces a
much weaker charge transfer mode (CTM) at d <0.3 nm. However, both effects have no
impact on the ADM energy though they indeed affect its EELS intensity in dramatically
different manners. The experimental EELS spectra at varied gap size measured with a
scanning transmission electron microscopy (STEM) are qualitatively consistent with the
numerical calculations. Our results may contribute to further understanding of quantum

mechanical effects in different kinds of hybridized plasmon modes.

1. Introduction

It is well known that plasmonic nanoparticles made of noble metals such as gold and silver
can interact strongly with the electromagnetic fields at optical frequencies, manifesting as the
excitation of localized surface plasmon resonances (LSPRs).['*! When a LSPR occurs, the
incident light can be strongly confined and enhanced in a deep sub-wavelength region. Such
intriguing optical characteristics of LSPRs enable plasmonic nanostructures to have great
applications in surface-enhanced Raman scattering (SERS),[>”) ultrasensitive sensing,®!*]

[11-13]

plasmon-enhanced harmonic generation, integrated optical circuits,'* ') light harvesting

devices,'!"! unidirectional scattering nanoantennas,*”’ and plasmon enhanced strong light-
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matter interaction,”!! etc. Among a variety of plasmonic structures, nanoparticle dimers,
composed of two closely coupled nanoparticles, are of particular interest and importance in
several aspects. Firstly, plasmonic dimers have a special significance in terms of
understanding the electromagnetic coupling between different plasmon modes. For example,
plasmon hybridization theory was developed from dimers and nowadays has become a
canonical methodology to analyze the plasmon modes of other more sophisticated
nanostructures.!*??8! Secondly, the light confinement and enhancement in the narrow gap
region of dimers are usually much stronger as compared to individual nanoparticles.[>> 3l
Therefore, a lot of photonic effects benefiting from strong local fields can be further
strengthened by plasmonic dimers.[*!-** Thirdly, the strong Coulomb interactions between the
plasmon-induced charges at the metal surfaces near the gap make plasmonic dimers an
excellent candidate for exploring some quantum mechanical effects such as spatial nonlocality
and quantum tunneling.’>*’! Regarding to these optical characteristics and applications of
plasmonic dimers, one may find that the gap between the coupled particles plays a vital role.
Many efforts have been devoted to study how the optical properties of plasmon modes of
dimers depend on the gap size. For example, the scaling of the plasmon resonance wavelength
of dimers with respect to the gap size has been exploited as one kind of nanometrology known
as plasmon rulers.[*> 3!l Nevertheless, when the gap is reduced down to the quantum regime,
the spatial nonlocality and quantum tunneling will ruin this classical ruler equation.[®?

Based on the principle of plasmon hybridization, the LSPRs of a plasmonic dimer can be
categorized to a bonding mode and an antibonding mode depending on their phase relation.[??]
Generally speaking, the bonding and antibonding modes have different responses to an
external field. For example, the longitudinal bonding dipolar mode (BDM) of a homodimer is
considered as a “bright mode”, since it can be readily excited by a far-field source, e.g. a
plane wave. On contrary, the longitudinal antibonding dipolar mode (ADM) is a “dark mode”,

which is completely inert to the plane wave. Therefore, BDM has been more extensively
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studied than ADM by many optical techniques based on far-field measuring tools, for
example, dark-field scattering spectroscopy.*” 3334 In this respect, inspecting optically dark
modes demands sources such as local emitters and electron beams. Electron energy-loss
spectroscopy (EELS) is such a powerful near-field measuring tool which has been frequently
used to study the optically dark modes of plasmonic aggregates including nanoparticle dimers,

trimers, tetramers and so on.>>4

1 Moreover, due to the extremely high spatial resolution (<1
nm), EELS has also been demonstrated as a very effective approach to explore the nonlocal
and quantum tunneling effects in plasmonic assemblies.[*!> 43 46 63671 However, most of these
EELS studies are more concentrated on the bright plasmon modes, e.g. the longitudinal BDM
in dimers,*!> 4> 46 while the nonlocal and quantum tunneling effect in dark plasmon modes are
unexplored. Intuitively, the strong attractive Coulomb interaction of the induced charges
renders quantum effects more conspicuous to be observed in the BDM by tracing the spectral
evolution as gap size varies. Nevertheless, a comprehensive study on the nonlocal and
quantum tunneling effects of dark plasmon modes is still meaningful to facilitate deeply
understanding the quantum mechanical effects in strongly coupled plasmonic nanostructures.
Here we present an EELS study on gold nanosphere homodimers with varied gap size to
explore the quantum effects on the longitudinal BDM (bright mode) and ADM (dark mode).
The longitudinal BDM and ADM of the homodimers are excited respectively when the
electron beam passes by the dimers at their edge and gap center. Firstly, we investigate the
EELS spectra of the dimers by numerical calculations using the local classical model, the
nonlocal hydrodynamic model® 87% and the quantum corrected model (QCM).[**71 By
analyzing the resonant energy and EELS intensity of the two modes as a function of gap size,
we demonstrate that the nonlocal and quantum tunneling effects affect the plasmon properties
of both BDM and ADM in dramatically different manners. For the BDM, the nonlocal effect

comes into play when the gap size is smaller than 3 nm and results in apparent blue shift of

the resonant energy and reduction of the EELS intensity. As the gap size is further decreased
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into the quantum tunneling regime (0.2 ~ 0.3 nm), the BDM gradually disappears, while a
charge transfer mode (CTM) is established by the tunneling current through the gap. For the
ADM, however, neither the nonlocal effect nor the quantum tunneling has influences on its
resonant energy, and only the EELS intensity is slightly different with that of the local
classical model. Experimentally, we prepared the gold dimers whose gap size was precisely
controlled by layer-by-layer assembled polymeric films as spacers between the adjacent
particles. The EELS spectra of the samples and corresponding gap distances were measured
with a scanning transmission electron microscope (STEM). Although the quantitative
comparison between the experimental and numerical results are difficult due to the poor
EELS signal-to-noise ratio and severe spectral broadening, the measured EELS spectra still

show good agreement with the numerical results in several important aspects.

2. Result and Discussion
We begin the EELS study on the gold nanosphere dimers with numerical calculations using
the commercial package COMSOL Multiphysics 4.3a (RF model). A two-step process is

adopted to calculate the electron energy-loss probability I'; ; of the dimers. In the first step,

the radiation fields of the electron beam in vacuum are computed by using a line current
source. The electromagnetic field obtained from the first step is then used as the background
field to calculate the EELS spectra of the dimers in the second step (see details in the
Experimental Section).[) Figure 1a sketches the simulation model in three-dimensional view
(top panel) and two-dimensional cross-sectional view (bottom panel). For simplicity, in the
simulations the dimers are composed of two equivalent gold nanospheres and assumed to be
free standing in air. The diameter of the gold spheres is fixed as D =50 nm and the face-to-
face inter-particle distance, i.e. the size of the gap between them is denoted as d . To study the
longitudinal modes only, the dimers are excited by an aloof electron beam passing

perpendicularly ( z -direction) with respect to the dimer axis at two different positions as
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represented by the red and blue arrows in Figure 1a. One position is the center of the gap and
the other one is at 2 nm away from the edge of the dimer. We choose an exemplary dimer
with d =0.5 nm to analyze the excited plasmon modes by the electron beam at the two
positions. Here only the local classical response of the dimer is considered and the quantum
effects will be discussed later. The calculated EELS spectra of the exemplary dimer are shown
in Figure 1b with the red (blue) line corresponding to the electron beam at the edge (center)
of the dimer. Clearly, there are three predominant peaks on the spectra with different resonant
energies and line-widths. To discern these different hybridized plasmon modes, the surface
charge distributions of the dimer at the corresponding resonant peaks are given in the insets of

Figure 1b. It is seen that the mode with the lowest resonant energy w, ~2 eV can be

attributed to a longitudinal BDM characterized by an anti-symmetric dipolar charge
distribution with respect to the vertical central line of the dimer. The charge distribution is not
perfectly anti-symmetric because denser charges are induced at the particle edge which is
closer to the electron beam. Such BDM has a constructive axial dipole moment and thus is an
optical bright mode which can be also excited by an axially polarized plane wave. The second

mode at @, ~2.4¢eV has a similar anti-symmetric charge distribution yet with one more

neutral node, indicating that it is a higher order mode corresponding to a longitudinal bonding
quadrupolar mode (BQM). Different from the edge excitation, when the electron beam is
passing through the center of the gap only one plasmon mode is excited with the highest

resonant energy @, ~2.48 eV. Under such excitation, the overall system including the

electron beam has a perfect mirror symmetry with respect to the vertical axis. As a result, the
excited plasmon mode exhibits a symmetric charge distribution as shown in the inset and can
be attributed to a longitudinal ADM. Apparently, this ADM has a zero net dipole moment and
thus cannot be excited by a plane wave, that is, an optically dark mode. We see from Figure

1b that the bonding and antibonding modes can be independently excited by the electron
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beam either at the edge or center of the dimer. Together with the sub-nanometer spatial
resolution of STEM, the EELS measurement provides us an excellent method to
comparatively investigate the quantum mechanical effects in those hybridized plasmon modes

of the dimer at the truly nanoscale level.
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Figure 1. a) Schematic of a gold nanosphere homodimer and our EELS calculation model.
The color arrows denote the electron beams incident at two different positions. b) Calculated

EELS spectra for a gold nanosphere dimer with d = 0.5 nm under the edge (red) and center
excitation (blue).

We then extend our EELS calculations by incorporating the nonlocal and quantum effects
through combining with a hydrodynamic model and a QCM, respectively. Both effects can be
implemented in a classical electromagnetic simulation (see details in the Experimental
Section).[ 6 711 For the comparison purpose, we firstly consider the edge excitation and

show the corresponding EELS spectra for the dimers with gap size varied from 0.2 nm to 10
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nm in Figure 2a. For each dimer, we calculate its EELS spectrum by the local classical model
(black-solid lines), the nonlocal hydrodynamic model (red-dashed lines), and the QCM (blue-
dash-dotted lines). It is found that at d > 0.5 nm the EELS spectra obtained by the QCM are
exactly the same as the classical results (so the QCM spectra for the dimers with d >1 nm are
not shown here). Figure 2a shows that the spectra of classical, nonlocal, and QCM evolve
differently as the two particles get close to each other. Specifically, the classical EELS spectra
show a single resonance peak when the particles are largely separated (d >1 nm). This EELS
peak corresponds to the longitudinal BDM as we discussed in Figure 1b, except for a much
broader line-width due to the larger loss of gold in the long wavelength regime. The resonant
energy of this longitudinal BDM red-shifts as the gap size decreases, consistent with the
principle of the plasmon hybridization theory.??! As the particles move away from each other,
they become decoupled and finally converge to the case of an individual gold sphere whose
dipolar resonance is at 2.48 eV. For the higher order bonding mode BQM, it appears only at
very small gap distance (d <1nm) and its resonant energy is less sensitive to the gap size. In
the classical framework, the EELS spectra in Figure la will become divergent when the
particles further approach to the limiting case i.e. d — 0, due to the excitation of too many
higher order modes. Such divergence is essentially caused by an abrupt boundary in classical
theory, assuming that the induced surface charges exist in a surface layer with ideally zero
thickness.[% 71!

It has been demonstrated that the spatial nonlocality in gold nanosphere dimers becomes
prominent when the gap size is smaller than ~3 nm.[*”-*8] One of the most important effects of
spatial nonlocality is the blue-shift of the BDM energy compared to the local classical
prediction. This is verified in Figure 2a that the BDM energies of the nonlocal spectra (red-
dashed lines) are clearly higher than those of the local spectra, especially in the regime of
d <1nm. The spatial nonlocality induces volume charge density inside the metal in a layer

whose thickness is on the order of the Fermi wavelength (about 0.5 nm for gold).[¢% 72!
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Figure 2. The EELS properties of the homodimers under the edge excitation. a) Simulated
EELS spectra of the homodimers with gap size d varied from 0.2 nm to 10 nm obtained by
the local classical model (black-solid lines), the nonlocal hydrodynamic model (red-dashed
lines), and the QCM (blue dash-dotted lines). b) The resonant energy of the BDM (solid
symbols) and the CTM (hollow symbols) as a function of the gap size d extracted from (a).
The inset shows the QCM spectra of the dimers with gap size below 0.2 nm and the pink line
marks the trace of the resonant energy of the higher order CTM. c) The EELS peak intensity
of the BDM and the CTM as a function of the gap size d extracted from (a).

Thus the centroid of the charge density near the gap has a displacement inward to the metal
surface, leading to a larger effective gap distance. In this perspective, the blue-shift in
resonance energy of the BDM by the nonlocal effect can be readily understood as a result of
increased effective gap size.”"7*! In addition to the resonant energy, it is also worth to note
that the EELS peak intensity of the BDM is also reduced by the nonlocal effect. The EELS
intensity reduction is related to the nonlocality induced field quenching effect, because it is
directly determined by the z-component of the induced near-field (see details in the

Experimental Section). As the gap size further decreases to the atomic scale, the electron

clouds of the surface charges near the gap overlap and the quantum tunneling emerges.
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Despite of the fact that a more rigorous description of the quantum tunneling effect requires
full quantum mechanical treatment such as using the time-dependent density function theory,
the QCM developed by Esteban et al. provides a semi-classical and easy-to-implement
approach that can generally capture the key features of electron tunneling.*”! The EELS
spectra of the QCM and classical calculations shown in Figure 2a have no difference until the
gap size is decreased down to d =0.3 nm where the BDM resonant peak has an obvious
intensity reduction, indicating its gradual disappearance in the spectrum. As the gap size is
further decreased to d =0.2 nm, the BDM completely disappears because the vacuum gap is
finally short-circuited by the tunneling current. Meanwhile, a new mode shows up at the
energy slightly lower than the BQM, which is attributed to a higher-order CTM. Our QCM
calculations are consistent with previous experimental surface-enhanced Raman scattering
spectroscopy and semi-classical theoretical studies that have demonstrated the quantum
tunneling effect of a gold nanosphere dimer occurs in a gap size range of 0.3 nm~0.5 nm.% 4%
On the other hand, we notice that the spatial nonlocality and quantum tunneling effects have
negligible impact on the resonance energy and intensity of the BQM.

The EELS energy and peak intensity of the BDM extracted from Figure 2a as a function the
gap size are shown in Figure 2b and 2c¢ (blue-solid-squares), respectively. We also calculate
the EELS spectra of three dimers with gap size below 0.2 nm by the QCM (see the inset in
Figure 2b) and trace the resonant energies of the higher-order CTM by the wine-red dashed
line. To distinguish the CTM from the BDM, the EELS energy and peak intensity of the
CTMs are given in Figure 2b and 2¢ with the blue-hollow-squares, respectively. Clearly, the
BDM and CTM have quite different responses to the gap size variation. In particular, the
CTM blue-shifts as the gap size decreases and has much weaker EELS intensity than the
BDM. Although the nonlocal and tunneling effects are separately studied in Figure 2, these
two effects in fact work together in the limiting case d — 0. Numerically we are able to

combine the hydrodynamic model and the QCM to consider them simultaneously, such
10
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calculation has been done by Esteban et al. and it turns out that the tunneling effect is
dominant when d is smaller than 0.3 nm.[’! Specially, the vanishing of the BDM and
appearance of the CTM is caused by the quantum tunneling effect. Numerically, we
implement the Hydrodynamic model and the QCM separately to distinguish the influence of
the nonlocal effect and the quantum tunneling effect. Results in Figure 2 indicate the plasmon
properties of the BDM are strongly affected by both, the spatial nonlocality and quantum
tunneling effect.

We next turn to investigate the EELS responses of the homodimers under the center
excitation in Figure 3. Similarly, the EELS spectra of the dimers with gap size d >1 nm
calculated by the QCM are identical to the classical spectra and thus are not shown. All the
EELS spectra in Figure 3a present a single peak which can be attributed to the ADM (see
Figure 1b). More importantly, compared to the case of edge excitation (Figure 2), the EELS
spectra calculated by different models in Figure 3a have little difference. This can be more
specifically learned from the EELS energy and intensity of the ADM as a function of gap size
as shown in Figure 3b and 3c¢. In accordance with the plasmon hybridization theory, the
resonant energy of the ADM blue-shifts very slowly as the gap size reduces as seen in Figure
3b and the ADM energies obtained by different calculation models are nearly the same. In
addition, the nonlocal results give rise to weaker EELS intensity than the classical ones as
seen in Figure 3c. However, the intensity reduction of the ADM by the nonlocal effect is still
smaller than that of the BDM (note that the scale of y-axis of Figure 3¢ is smaller than that of
Figure 2c¢). Therefore, we conclude that the spatial nonlocality also has influence on the
plasmon properties of the ADM, but the effect is much weaker than the BDM. In particular,
the resonance energy of the ADM is not shifted by the nonlocal effect [see results shown in
Figure 3(b)]. This can be understood by the fact that the resonance energy of the BDM is
essentially not so sensitive to the gap size [Figure 3(b)] when compared to the BDM [Figure

2(b)]. In point of this, the increased effective gap size of the dimer by the nonlocal effect must
11
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have little effect on the resonance energy of the ADM. Before discussing the QCM results of
the ADM, we should realize that the quantum tunneling requires a potential difference across
the gap. For the BDM, such potential difference is provided by the opposite plasmon-induced
surface charges beside the gap. But the plasmon-induced surface charges of the ADM are of
the same sign beside the gap (see the inset of Figure 1b), leading to equal potential of the
coupled particles. In view of this, we expect that real quantum electron tunneling is not
allowed for the ADM. Nevertheless, numerically the QCM can still be applied to obtain the
EELS properties of the ADM in Figure 3. Firstly, the ADM energy obtained by the QCM in
Figure 3b is always equivalent to that of the classical calculation, no matter how small the gap
size is. This is consistent with the expectation that the quantum tunneling effect cannot occur
for the ADM. However, the QCM EELS intensity shown in Figure 3c is larger than the
classical calculations when the gap size is smaller than 0.3 nm. Such abnormal enhancement
in EELS intensity is actually due to the bulk loss of the fictional medium in the gap region
used in the QCM (see details in the Experimental Section). Inspecting the permittivity

&4 (@) of the fictional medium in the gap, we can see that when the gap size is much larger

than the atomic scale, the fictional medium behaves like the vacuum because of

£ (@) = &, =1, whereg, is the relative permittivity of the vacuum. This explains why the

QCM results are the same as the classical results for the dimers with large gaps. When the gap

size goes to zero the fictional medium essentially behaves like the metal, i.e. £, (0) = ¢, (®),

where & () is the permittivity of the metal. Thus, for the center excitation the electron beam

actually penetrates a gold-like fictional medium when the gap size is smaller than 0.3 nm and
will suffer additional bulk losses. However, we should keep in mind that such intensity
enhancement is totally caused by the numerical calculation rather than the real physical effect.
Despite of such extra bulk loss of the fictional medium, the QCM predicts reasonable spectral

features that imply the quantum tunneling is forbidden in the ADM.

12
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Figure. 3 The EELS properties of the homodimers under the center excitation. a) EELS
spectra of the homodimers with gap size d varied from 0.2 nm to 10 nm calculated by the
local classical (black solid lines) model, the nonlocal hydrodynamic model (red dashed lines),
and the QCM (blue dash-dotted lines). b) The resonant energy of the ADM extracted from (a)
as a function of the gap size d . The inset shows the QCM spectra of the dimers with gap
sizes of 0.2, 0.15 and 0.1 nm. ¢) The EELS peak intensity of the ADM extracted from (a) as a
function of the gap size d .

Figure 2 and 3 reveal that both, the EELS energy and intensity of the BDM is more likely
to be affected by the nonlocal and quantum tunneling effects than the ADM. For the ADM,
only its EELS intensity is slightly reduced by the nonlocality while the quantum tunneling

cannot occur. To further understand such difference, we plot the near-field distribution

profiles of the BDM, CTM, and ADM in the dimer with gap size of d =0.2 nm in Figure 4.
Figure 4a shows the near-field amplitude enhancement characterized by |chnd / Ef| of the
BDM (classical and nonlocal) and the CTM (QCM) along the axis of the dimer, where E™ is

the x-component of the plasmon-induced field and E?is the x-component of the background
13
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field produced by the electron beam. Since the field “hot spot” of the BDM mainly resides in
the gap, here we only show the region very close to the gap (-3 nm to 3 nm). As expected, the
near-field enhancement of the BDM obtained by the classical (black solid line), nonlocal (red
dashed line) model, and QCM (blue dash-dotted line) calculations exhibits great difference.
Compared to the classical calculation that shows a maximum field enhancement of 5500 in
the gap region at the BDM resonance energy, the nonlocal field enhancement is reduced to a
maximum of 3000. Such decreasing of field strength caused by the spatial nonlocality can
also be considered as a result of the induced larger effective gap size. Although the nonlocal
effect can avoid the infinitely large field intensity in the gap region in the limiting case
(d > 0), the field enhancement is still very large due to a large number of bound ions and
electrons accumulated on the metal surfaces near the gap. Considering the quantum tunneling
effect, Figure 2 shows that the BDM is totally quenched at a gap size of 0.2 nm and a higher
order CTM appears, so the near-field enhancement calculated by the QCM in Figure 4a is for
this higher-order CTM instead of the BDM. It is seen that the field enhancement at the CTM
resonance energy is one order smaller than the classical and nonlocal results. The contrast of
the field enhancement calculated by the classical, nonlocal and QCM is more clearly seen in
Figure 4b which shows the corresponding 2D field distributions. In addition, the nonlocal
field enhancement curve in Figure 4a shows a different profile across the gap (x ==0.1 nm)
compared to the classical and QCM ones. This is because of an additional boundary condition
(ABC) n-J =0 used in the hydrodynamic model (see details in the Experimental Section),
where n is the normal vector of the particle surface and J is the induced current density. In

terms of the normal component of the electric field, such ABC implies ¢,

core

(w)E, -n=¢kE, -n,

where E_(E, ) is the electric field in the metal (background media), ¢, . (®)is the local

permittivity of gold responsible for the bound ions and electrons. For pure electron plasma

since ¢, (w)=¢, =1 such ABC leads to the continuity of the normal electric field across the

core

14



WILEY-VCH

interface between metal and the dielectric, indicating zero surface charge density on the

41 However, for actual noble metals such as gold, &_ (w)=1and the bound

core

boundaries.

charges still accumulate on the metal surface, yielding the discontinuity of the normal electric
field across the metal boundaries. So, physically speaking the discontinuity of the normal
electric field across the gap as predicted by the Hydrodynamic model is reasonable. In sharp
contrast, the near-field properties of the ADM shown in Figure 4c and 4d show that the “hot
spots” at the ADM resonance energy locate at the outer surfaces of the dimer rather than in
the gap and the maximum field enhancement is much smaller than that of the BDM. This can
be understood by the mirror-symmetric surface charge distribution at the ADM energy: the
same sign of the surface charges near the gap leads to zero electric field at the center of the
gap. Therefore the field quenching caused by the nonlocal effect is also weak for the ADM,
leading to slightly reduced nonlocal EELS intensity as shown in Figure 3(b). Moreover, the
near-field properties of different calculation models are nearly the same except that the
nonlocal field profile at the outer boundaries is also slightly modulated by the ABC. These
near-field characteristics in Figure 4 further demonstrate the significantly different influences
of nonlocal and quantum tunneling on the hybridized BDM and the ADM.

Experimentally, we prepared the gold nanosphere dimers with controlled gap distance with
electrostatically-driven linkage via polymeric spacers. Individual gold nanospheres were
covered by alternating layers of cationic and anionic charged polymers, and then mixed
together to form dimers by electrostatic adsorption. In this manner, the interparticle size, i.e.
the gap size can be precisely controlled by the total number of the polymer layers (i.e. the
more alternating layers are used, the thicker the polymer spacer becomes).[”*! EELS spectra of
the dimers with different gaps were then measured by STEM along with respective high-angle
annular dark-field (HAADF) images. Figure 5 shows the HAADF images and the
corresponding image intensity profiles of five measured dimers with varied gap size. The

imaging intensity profiles are collected from the HAADF images in regions enclosed by the
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Figure 4. Near-field properties of the dimer with d =0.2 nm characterized by |ch“d / Ef|

which is the x-component of the induced electric field £™ normalized to the background
field E. a) Calculated |ch“d / Ef| profile along the horizontal central axis of the dimer under

the edge excitation. The classical and nonlocal profiles correspond to the BDM while the
QCM profile is for the higher-order CTM. Their 2D field maps are given in b).
Correspondingly, ¢) and d) are the results for the ADM under the center excitation.

green vertical narrow rectangles of 5 nm width. The gap sizes can be determined by the
distances between the two red horizontal lines aligned to the edges of the cliffs of the intensity
profiles near the gap. The measured gap size of each dimer is labeled in Figure 5, which are
d=0.5%£0.1 nm, d=0.8£0.1nm, d =1.4%£0.1nm, d =2.84£0.2nm, and d =6.3£0.2 nm.
Note that while the gap size is well defined, the individual Au particles are not perfectly

spherical and also have a certain size distribution.
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Figure 5. Experimentally measured HAADF images of five gold nanosphere dimers (left
panels) and the corresponding profiles of imaging intensity (right panels) used for the gap size
estimation. The intensity profiles are collected in the regions enclosed by the green rectangles
with width of 5 nm in the images. The gap sizes are estimated by the distances between the
red horizontal lines aligned to the edges of the deepest cliffs of the intensity profiles near the

gap.

Figures 6a and 6b show the measured EELS spectra of the dimers under the edge and
center excitations, respectively. Theoretically, we have shown in Figure 2 that the BDM red
shifts and its Q factor increases as the gap size decreases until it is quenched by the quantum
tunneling effect when the gap size is smaller than 0.3 nm. Nevertheless, the experimentally
collected EELS signals of the BDMs of the dimers with small gap size (d <3nm) are not
observed in Figure 6a. This absence of EELS signals of the BDM for the dimers with gap size
d <3 may be caused by several possible reasons. The most likely reason is that in our
experiments the dimers were supported by a carbon substrate which contributes to significant
noisy background EELS signals at lower energies (below 2 eV). The second reason is because
the BDM resonant energy of the dimers with small gaps is close to the zero loss peak of the
electron beam. Thirdly, the quantum tunneling effect indeed occurs when the gap size is at the

sub-nanometer level. Notwithstanding, the numerical results in Figure 2 predict the critical
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gap size allowing the electron tunneling effect is smaller than 0.3 nm, but in experiments it is
unlikely to determine this exact critical gap size. Note that the gap size measured in Figure 5
is an average estimation in a 5 nm width region that should be larger than the actual minimum
face-to-face inter-particle distance. In fact, we also cannot ensure that the two particles in
each dimer with a sub-nanometer gap have no touching point. More accurate morphological
determination of the gap regions requires some advanced three-dimensional electron

7577 In addition, in the experiment the gold nanospheres

tomography imaging techniques |
were coated with polymeric layers, indicating possible formation of polymer-filled gaps in the
dimers (rather than vacuum gaps in theory). Several recent studies have revealed that the
quantum tunneling effect can happen in a larger distance in a molecular-linked gap than the

36,37,39. 461 Thys, possible presence of

theoretical prediction for a vacuum gap (0.3 ~ 0.5 nm).!
charged polymer molecules in the gap region of the fabricated dimers could promote the
electron tunneling process at larger gap distances. However, the noisy background signals
from the substrate make it difficult to explicitly observe the quantum effects in dimers with
small gaps, for example the numerically predicted CTM can’t be identified from the
experimental spectra. More convincing experimental EELS signals at low energy range can be
obtained with the state-of-the-art STEM instruments that yield <0.01 eV energy resolution,
thus much narrower zero loss peak, and with the large-band-gap substrate such as silicon
nitride or silicon dioxide.

Despite of the unreliable EELS signals at energy below 2 eV, the EELS spectra for d =0.5
nm, d =0.8 nm and d =1.4 nm in Figure 6a show a set of EELS peaks locating at the same
energy around 2.3 eV. According to the numerical results in Figure 2, we speculate that this
set of EELS peaks corresponds to a higher-order bonding mode, most likely to the BQM
which can be excited only in the dimers with relatively small gap sizes. The observation of the

BQM in the experimental EELS spectra indicates that the influence of the background signals

can be ignored at high energy range (beyond 2 eV). As a result, the BDM resonances of
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dimers with large gap sizes (2.8 nm and 6.3 nm) can still be recognized in the experimental
EELS spectra. Compared to the results of edge excitation shown in Figure 6a, the measured
EELS spectra of the center excitation in Figure 6b have only one set of high-energy peaks
which unambiguously come from the ADMs. The measured EELS peaks of the ADMs are
present for all the dimers even those with sub-nanometer gaps. This is consistent with the
numerical prediction in Figure 3 and further confirms that the quantum tunneling effect is
forbidden for the ADM. To analyze the measured resonant energies of the hybridized modes
as a function of gap size, we firstly trace the positions of the EELS peaks for the BQM and
BDM in Figure 6a and the ADM in Figure 6b by the thick-dashed gray curves. Then the
experimentally measured resonant energies of these modes are extracted and plotted versus
the gap size in Figure 6c¢ (see the symbols), and compared with the numerical results (see the
lines). On the one hand, the resonant energy of the BDM predicted by different numerical
models has different variation trend as the gap size changes. As gap size decreasing, the
nonlocal results (red dashed line) show slower red-shift evolution trend than the classical
results (red solid line). As the gap size further reduces to smaller than 0.3 nm, the QCM
results (purple dash-dotted line) predict that the BDM is quenched and the high order CTM
appears with the blue-shift trend. The numerical results clearly illustrate the critical role of
spatial nonlocality and quantum tunneling effect in altering the palsmon properties of the
BDM. For the higher order bonding mode, i.e. the BQM, the experimental measured
resonance energy (green symbols) shows insensitivity to the gap size, which agrees with the
numerical results (green line). This indicates that the BQM is not affected by the nonlocal and
quantum tunneling effect. However, without clear observation of the BDM and CTM
resonances on the EELS spectra of dimers with gap sizes below 3 nm (Figure 6a), the
quantum effect of the dimer under edge excitation is difficult to be verified by present
experimental results. On the other hand, when the dimer is excited by the center electron

beam the measured resonant energies of the ADM (blue symbols) agree well with the
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numerical results (blue line), implying the robustness of the ADM to the gap size and
environment variation. We should note that the gold nanospheres in the fabricated dimers are
not perfectly identical or spherical (see Figure 6). Therefore, the size difference between the
coupled nanospheres could break the mirror symmetry of the whole dimer. Such symmetry
breaking makes it possible to weakly excite the ADM (BDM) by the center (edge) electron
beam.>3! Another possible geometry factor that may have influence on the EELS spectra of

the dimers is the facets near the gap regions. It has been demonstrated that a new set of
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Figure 6. Measured EELS spectra of five gold nanosphere dimers with varied gap size under
a) the edge excitation and b) the center excitation. The gray-dashed curves trace the EELS
energies of the BDM, BQM and ADM resonances. ¢) The experimental (symbols) and
calculated (lines) energies of BDM, BQM and ADM versus the gap size. The resonant
energies of the BDM obtained by classical (red solid line), nonlocal (red dashed line) and
QCM (purple dash-dotted line) has different variation trends as the gap size changes. For the
resonant energies of the BQM and ADM, different calculation models predict the same
variation trend.
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resonant modes, namely transverse cavity plasmons (TCPs), may be induced in small gap
regions with flat facets. When these TCPs overlap with the BDMs, the mode coupling can
happen, resulting in Fano-like anticrossing features in the spectra.l’®! As a matter of fact, the
impact of the quantum tunneling on the spectra of dimers is intimately related to the
morphology of nanogaps. Typically, the lowest order CTM blue shifts as the gap morphology
changes from curved faces to planer faces.[” But for small facets in other regions (not in the
gap) as observed in the HAADF images of the dimers in Figure 5, they have small influence

on the plasmon properties of the dimer.

3. Conclusions

In summary, we have investigated the spatial nonlocality and quantum tunneling effects in the
plasmonic bright (BDM) and dark modes (ADM) of gold nanosphere homodimers by a
comparative numerical and experimental EELS study. The numerical EELS spectra of the
BDM obtained using classical and quantum models evolve distinctively as the gap size
between the gold nanospheres goes to zero, revealing the remarkable influences of the
quantum effects on the plasmonic property of the bright mode. In sharp contrast, the EELS
responses of the ADM obtained with different models are quite comparable and robust versus
the varying gap size. This indicates that the optically dark mode is unlikely affected by the
quantum mechanical effects, especially the electron tunneling cannot even occur in the ADM.
Experimentally, the BMD resonances are unrecognizable for dimers with small gaps under the
edge excitation while the features of the ADM are obvious for all the dimers under center
excitation. These experimental observations qualitatively agree with the numerical predictions,
further confirming the different impacts of the quantum tunneling effects on the bright and
dark modes in the dimers. Although the present study is on the simplest plasmonic
nanoparticle assemblies, i.e. dimers, the significant differences of the quantum effects on
bright and dark plasmon modes are expected to be universal in any coupled plasmonic
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nanostructures with small gaps. We believe that our results give more insights into the
quantum mechanical effects in plasmonics and may be helpful in designing sophisticated
optical nanocavities with atomic-scale gaps.
Experimental Section

Experimental EELS Characterization: STEM imaging and EELS mapping were carried
out on a Cs-corrected JEOL ARM200F STEM equipped with a Gatan Enfinium ER
spectrometer, operating at 200 kV and with a cold field emission gun (CFEG) without a
monochromator. The EELS energy resolution is ~0.3 eV as measured from the FWHM of the
zero-loss peak. A beam convergence semi-angle of 26 mrad and an EELS collection semi-
angle of 18 mrad were used. The spectrometer dispersion was set to 0.01 eV per channel with
an acquisition time of 50 ms per pixel for the EELS mapping. Annular-dark-field (ADF)
images were recorded simultaneously with the EEL spectra using an inner semi-angle of
around 60 mrad.

EELS calculation in a local classical electromagnetic simulation: For a fast moving

electron along a straight-line trajectory r,(¢), its energy loss AE reads:!*”!
AE = ej drv-E™[r (1),1]= j hodol (), (1)
0

where e is the charge of the electron, v is the relativistic speed of the electron, E™ is the
external induced electric field, 7 is the reduced Planck constant, @ is the angular frequency,

and I' . (@) is the electron energy loss probability. Assuming the electron moves in z-

direction, with some algebraic operations I'; ¢ can then be calculated by a line integration

ag.:[59: 6]

Fiees (@) =—— [ dz Re[E (0,2) exp(-iw2/ V) )
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In Equation (2), E™ is the z-component of the induced electric field which is calculated by a
two-step electromagnetic simulation. The first step is to compute the radiation field of the
electron beam in vacuum (without any particle) from a z-direction line current with the
current density j(z,w) of:

i(z,0) =—ez-exp(ioz/v). (3)
Then the calculated radiation field of the electron beam in the first step is used as a

background field E, in the second step to obtain the scattered field by the particle, i.e. the

induced field E™ . In both steps, a perfect matched layer (PML) is used as the boundary
condition. In the classical local calculations, the permittivity of gold ¢_(®)is taken from a

fitting of the empirical data.["]

Nonlocal EELS calculation by a Hydrodynamic Model: In the nonlocal EELS

calculations, the total electromagnetic fields E(r,®) and current density J(@,z) in the metal
regions are computed by solving the coupled Equations (4) and (5) of the hydrodynamic
model with an additional boundary conditions (ABC) n-J(r,®@) =0 at the boundaries of the
metal, where n is the normal vector of the metal surface.*”-%¢]

VxVxE(r,o) =k ¢, . (0)E(r,o)+ioud(r, ), 4)

VIV -I(r,0)]+ o(o+iy)J(r,0) = is,00 E(r, ), (5)
Where k, 1s the wave vector in the vacuum, &,( 4, ) 1s the permittivity (permeability) of the
vacuum, &, (@) is the local permittivity of gold responsible for the bound ions and electrons,
B is the nonlocal parameter, y, and @, are the collision and plasmon frequency of the
Drude-model for gold. In the high-frequency limit (w > y,), the nonlocal parameter S is

related to the Fermi velocity v, =1.39x10°m/s via A* =3v2 /5. In our simulation, &, _(®) of

core
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gold is obtained by subtracting the Drude part from the empirical data, i.e.
Eone (@) = £, (0) + @, [(& +iy,w), where hy, =0.71 eV and hw, =9.02 eV.[*

Implement of the Quantum-Corrected Model in the EELS calculation: The quantum
corrected model (QCM) is a classical electromagnetic simulation method to study the
quantum tunneling effect in plasmonic nanostructures with atomic scale gaps. The validity of
the QCM has been verified by comparing their calculated optical properties with fully
quantum-mechanical results in various kinds of coupled plasmonic nanoparticles.[*> 3¢ 4% The
implementation of the QCM needs to introduce a fictional medium in the gap region as
sketched in Figure 7. Such fictional medium has an inhomogeneous and local-separation /
dependent permittivity &,(w,/) given by Equation (6),1*" 7!
2

e (w,)=¢,— “ +[E e (@) — & ]exp(_—l) 6)
g s 0 a)z +i7g (CO, l)a) core 0 ld s

where y,(@,]) =7, exp’* and the parameter [.is determined by the tunneling conductivity

obtained from a static scanning tunneling microscopy approach. The remaining parameter in

Equation (6) is the decay length /, of the d-electron contribution. For gold, we choose
[,=0.04nm and /, =0.079nm from Ref [71]. From equation (6) we can find when/ =0,
g,(w,1) > ¢, (w), therefore the fictional medium would be gold-like. In this situation, the

electron beam at the center excitation actually penetrates a lossy material, resulting in an extra

bulk loss.
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_

fictional medium electron beam

Figure 7. Schematic of implementation of the QCM in gold dimers excited by electron beams.
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