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Yina Wu, Andrea Konecňá, Shin Hum Cho, Delia J. Milliron, Jordan A. Hachtel,*
and F. Javier García de Abajo*

Cite This: ACS Nano 2024, 18, 15130−15138 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Narrow gaps between plasmon-supporting mate-
rials can confine infrared electromagnetic energy at the
nanoscale, thus enabling applications in areas such as optical
sensing. However, in nanoparticle dimers, the nature of the
transition between touching (zero gap) and nearly nontouching
(nonzero gap ≲15 nm) regimes is still a subject of debate. Here,
we observe both singular and nonsingular transitions in infrared
plasmons confined to dimers of fluorine-doped indium oxide
nanocubes when moving from touching to nontouching
configurations depending on the dimensionality of the contact
region. Through spatially resolved electron energy-loss spec-
troscopy, we find a continuous spectral evolution of the lowest-
order plasmon mode across the transition for finite touching areas, in excellent agreement with the simulations. This behavior
challenges the widely accepted idea that a singular transition always emerges in the near-touching regime of plasmonic particle
dimers. The apparent contradiction is resolved by theoretically examining different types of gap morphologies, revealing that
the presence of a finite touching area renders the transition nonsingular, while one-dimensional and point-like contacts
produce a singular behavior in which the lowest-order dipolar mode in the touching configuration, characterized by a net
induced charge in each of the particles, becomes unphysical as soon as they are separated. Our results provide valuable insights
into the nature of dimer plasmons in highly doped semiconductors.
KEYWORDS: infrared plasmons, nanodimers, fluorine-doped indium oxide, electron energy-loss spectroscopy (EELS),
confined optical modes

Plasmons in metallic nanostructures have received consid-
erable attention because they allow for the manipulation of
light at the nanoscale.1−6 In particular, plasmons confined to
narrow gaps (in the few- or sub-nanometer range) between
two metallic surfaces can yield extreme field amplification7−11

that enables applications in enhanced optical sensing,12,13

photocatalysis,14,15 and light harvesting,16 among other feats.
The spectral and spatial characteristics of gap plasmons can be
accurately tuned by playing with the surface morphology, gap
separation, and composition of the nanostructures.17−22 These
types of confined optical modes have been studied in dimers
formed by different types of particles, such as nanorods,23

nanoshells,24,25 and nanocubes.26,27 At large separations
compared to the particle sizes, the plasmons of individual
nanoparticles having a net-induced dipole are hybridized due
to their Coulombic interaction, in direct analogy to the
formation of chemical bonding orbitals.28,29 When the particles
approach each other, more complex gap modes are observed,

composed of multipolar plasmons for small separations
compared with the particle sizes.29,30 Eventually, when the
particles touch and become a single sintered structure, a
singular behavior can be observed, translated, for example, in
the emergence of modes with a net induced charge in each of
the particles, which were unphysical in the separate dimer.
Singular behavior is therefore observed in the spectra as a
discontinuity of the plasmon energies as a function of gap
separation when we go from positive (nontouching particles)
to negative (overlapping particles) values of this parameter.
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The ensuing spectral discontinuities in the transition from
touching to nontouching conditions have been reported for
dimers formed by nanodisks,31 nanorods,32 and nanoshells,24

while they are quantitatively explained through dielectric
theory for gold-sphere dimers,29 although electron tunneling in
narrow gaps may play a role that has been a subject of
debate33,34 that we do not consider in the present work.
Noble metals such as gold and silver are commonly used as a

playground to study plasmons, offering strong field confine-
ment, mainly in the visible spectral range. In the infrared
spectral region, high spatial confinement is commonly
accompanied by strong losses limited by the intrinsic lifetime
in the bulk metal. Oxides with high electrical conductivity and
optical transparency, like tin- or fluorine-doped indium oxide
(F-IO),35,36 represent an alternative to more conventional
infrared plasmonic materials. Typical carrier concentrations
achievable via chemical doping or electrochemical reactions in
F-IO naturally yield highly confined, low-energy plasmons
whose energies can be tuned on demand.37−43 Moreover, the
synthesis processes lead to well-defined particle morphologies,
while upon deposition on a surface, dimers can be found in
which the particles are either touching or separated by narrow
gaps, thus providing a suitable platform to examine the infrared
plasmonic response in the transition between these two
regimes.
Here, we address the dramatic dependence of plasmons in

the near-touching particle-dimer regime on the dimensionality
of the touching region. Specifically, we analyze the singular
character of the transition between touching and nontouching
configurations of F-IO nanocubes synthesized in solution and
deposited on a transmission electron microscopy (TEM)
membrane. We perform electron energy-loss spectroscopy

(EELS) and observe dimer plasmons whose spectral and
spatial characteristics are in excellent agreement with electro-
magnetic simulations, revealing the transition between
touching and nontouching regimes and addressing the
intriguing dependence on the dimensionality of the touching
region. Specifically, the transition is observed to be singular
when the touching region is either point-like or edge-like,
which we analyze through numerical simulations for different
particle morphologies, including cube pairs with an edge-to-
edge arrangement. This is in contrast to the smoother spectral
evolution found in the plasmon modes in a face-to-face
arrangement (i.e., for a finite contact area). Our experimental
and theoretical results conclusively establish the relation
between the dimensionality of the touching region and the
singular character of the transition between touching and
nontouching configurations in infrared plasmonic nano-
particles.

RESULTS AND DISCUSSION
Our starting point is the synthesis of F-IO nanocubes with 200
nm side lengths through colloid chemistry followed by their
deposition on TEM silicon-nitride membranes of 25 nm
thickness (see Methods). Upon inspection, we identified
individual particles as well as touching and nontouching
dimers. Analysis of the spectral and spatial characteristics of the
plasmons supported by these samples is then performed
through EELS in the scanning TEM mode. In particular,
individual nanocubes exhibit familiar plasmon features in the
spectra44−46 characterized by corner, face, and bulk modes (see
Figures S1 and S2 in the Supporting Information), which are
well reproduced by EELS theory (see Methods). We neglect
the effect of the membrane, which complicates the numerical

Figure 1. Infrared plasmons in touching and nontouching nanocube dimers. We show EELS measurements for e-beams aimed at different
locations around touching and nontouching (∼10 nm gap) F-IO nanocubes of 200 nm side length. (a,f) High-angle annular dark-field
(HAADF) micrographs showing touching (a) and nontouching (f) dimers. (b−e) EELS spectra measured in the samples of (a) at the
positions indicated by the color-coordinated dots in the insets. (g−j) Simulated spectra corresponding to the configurations in (b−e), along
with schematic charge distributions (see insets, in saturated color scale). Experiments and simulations for individual nanocubes are shown
for comparison in (b−d) (black curves) and (g−j) (black-dotted curves), respectively. The electron moves along the z axis [see coordinate
frame in (a)] with an energy of 60 keV.
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simulation while only adding minor redshifts (see Figure S16
in Supporting Information) because its thickness is small
compared to the cube size and it does not support any
excitations in the energy region of interest, apart from a broad
band of very delocalized guided modes. In addition, we
describe the F-IO material through a frequency-dependent
local permittivity with the modified Drude form

=
+ i

( )
( )b

p
2

(1)

where the background permittivity ϵb = 4 and the
phenomenological damping ℏγ = 0.07 eV are taken from
previous studies,35 while the Drude weight ωp is fitted to
match the actual level of F doping in the samples. Excellent
agreement with our measurements is obtained for ℏωp = 1.46
eV. Because the cubes are small compared to the light
wavelength in the plasmonic spectral region, the observed
mode energies of individual particles are in excellent agreement
with electrostatic mode theory,44 in which the plasmon
frequencies ωi are signaled by resonant values of the
permittivity ϵ(ωi) = ϵi (i.e., = /i ip b , if we neglect
material losses). In particular, the theory predicts two strong
corner and edge modes with a net dipolar moment at ϵ1 ≈
−3.68 and ϵ2 ≈ −2.37 (i.e., ℏω1 ≈ 0.53 eV and ℏω2 ≈ 0.58
eV) in good agreement with the lowest-energy features in the
spectra acquired under aloof electron-beam (e-beam)
excitation (black curves in Figure 1, and more details in

Figure S1), as well as a weaker dipolar face mode at ϵ3 ≈ −0.78
(i.e., ℏω3 ≈ 0.67 eV), which also couples well to the electron.
For penetrating trajectories, the bulk plasmon corresponding
to ϵbulk = 0 emerges as a spectral feature at ℏωbulk ≈ 0.73 eV.
Examples of dimers found in our samples for touching and

nontouching (∼10 nm gap) configurations are shown in the
dark-field images of Figure 1a,f. As shown in the measured
spectra of Figure 1b−e, a salient difference between these two
types of dimers is the presence of a low-energy plasmon
(∼0.33 eV spectral feature) for touching particles (red curves),
which is not present for nontouching nanocubes (blue curves).
This mode is more prominently excited when the e-beam is
placed farther from the dimer center (Figure 1b,d). Together
with other observed spectral features, these results are well
reproduced by EELS simulations (Figure 1g−j), which also
allow us to visualize the charge ordering associated with the
different plasmon modes. In particular, the low-energy
plasmon involves a net charge transfer between the two
nanocubes, which is of course forbidden in the gapped dimer
configuration, as previously analyzed in a study based on
extensive electromagnetic simulations for gold-sphere
dimers.29 Apart from this dipolar mode, the rest of the
plasmons are similar to those observed in individual nanocubes
(black curves in Figure 1), although they undergo spectral
shifts due to the interaction with the neighboring particle.
Incidentally, when the e-beam is aimed at the dimer center
(Figure 1e), the spectrum is depleted in the touching
configuration as a result of strong scattering suffered by the

Figure 2. Infrared face-to-face dimer plasmons. We compare EELS measurements and calculations for e-beams aimed at different locations
around face-to-face touching and nontouching dimers (∼10 nm gap) formed by F-IO nanocubes of 200 nm side length. (a−c) Measured
EELS spectra at the three e-beam positions indicated by the red dots in the insets. The electron energy is 60 keV. (d) HAADF micrograph
showing a face-to-face touching dimer. (e−g) Simulated spectra under the conditions of (a−c), along with 3D renderings of the electron-
induced charge distributions at the frequencies of the dominant peaks in the spectra (insets, in saturated color scale), indicated by red and
blue asterisks for touching and nontouching dimers, respectively. (h) Simulated spectra for an e-beam passing by the gap in the nontouching
dimer and through the center in the touching dimer (see insets). In (e−h), we include spectra for an individual nanocube for comparison
(black-dotted curves for beam positions denoted by black dots in the insets).
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electrons as they traverse 200 nm of the material. Neglecting
such a depletion, the theory for this case (Figure 1j) is
dominated by a bulk mode, accompanied by symmetry-allowed
surface modes. However, antisymmetric modes under inver-
sion at the origin cannot be excited when the e-beam passes
through the dimer center, which is the case of the low-energy
dipolar mode.
Interestingly, the measured spectrum for the central

trajectory in the nontouching dimer (Figure 1e, blue curve)
shows (besides one of the surface modes observed for other
beam locations) a high-energy feature that is slightly red-
shifted relative to the bulk plasmon, possibly contributed by
partial penetration of the e-beam inside the material, as well as
by the symmetric mode of the planar F-IO/vacuum/F-IO
structure. Because the gap (g = 10 mm) is small compared to
the cube side (200 nm), the structure can be assimilated to an
infinite planar gap geometry, in which the electron can excite
symmetric modes, whose electrostatic dispersion relation given
by [ + ] [ ] = k g1 ( ) / 1 ( ) exp( ) prescribes energies
in the interval between the classical surface plasmon

+/ 1 0.65p b eV in the high-wave-vector limit (k∥g
≫ 1) and the bulk plasmon / 0.73p b eV at k∥ = 0.
The measured mode in this range is also reproduced by the
corresponding numerical simulation (Figure 1j, blue curve).
The singular transition observed between touching and

nontouching regimes in Figure 1 through the emergence of a
mode in the former is in stark contrast to the transition when
the cubes share a wider touching area, as shown in Figure 2 for
a face-to-face configuration. The evolution of the spectra is
smooth across the transition, as demonstrated by the
simulations presented in Figure 2e−g. Also, experimental
measurements (Figure 2a−c) confirm the absence of a low-
energy feature for the touching configuration. Unfortunately,
we could not find any narrow-gap nontouching face-to-face
dimer, presumably because of the strong van der Waals
attraction that pushes the faces toward collapse, as recently
discussed in dielectric gaps with an exquisite degree of

control.47 Nonetheless, our level of confidence in the theory
is supported by the excellent agreement that we find between
the theory and the experiment for a wide range of nanocube
configurations, including dissimilar dimers under touching and
nearly touching conditions (Figures S6−S11 in Supporting
Information), with geometrical parameters extracted from
HAADF micrographs and dielectric properties modeled
through the local dielectric function in eq 1. It should be
noted that quantum confinement and nonlocal effects become
relevant at small separations in the range of the Fermi
wavelength of the material (e.g., ≲1 nm in noble metals and F-
ITO), leading to strong plasmon damping and frequency
shifts48−53 as well as emerging modes involving charge transfer
via tunneling across the gap,51,52 but we do not consider such
small distances in the present work.
We note that the vertical scales in Figures 1 and 2 have

absolute units (i.e., EELS probability per eV of energy loss
range), which in the measured spectra are obtained by
normalizing to the energy-integrated signal, including the
zero-loss peak, except for Figure 1e, where part of the beam is
always depleted by penetration through the material. The
absolute magnitude of the EELS probability is in reasonably
good agreement between the experiment (Figures 1b−d and
2a−c) and the theory (Figures 1g−i and 2e−g), although the
spectral features in the theory are a bit narrower and higher,
thus producing similar areas under the peaks.
Further insights into the nature of the plasmon modes in

Figure 1 that illustrates a singular transition can be revealed by
examining energy-filtered EELS maps at the corresponding
peak energies in the spectra. We find that the measured maps
are in excellent agreement with simulations for both touching
and nontouching configurations, as shown in Figure 3.
Incidentally, the cubes appear as black squares in the images
due to e-beam depletion when passing through the material.
The low-energy mode in the touching dimer (0.33 eV, Figure
3a,a′) is confirmed to be absent in the nontouching dimer
(Figure 3e,e′). In addition, the observed intensity pattern
indicates an accumulation of charges at the opposite corners of

Figure 3. Energy-filtered EELS maps of the dominant plasmons in touching and nearly touching nanocube dimers. We show measured EELS
maps at 60 keV electron energy for the same touching (a−d) and near-touching (e−h) dimers as in Figure 1, as well as the corresponding
simulations (a′−d′,e′−h′). Mode energies (see labels) are also indicated by arrows in the spectra of Figure 1, color-coordinated with the
panel frames.
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the nanocubes, revealing a dipolar mode that extends over the
entire dimer. This interpretation is fully confirmed upon
examination of the calculated surface-charge distributions
associated with the peak spectral features in Figure 1g (insets).
When examining maps for filtered energies associated with

the rest of the spectral features, both touching and non-
touching regimes produce similar spatial patterns (cf. Figure
3b−d,f−h), therefore denoting the same charge ordering.
More precisely, we observe additional modes dominated by
edge (Figure 3b,f), face (Figure 3c,g), and bulk (Figure 3d,h)
features, with similar intensity distributions apart from the gap

region. This interpretation is corroborated by the associated
surface-charge distributions that we calculate for the spectral
features in Figure 1h−j (insets).
Measured maps at the spectral features of the face-to-face

touching configuration are presented in Figure S3 in
Supporting Information, in excellent agreement with the
theory. In addition, the latter shows minor modifications
when the cubes are separated by a small 10 nm gap, therefore
supporting the absence of a singular transition when the
touching region is sufficiently large.

Figure 4. Touching-to-nontouching transition as a function of gap dimensionality for nanocube dimers. We show the EELS probability in the
configurations shown in the upper sketches as a function of energy loss (vertical axis) and gap distance (horizontal axis; see sketches) for 60
keV electrons running perpendicular to the plane of representation and passing by the blue dots. Dimers are formed by F-IO nanocubes of
200 nm side length. Negative gaps indicate overlapping cubes. Panels (a,b) correspond to 2D touching regions defined by an entire cube face
and one-third of a face, respectively, with green dots extracted from our experimental data. In panel (c), the cubes touch in a 1D region (an
edge).

Figure 5. Touching-to-nontouching transition as a function of gap dimensionality for nanoparticles with different morphologies. We plot the
LDOS at the gap center (projected on the direction across the gap) as a function of gap separation and photon energy for (a,b) zero-, (c,d)
one-, and (e) two-dimensional touching regions. Blue-dotted curves are guides to the eye, indicating LDOS maxima. Different particle
geometries are considered, as shown in the upper insets: (a) conical tips with a 11.7 nm spherical base radius, 5 nm tip rounding radius, 10
nm cone side length, and 60° cone angle; (b) 40 nm spheres; (c) side-by-side infinitely long wedge-like cylinders with the same transverse
cross section as the particles in (a); (d) side-by-side infinitely long circular cylinders of 40 nm diameter; and (e) face-to-face finite cylinders
of 20 nm diameter and 20 nm length. The material dielectric function is taken as ϵ(ω) = 1 − ωp

2/ω(ω + iγ) with γ/ωp = 0.05. The upper
horizontal scales indicate the gap distance for ωp = 1 eV. In (c,d), the LDOS is expressed in momentum space (q = ω/v) for polarization
along the gap direction with 60 keV electrons (v ≈ 0.446 c) and normalized to ω/2πc2. In the rest of the plots, the real-space projected
LDOS is normalized to the vacuum value LDOS0 = ω2/3π2c3.
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To analyze the dependence of the transition between
touching and nontouching dimers on the dimensionality of the
gap region, we consider F-IO nanocubes like those in Figures
1−3, but we introduce a lateral offset, as indicated in the upper
insets of Figure 4. We then calculate the EELS probability for a
fixed position of the electron and plot the result as a function
of lost energy and gap separation (color plots in Figure 4).
Negative gaps correspond to physically overlapping particles.
We note that the highest-energy spectral feature remains at a
nearly constant energy of 0.51 eV for all configurations and gap
distances, thus indicating that this is a corner mode similar to
that of the individual nanocube (see Figures S1 and S2 in
Supporting Information). In contrast, the lowest-energy
spectral peak undergoes substantial variations with the gap
distance and also displays a strong dependence on the lateral
offset. For touching dimers, this mode exhibits a mild
dependence on overlap (i.e., negative gap distance), while its
energy redshifts with increasing offset (from Figure 4a−c) as
expected for more elongated metallic structures.54 Without
offset (Figure 4a, a configuration previously investigated in
gold cube dimers43), the mode is continued without
interruption at a similar energy after a gap is introduced and
eventually blue shifts as the separation increases. In contrast,
an abrupt discontinuity is observed for large offsets if the
touching point is just an edge (Figure 4c), indicating a
variation in the nature of the mode. In the nontouching dimer,
induced charges of opposite signs increasingly accumulate near
the gap region as the separation is reduced, thus producing an
attractive capacitive interaction that redshifts the low-energy
plasmon.43 These results are consistent with those observed in
the analysis of Figures 1−3.
The touching-to-nontouching transition thus depends on

the dimensionality of the touching area (two-dimensional
(2D) in Figure 4a,b and one-dimensional (1D) in Figure 4c).
To better understand the nature of this dependence, we
analyze dimer geometries featuring zero-dimensional (0D),
1D, and 2D gaps in Figure 5a,b (point-to-point tips and
spheres), Figure 5c,d (edge-to-edge infinite, translationally
invariant geometries), and Figure 5e (face-to-face finite
cylinders), respectively, which extends previous analyses for
rod dimers with rounded and flat edges;30 sphere-cube
dimers;55 and sphere, disk, and cube dimers.56 Incidentally,
overlapping particles are characterized in general by sharp
edges at the junctions, which can produce a singular
behavior,57 so we smooth them by introducing a small
rounding radius. We then calculate the local density of optical
states (LDOS) at a point placed in the center of the structure
(see Methods). The LDOS is defined as the sum of the
normalized electric-field intensities associated with all optical
modes as a function of frequency, position, and field
direction.58,59 We take the latter across the gap in our
calculations (see the blue arrows in the upper insets of Figure
5). Then, the maxima of the LDOS in the plots of Figure 5
correspond to localized modes, which we highlight by
superimposing blue-dotted curves as guides to the eye. We
observe that 0D and 1D touching regions (Figure 5a−d) lead
to a singular transition characterized by the sudden
disappearance of the lowest-energy mode present in the
touching dimers (involving net charges in each of the
particles29) as soon as the particles are separated. This is in
contrast to 2D regions (Figure 5e), which produce a smooth
transition. The induced charge densities associated with the
observed modes (Figure S4 in Supporting Information)

corroborate this picture and further support the smooth
transition occurring with 2D touching regions. Incidentally,
under external illumination, these structures produce a large
optical electric-field amplification at the gap of nontouching
dimers for frequencies roughly in agreement with those of the
LDOS peaks (see Figure S5 in Supporting Information), and
we find that higher values of the near-field enhancement are
reached when approaching the touching transition in 0D gap
geometries (Figure S5a,b). The results portrayed in Figures 5
and S5 assume a Drude dielectric function (eq 1 with ϵb = 1),
but a similar behavior is observed for gold and silver (see
Figures S12−S15 in Supporting Information), although the
singular character of the transition is less clear for 1D gaps due
to higher losses in this material.

CONCLUSIONS
In summary, our experimental and theoretical investigation of
fluorine-doped indium-oxide nanocube dimers reveals a
dramatic variation of their infrared plasmons with particle
distance and lateral offset, allowing us to explore the transition
between touching and nontouching regimes and find evidence
of different behavior depending on the dimensionality of the
touching area. By further examining a representative range of
both nanoparticle and gap morphologies, we conclude that the
transition is singular for point- and line-like touching regions,
characterized by a low-energy dipolar plasmon in which a net-
induced charge is present in each of the particles. On the
touching side, the low-energy mode evolves toward increas-
ingly low frequencies near the touching region. This mode
disappears as soon as the particles are separated. In contrast,
for 2D touching regions, the transition is smooth, featuring a
low-energy mode with a continuous evolution of frequency,
which reaches a minimum under just-touching conditions. Our
results provide valuable information on the role of narrow gaps
in plasmonic structures, commonly used in applications
requiring optical sensing and nonlinear enhancement at the
nanoscale.

METHODS
Materials. Indium(III) acetylacetonate [In(acac)3, 99.99%],

Indium(III) fluoride (InF3, >99.9%), Oleic acid (OA, 90%, technical
grade), Octylamine (OcAm, 99%), and Trioctylamine (TOA, 98%)
were purchased from Sigma-Aldrich. Toluene (99.5%) was purchased
from Fisher Chemical. All chemicals were used as received without
any further purification.

Fluorine-Doped Indium Oxide (F-IO) Nanocube Synthesis.
All synthesis procedures were carried out using standard Schlenk line
techniques aided by a nitrogen-filled glovebox.35 For the growth of F/
In2O3 cubes (F-IO), a mixture of In(acac)3 (399.78 mg, 0.97 mmol),
InF3 (5.15 mg, 0.03 mmol), OA (1 mL), OcAm (0.5 mL), and TOA
(3.5 mL) was loaded in a three-neck round-bottom flask in the
glovebox. This precursor mixture was then stirred with a magnetic bar
at 600 rpm and degassed under vacuum at 120 °C for 15 min. The
mixture turned transparent during this operation. Thereafter, the flask
was filled with nitrogen and further heated at a ramp rate of 15 °C/
min to 320 °C. The reaction mixture turned opaque, which indicated
cube growth. The reaction was allowed to run for 5 min at 320 °C.
Subsequently, growth was terminated by removing the heating
mantle. The cubes were purified to remove excess OA ligand
surfactants by dispersing the solution in toluene and centrifuging at
4500 rpm for 5 min until a solid pellet formed at the bottom of the
centrifuge tube. The supernatant was disposed of, and the solid pellet
was redispersed in toluene. This purification process was repeated
three times. The resultant cubes were redispersed in toluene for
further analysis. Samples were prepared by dropcasting diluted 0.01
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mg/mL nanocube dispersions onto thin (25 nm) silicon nitride TEM
grids (Ted Pella). Surface organic ligands were removed from the
TEM grid samples after dropcast loading using plasma cleaning in Ar
for 15 min, in addition to heating under vacuum at 120−160 °C.
Monochromated EELS Measurements. EELS data sets were

acquired on a Nion high-energy-resolution monochromated EELS
scanning transmission electron microscope (STEM) (HERMES)
operated at 60 kV equipped with a Nion Iris spectrometer and a
Hamamatsu ORCA SCMOS detector. An energy resolution of ∼12
meV, as determined by the full width at half maximum of the elastic
scattering (or zero loss) peak, was selected as an optimum balance of
reducing background while maintaining a reasonable beam current.
The dipole mode of the touching nanoparticle system was measured
to have a width of 85 meV, indicating that the energy resolution itself
did not contribute to the line width of the peaks. Particles selected for
EELS analysis were deposited on silicone-nitride membranes (25 nm
thickness) and were selected by searching for particles with similar
orientations but different gaps.
EELS Simulations.We calculate the EELS probability ΓEELS(ω) as

a function of energy loss ℏω by using the well-known expression60

= { }e z e E zR R( , ) d Re ( , , )i z v
zEELS 0

/ ind
0 (2)

where the electron is assumed without loss of generality to move
along z with velocity v and pass through the transverse position R0 =
(x0, y0). The EELS probability is normalized such that ∫ 0

∞ℏω dω
ΓEELS(R0,ω) is the average energy loss experienced by the electron.
For geometries involving cubes (Figures 1−4, and S1−S3), we
calculate the field Eind(r, ω) induced by the passage of the electron in
the frequency domain through a finite-element method (COMSOL)
in which the electron is introduced as a line current source

=j ze er R R( , ) ( ) z v
0

i / . For axially symmetric (Figures
5a,b,e, S4a,b,e, and S5a,b,e) and translationally invariant (Figures
5c,d, S4c,d, and S5c,d) geometries, we use the boundary-element
method (BEM), as detailed elsewhere.61 In all cases, we model the
materials through the modified Drude dielectric function given in eq
1. Figures 1−4 and S1−S3 are obtained with dielectric parameters ϵb
= 4, ℏωp = 1.46 eV, and ℏγ = 0.07 eV, where we modify ωp (but
maintain ϵb and γ) relative to the previously reported optical data for
F-IO35 to accommodate the actual level of doping in our samples and
obtain the best fit to experiments. Slightly different parameters are
taken in Figures 5, S4, S5, and S12−S15 to better visualize the near-
touching transition for generic Drude particles, as well as for gold and
silver.
LDOS Simulations. For the finite structures in Figure 5a,b,e, we

calculate the LDOS at a position r at the gap center, projected on a
direction n̂ across the gap, as59,62,63

= + { · }r n E r( , ) ( ) (2 ) Im ( )n n
0 2 1 ind

where = c( ) /3n
0 2 2 3 is the LDOS in free space, while the

second term is the imaginary part of the electric field that is self-
induced by a unit point dipole directed along n̂ and placed at r. We
obtained the induced field using either COMSOL for cube dimers or
BEM for the rest of the structures. For translationally invariant
geometries (Figure 5c,d), we express the LDOS in momentum space
q along n̂. Note that we use a different normalization of the LDOS in
Figure 5 for finite structures and for translational invariant geometries
to accommodate the differences in their definitions.
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(34) Knebl, D.; Hörl, A.; Trügler, A.; Kern, J.; Krenn, J. R.; Puschnig,
P.; Hohenester, U. Gap Plasmonics of Silver Nanocube Dimers. Phys.
Rev. B 2016, 93, 081405.
(35) Cho, S. H.; Ghosh, S.; Berkson, Z. J.; Hachtel, J. A.; Shi, J.;
Zhao, X.; Reimnitz, L. C.; Dahlman, C. J.; Ho, Y.; Yang, A.; Liu, Y.;
Idrobo, J.-C.; Chmelka, B. F.; Milliron, D. J. Syntheses of Colloidal F:
In2O3 Cubes: Fluorine-Induced Faceting and Infrared Plasmonic
Response. Chem. Mater. 2019, 31, 2661−2676.
(36) Cho, S. H.; Roccapriore, K. M.; Dass, C. K.; Ghosh, S.; Choi, J.;
Noh, J.; Reimnitz, L. C.; Heo, S.; Kim, K.; Xie, K.; Korgel, B. A.; Li,
X.; Hendrickson, J. R.; Hachtel, J. A.; Milliron, D. J. Spectrally
Tunable Infrared Plasmonic F,Sn:In2O3 Nanocrystal Cubes. J. Chem.
Phys. 2020, 152, 014709.
(37) Kalusniak, S.; Sadofev, S.; Henneberger, F. ZnO as a Tunable
Metal: New Types of Surface Plasmon Polaritons. Phys. Rev. Lett.
2014, 112, 137401.
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