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Excitation of localized surface plasmon resonances in metal nanoparti-
cles and nanoparticle assemblies allows to manipulate light at nanometer
scales well beyond the wavelength and opens the possibility of many
applications. The complexity of the variety of methods to fabricate
plasmonic structures and the sophistication of optical characterization
techniques invites for completing the plasmonics landscape with a com-
prehensive theoretical understanding of the optical response. Classical
approaches based on the solution of Maxwell’s equations using local
(model or empirical) bulk dielectric constant are extensively used to
describe plasmonic systems and gain the necessary intuition. At the same
time, recent experimental and theoretical developments have clearly
demonstrated that as soon as nanometer and subnanometer scales are
approached, quantum effects such as tunneling, non-local screening and
the atomistic structure of the metal nanoparticles become important.
In this chapter, we discuss the major manifestations of quantum effects
in the properties of localized plasmons, with particular emphasis on the
underlying physics.
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4.1. Introduction

Interaction of light with metallic nanoparticles can be greatly
enhanced if the incident electromagnetic wave is at resonance with
collective electron excitations, so called plasmons. Known for a long
time in surface science, where intense research on plasmons has been
developed in the context of the interpretation of electron energy
loss spectroscopy (EELS) experiments,! and studied in detail in the
context of cluster physics,? nowadays plasmonic properties of nanos-
tructured materials are receiving renewed attention as a key building
block in nanophotonics.>® Driven by technological progress, plas-
monics is now a flourishing field of fundamental and applied research
as it allows “to manipulate light at the nanoscale”.? Indeed, advances

6,7 allow to engineer the plasmonic response of sys-

in nanofabrication
tems and fully exploit strongly enhanced near fields and scattering
resonances in far fields produced by plasmonic nanoparticles. 32812
While noble metals such as gold and silver are the most common
materials in infrared plasmonics, recent reports address the possi-
bility of using Al nanoparticles with the perspective to exploit their
plasmon resonances in the ultraviolet.'3

The design of the optimal nanostructure with a specific optical
response in the near or far fields requires accurate theoretical predic-
tions. Thus, the availability of theoretical tools capable of modelling,
predicting, describing, and interpreting experimental data at formal
and numerical levels is of paramount importance. Most of the formal
approaches and numerical techniques developed to obtain the opti-
cal response of a nanoobject root back to the classical macroscopic
Maxwell’s equations.>” !4 The non-dispersive local dielectric permit-
tivity is routinely used to describe the optical response of metallic
nanoparticles delimited by sharp boundaries. It is only recently that
technology has allowed to engineer plasmonic nanostructures where
quantum aspects of the motion of conduction electrons significantly
affect the optical response.! ¥ Basically, observing the quantum
regime of response implies that the characteristic size(s) of the system
is at the nm scale, comparable to the Fermi electron wavelength in
the metal. Thus, several studies have been performed on quantum
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effects in the energy and lifetime of the collective plasmon excitations

220223 45 well as on photon-assisted electron

in small metal clusters,
tunneling through narrow gaps in semiconductor and metal nanos-
tructures in the THz range.24’25 Current research on quantum effects

in plasmonics at optical frequencies is mainly focused on two aspects:

(1) Non-locality of the screening, where the spatial profile of the
induced electron density cannot be infinitely sharp, as assumed
in classical theories.

(2) The coupling between the electromagnetic field and electron
tunneling across narrow junctions between metal nanoparticles,
where the conductive contact can be established prior to the
direct geometrical overlap.

The above-mentioned quantum effects are not captured within
standard classical approaches, and so the description of the cor-
responding plasmonic structures requires new developments. The
non-local screening can be modelled within a classical electromag-
netic theory framework within the non-local hydrodynamical model?®
(NLHD) allowing to partially lift such non-physical results as e.g.
the divergence of near fields upon narrowing the gap between plas-
monic nanoparticles. This theory has recently been greatly improved
to include the quantum spill out of the electron density outside metal
boundaries.?” For a detailed account of the NLHD theory, we refer
to Chapter 3 by N. A. Mortensen et al. The description of electron
tunneling requires a quantum treatment beyond classical electrody-
namics. Such approaches become available nowadays, and the opti-
cal response of plasmonic nanostructures can be calculated either
extending the classical theory to incorporate electron tunneling, or
by adopting a full quantum treatment using e.g. the time dependent
density functional theory (TDDFT) combined with ab initio atom-
istic or model free-electron descriptions of metal nanoparticles. 28739
Besides properly accounting for electron tunneling, the TDDFT cal-
culations reveal a sensitivity of the near and far fields to the fine
details of the atomistic structure inside the gap between plasmonic
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nanoparticles, such as vertices and edges at contact of different crys-
tallographic planes.

Later in this chapter, we present a detailed account of the theo-
retical developments based on the full quantum TDDFT calculations
and discuss related recent experiments. It is noteworthy that owing
to the extremely strong field enhancement in the narrow gap between
plasmonic nanoparticles, the plasmonic dimer appears as the system
of choice to address quantum effects and will be often quoted in this
chapter.

4.2. Non-local Screening

Non-locality of the screening results from the collective quantum
behavior of the interacting many-electron system and reflects the fact
that the response of the conduction electrons at a particular point in
space depends not only on the field applied at that point but also on
the fields applied at other different points. For a monochromatic inci-
dent electromagnetic wave with frequency w, one can write P(r,w),
the polarization of the medium at point r, as:

P(r,w) = /dr'x(r, ' w)E(r,w), (4.1)

where E(r',w) is the electric field, and x(r,r’,w) is the susceptibility
of the medium.

Contrary to local classical descriptions, the non-local effect and
the spill out of the valence electron density outside the metal prevents
a sharp localization of the screening charges at the boundaries of the
interfaces. The screening charges thus have finite spatial extension,
as we illustrate in Fig. 4.1, where the results of the TDDFT calcula-
tion of the electron density dynamics triggered by an external laser
pulse incident at a sodium nanowire dimer in vacuum are shown.?334
Sodium is a typical free-electron metal for which the jellium metal
(JM) approximation applies well. Within the JM model, the ionic
cores are not explicitly introduced into the calculation, but they
are replaced by a uniform positive background charge with density
ny = [4nrd/3]71. The Wigner-Seitz radius is 7, = 2.12 A for Na. The
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Fig. 4.1. Dynamical screening. (a) Sketch of the geometry of a nanowire dimer.
Two identical cylindrical nanowires are infinite along z-axis and have a diame-
ter D = 2R.. The nanowires are separated by a gap of width S. The incident
radiation is linearly polarized with the electric field along the dimer axis (z-axis).
(b) Evolution of the density induced by an incident field at the surface of the left
cylinder facing the junction. The data are shown as a function of the z-coordinate
for D = 9.8nm, and S = 1.3nm. z = 0 is at the center of the junction. Different
curves correspond to instants of time spanning 1/2 optical period starting from
to (black curve). The frequency of the incoming z-polarized electromagnetic wave
is in resonance with the bonding dipole plasmon mode at wq, = 3.157eV. The
vertical blue line denotes the position of the jellium edge.

boundary between the background charge density ny and surround-
ing medium is set at half of the spacing between atomic planes in the
direction of the surface. This boundary, also called “jellium edge”,
will be considered here as the geometrical surface of the metal.
While in the local classical approach the screening charges reside
at the geometrical surfaces of the cylinders separated by the junction
of width S, the shape of the induced charge density obtained in
TDDFT calculations shows a pronounced time-dependence in the
finite spatial profile. In particular, because of the spill-out effect,
the induced charge density extends outside the metal boundaries
by some A. One can then define the real part of the centroid of the
induced charge density (Feibelman parameter) Re[d(w)] as a measure
of the actual position of the plasmon-induced surface charges with
respect to the jellium edge.?%:2140-42 The Feibelman parameter plays
a central role in the theory of dynamic screening at surfaces and
allows to describe the dispersion of propagating surface plasmons
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and finite size effects in localized nanoparticle plasmons, as we will
show below. For the present case of sodium nanowires, Re[d(w)] is
positive ~0.9 A in the frequency range of interest.*> This means that
the screening charge is shifted by 0.9 A into the vacuum and located
at ~3 A outside the surface atomic plane of the nanoparticle.

One of the most prominent manifestations of the non-local
screening is the nanoparticle size-dependent shift of the frequency
wgp of the localized nanoparticle plasmon with dipolar charac-
ter, as has been thoroughly studied in the case of extinction
resonances in cluster physics. 229234143 For nanoparticles char-
acterized by a radius Rg, comparable with the wavelength of
the incident radiation A, retardation effects lead to a redshift
of the localized dipolar plasmon frequency. As the size of the
nanoparticles decreases, the solution of classical Maxwell’s equa-
tions predicts that wg, converges to a constant value wye (Mie
frequency) as wgp = wimie (1 —A[Rd/>\]2),44 where A is a con-
stant. However, for nanoparticles of nanometer scale size, the
classical description is no longer applicable, and wq, is deter-
mined by the electron many-body screening at the nanoparticle

surface. 204

wap/wiie = 1 — Re[d(wap)]/Ra + O(R,?). (4.2)

For alkali metals and aluminum, Re[d(wqp)] is positive. Thus, with
decreasing cluster size, the plasmon resonance redshifts from the Mie
value wyie for small size clusters.*>4? For noble metals such as Au
and Ag, the final size effects lead to a blue shift of the dipolar plasmon
resonance with decreasing cluster size. 16:43:50-54 The sheer contrast
between alkali and noble metals is due to the localized d-electron con-
tribution to the total screening in the latter case.*! The d-electrons
reside close to the atomic planes beyond the jellium edge determined
by the extension of the wave functions of the delocalized s-p elec-
trons. When the d-electron contribution to the screening is accounted
for, Re[d(w)] turns negative indicating that the screening charge is
predominantly induced inside the metal.
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Fig. 4.2. Plasmon energy of Ag clusters as a function of the inverse of the cluster
diameter 1/D. The dipolar bulk limit (Mie plasmon) is at 3.5 eV. The experimen-
tal data (1-5) have been scaled to obtain the resonance energies in vacuum.’?
The horizontal error bars on the data (3) give the widths of the size distributions
of the corresponding Ag particles. Red line with red circles shows the results of
the TDDFT calculations® using the jellium model with a polarizable background
allowing to account for the d-electron contribution. Blue circles (1) — experimen-
tal data from Ref. [50]; Black squares (2) — experimental data from Ref. [51];
inverted blue triangles (3) — experimental data from Ref. [52]; green triangles
(4) — experimental data from Ref. [53]; gray circles (5) — experimental data from
Ref. [16]; (6) — data obtained in the STM induced light emission experiments.®*

The difference between free electron (alkali and Al) and noble
metals is illustrated with Figs. 4.2 and 4.3. Measured and calculated
cluster size dependence of the dipolar plasmon resonance frequency is
shown for silver and sodium clusters, respectively. For the theoretical
calculations, the jellium model of the metal has been used in both
cases. In the TDDFT study of the optical response of Ag clusters, the
polarizable background with radius R4 has been introduced inside
the cluster to model the contribution of the localized d-electrons
to the screening.?®°6 The polarizable background is described by
the non-dispersive dielectric function €4 = 4.58, and it has a radius
defined as Rq = Rq — 1.2 A. As follows from the Figs. 4.2 and 4.3,
and in agreement with the general discussion based on the Feibelman
parameter, Ag and Na clusters display opposite finite size effect. It is
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Fig. 4.3. From Ref. 47, energy of the dipolar resonance of Na clusters as a
function of the average number of atoms < N > forming the cluster. Frequencies
are derived from experimental data (solid and open circles) and compared with
theoretical calculations® (circles) based on the free-electron description of Na.

worthwhile to stress the good agreement between the experimental
data and the theoretical results based on the jellium description of the
metal. This indicates that the JM captures the main physics of the
screening as recently confirmed by quantum studies that adopt a full
atomistic description of the metal nanoparticles.?”:5""61 As appears
from the discussion above, the dynamical surface screening is the
main mechanism determining the size dependence of the energy of
the localized plasmons in small metallic spherical nanoparticles. In a
recent work, R. C. Monreal, T. J. Antosiewicz and S. P. Apell show
that for quantum confinement effects linked with the quantization of
the electronic states to become noticeable the nanoparticle size has
to be in the 1 nm range and below.??

Dynamic screening not only affects the energies of the plasmon
modes in individual nanoparticles, but it also does affect plasmon
hybridization in adjacent metallic nanostructures. The plasmonic

33,34 3 canonical coupled structure, allows for a clear cut

dimer,
physical interpretation of quantum effects in the optical response.
Fig. 4.4 presents the analysis of the role played by dynamic screen-

ing in determining the frequency of the bonding dipole plasmon,
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Fig. 4.4. Dynamic screening in a cylindrical nanowire dimer with D = 9.8 nm
and S = 0.8nm, as sketched in Fig. 4.1. (a) The TDDFT result for the charge
density An induced by the incident x-polarized laser pulse at resonance with
the lowest bonding dipole plasmon mode of the system (wap = 3.1eV). Positive
(negative) values correspond to red (blue) color code. An is shown at the instant
of time corresponding to the maximum dipole moment of the dimer. (b) Zoom into
the junction with schematic representation of the location of the plasmon-induced
screening charges. Within the local classical approach, the screening charges are
exactly located at the geometrical surfaces of the cylinders (here equivalent to the
jellium edges) separated by the junction of width S. As calculated with TDDF'T,
the centroids of the screening charges (red area for positive charge and blue area
for negative charge) are located at Re[d(w)] in front of the jellium edges, and
therefore separated by S —2Re[d(w)]. (b) Energy of the dipole plasmon resonance
as a function of the junction width S. Dots: TDDFT results obtained for nanowire
dimers formed by D = 6.2nm (blue) and D = 9.8 nm (red) individual nanowires.
The results of classical Drude calculations for D = 6.2nm and D = 9.8 nm dimers
are shown, respectively, with blue and red lines. Dashed /solid line type: separation
S is measured between the jellium edges/centroids of the induced charges. For
more details, see the main text.

also known as gap plasmon. Panel (a) shows the TDDFT result for
the charge density induced by a xz-polarized laser pulse incident on
the D = 9.8 nm, S = 0.8 nm nanowire dimer sketched in Fig. 4.1. The
incident radiation is at resonance with the bonding dipolar plasmon
of the dimer formed by the hybridization of the plasmon dipolar
modes of the individual nanowires. The systems with narrow gaps are
characterized by a strong field enhancement in the junction because
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of the large charge densities of opposite sign induced by the plasmon
at the facing metal surfaces across the gap [see panel (a)]. In turn,
this results in an attractive interaction leading to the redshift of the
energies of the bonding plasmon modes of the dimer as compared
to those of the individual particles. In the classical theory, the field
enhancement and the redshift diverge for a vanishing width of the
junction S — 0.2 The “zero width catastrophe” is removed when
the electron tunneling is accounted for as we discuss in the next
section. At present, we limit the discussion to S > 0.5 nm, where the
tunneling effect is negligible, and the induced charge densities can be
well assigned to the individual cylinders forming the junction.

We recall that within TDDFT, the real part of the centroid
of the induced charge density Re[d(w)] corresponds to the position
of the plasmon-induced surface charges with respect to the jellium
edge of each cylinder. For the present case of sodium nanowires,
Re[d(w)] ~ 0.9 A with screening charge shifted from the jellium edge
into the vacuum. As we schematically show in panel (b) of Fig. 4.4,
for a junction with width S measured between the jellium edges,
the actual distance between the plasmon-induced charges across the
junction is ¥ = S — 2Re[d(w)]. This insight provides an explanation
of the dependence of the energies of the bonding dipolar plasmon
as a function of gap width, as shown in Fig. 4.4(c) for two differ-
ent nanowire dimers.?* While classical electromagnetic calculations
reproduce the TDDFT data overall, the latter is systematically red-
shifted with respect to the former. Indeed, in the classical theory, the
screening charges are confined at the metal surfaces separated by the
junction of width S, while in the quantum theory, the actual distance
between the screening charges . is smaller leading to a stronger inter-
action (dots versus dashed lines in Fig. 4.4(c)). Thus, the TDDFT
data obtained for a junction with a specific width S (dots) should
be compared with the classical results calculated for a gap of effec-
tive width ¥ = S — 2Re[d(w)] (solid lines). In doing so, the agree-
ment between TDDFT and the classical simulations becomes excel-
lent indicating that in this case the effect of the non-local screening
can be accounted for within the classical theory by simple distance
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rescaling.?33* The distance rescaling provides an estimate of the char-

acteristic gap sizes S, for which the non-local screening is important.
Indeed, the shift of the plasmon energy from the classical value starts
to be noticeable for 2Re[d(w)]/S ~ 0.1. Provided that the Feibelman
parameter Re[d(w)] is in the A range for typical metals, we obtain
S < 2—3nm. Note that for small widths of the gap S < 0.5 nm, the
electron densities of the individual nanowires overlap indicating the
onset of efficient tunneling which then dominates the optical response
(see next section).

In addition to an explanation of the change of energies of the
localized nanoparticle plasmons, the dynamic surface screening the-
ory can be also applied to describe the cluster size dependence of
the excited electron dynamics in the system. Indeed, via many-body
interactions, the collective electron excitation (plasmon) decays into
an incoherent excitation of electron-hole pairs. 221:22:56,63-66 The
surface contribution to this Landau damping mechanism can be
described via the imaginary part, Im[d(w)], of the Feibelman parame-
ter.2! For the sake of clarity, we will use much simpler phenomenolog-
ical description here.%® The width of the localized plasmon resonance
I (inverse of the lifetime of the collective mode 7 = 1/I) is given by
several contributions:

'=Tyq+To+ Js 'Uf/Rcl- (43)

The first term, I'.q o Rg’l, stands for the radiative decay rate.56:67 The
second term gives the bulk contribution to the Landau damping and
the last term describes the surface contribution. The latter mainly
introduces a decay rate which is proportional to the frequency of
the collisions with the surface vf/ R of a classical electron moving
with Fermi velocity v¢. As follows from Eq. (4.3), for large nanoparti-
cle sizes, radiative decay dominates; however, for small nanoparticles
the incoherent electron—hole excitation becomes a leading mechanism
with the surface contribution increasing as 1/ R.;. This is further illus-
trated in Fig. 4.5, where it can be observed that as a silver nanopar-
ticle size decreases, the spectral width, I', of the plasmon resonance
shows a transition from a radiative decay regime to a regime of decay
via electron hole-pair excitation.
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Fig. 4.5. From Ref. 65, spectral width I" of the localized surface plasmon reso-
nance measured in different single Ag/SiO2 nanoparticles as a function of the
inverse of their equivalent diameter D.q, optically determined by fitting the
extinction spectra. Error bars on size determination and width are indicated
for three typical sizes. The blue dashed line is a linear fit using Eq. (4.3) and
assuming negligible radiative decay I';q = 0, with g = 0.7 and 'y = 0.125eV.
The shaded area indicates the estimated I'g value in bulk silver.

While transfer of the electromagnetic energy trapped by the
localized plasmon to the electron—hole excitations in the metal
is one of the main bottlenecks in using plasmonic materials for
information technology, this effect is extremely beneficial for many
applications induced by hot electrons such as local heating, photo-

voltaics, nanoscale detectors and photochemistry at surfaces.!0:68-71

4.3. Electron Tunneling

Electron tunneling through the potential barrier separating classi-
cally allowed regions of motion is one of the prominent quantum
features that cannot be captured by the classical theory. This effect
forms the basis of a powerful method of surface analysis, namely
scanning tunneling microscopy (STM),72 where a tunneling current
across the junction formed by a STM tip and a surface is triggered
by an applied external DC bias. In the AC regime, photon-assisted
tunneling in metal-dielectric-metal or semiconductor junctions has
been studied in the THz range.?*?> However, it is only recently that
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full quantum theories and experimental studies performed with well-
controlled junctions addressed tunneling phenomena in plasmonics at
optical frequencies.!5-19:28,30-38,73-79,82-84
broader terms, electron transfer between nanoparticles and its inter-
action with photons coupled to plasmonic excitations is at the origin
of many physical phenomena in narrow gaps. To access the tunneling
regime in plasmonics allows (i) to understand the transition from sep-

Electron tunneling, or, in

arated nanoparticles to touching particles, when the gap sizes are of
the order of the distances between atomic planes in the metal, (ii) to
design nanoscale electro-optical devices capable of either generating
electronic currents with incident photons or producing electrolumi-
nescence due to inelastic tunneling of electrons, and (iii) to develop
strategies for controlling the plasmon response such as those offered
by functionalization of the junction with self-assembled molecular
layers (SAMs).

Because of the difficulty to reach reproducible sub-nanometer
gaps in experimental conditions, the tunneling effect in plasmonics
was first studied in nanoparticle dimers theoretically.?®3%3! These
theoretical predictions have been followed by experimental verifi-
cation of the tunneling regime.!> 1977 In Fig. 4.6 we show the
optical response of a D = 9.8 nm jellium Na nanowire dimer in vac-
uum (Fig. 4.1). The results are obtained using different, classical,
quantum and mixed, approaches not allowing or allowing to account
for the electron transport through plasmonic gap.®* Similar results
have been reported for a dimer formed by two spherical nanoparti-
cles represented using the free-electron JM, 23031 or described at full
atomistic level.3” Thus, one can identify general and robust features
of the modification of the optical response due to the electron transfer
between nanoparticles.

A comparison between the quantum TDDFT results and the
results from the classical electromagnetic calculations reveals several
important differences as the junction width S is decreased:

e The redshift of the energies of the plasmon modes as calculated
with TDDFT is finite, not diverging as in the classical theory.
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Fig. 4.6. Optical response of a Na nanowire dimer in vacuum. The diameter
of each nanowire is D = 9.8 nm, as depicted in Fig. 4.1. Results are obtained
with the TDDFT calculations (TDDFT), with classical Drude electromagnetic
calculations (Drude), and with the quantum corrected model (QCM). The latter
allows to account for electron transport across the junction within the framework
of classical electrodynamics. The incoming plane wave is polarized along the dimer
axis x. Upper panels: Waterfall plots of the dipole absorption cross-section per
unit length, o, as a function of the width of the junction S and frequency w of
the incident radiation. The centers of the wires are at x = £(D+.5)/(2), and S is
negative for overlapping cylinders. For clarity, a vertical shift proportional to S is
introduced for each absorption spectrum. The red curves are used for a change of
S every 2.65 A. These curves are labeled with the corresponding S-values every
5.3 A. The plasmonic modes responsible for the peaks in the absorption cross-
section are labeled: Bonding Dipole Plasmon (DP), Bonding Quadrupole Plasmon
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Fig. 4.6. (caption continued) (QP), high-order hybridized mode (HM), lowest
(dipole) Charge Transfer Plasmon (C1), and higher energy Charge Transfer Plas-
mon (C2). Lower panels: Color plots of the local field enhancement at the center
of the junction for positive separations. Results are shown as a function of the
frequency w of the incident radiation and junction width S. The color code is
displayed at the bottom of the corresponding panels.

e The number of plasmon resonances is much smaller in the TDDFT
results.

e The bonding plasmon modes of the separated dimer disappear,
and the charge transfer plasmon modes® emerge in the TDDFT
results prior to direct geometrical contact between the nanowire
surfaces at S = 0.

e The field enhancement in the middle of the junction, as obtained
with TDDFT, stays finite and it is quenched for small S in sheer
contrast with the divergence of the fields observed from the clas-
sical description.

All over, the transition from a capacitively (S > 0) to a con-
ductively (S < 0) coupled system is not discontinuous as in classical
calculations, but continuous. This is because the electron tunneling
between metal surfaces separated by the narrow gaps leads to the
establishment of a conductive contact across the junction prior to
the direct geometrical touch between the surfaces. Indeed, in the
local classical calculations the divergence of the shifts of the plasmon
modes energies and the field enhancement at vanishing gap width
results from the divergent coulomb interaction between the screening
charges of opposite sign localized at the geometrical surfaces across
the junction. In the quantum calculations, however, the tunneling
current neutralizes the plasmon-induced charges and thus reduces
the field enhancement and the shift of the plasmon modes energies.
This tunneling current also leads to the progressive attenuation of
the bonding plasmon modes of the dimer formed by the hybridization
of the plasmon modes of the individual nanoparticles. From the point
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of view of the underlying physics, accounting for the ability of con-
duction electrons to tunnel through the potential barrier separating
two nanoobjects allows to correctly capture the transition from the
the situation of disconnected nanoparticles to the situation with the
continuous metal bridge linking the junction.

Recently, quantum effects in the optical response of metallic
nanoparticles have been addressed with computationally involved
calculations based on a full atomistic description of the nanopar-
ticles.3” 39 Undoubtedly, the atomistic structure of the nanoparticles
leads to a quantitative dependence of the near fields and optical
cross-sections on particular morphological aspects of the surfaces, e.g.
specific surface facets forming the junction. The formation of atomic-
size hot spots at the vertices and edges between crystallographic
planes has been also reported.?>®> Nevertheless, the general trends
of the plasmon modes evolution in narrow gaps derived from
TDDFT calculations within the JM description of the nanoparticles
hold.

More insights into the effect of electron tunneling across the
junction can be gained by analyzing the dynamics of currents and
charges in the nanowire dimer induced by an incident z-polarized
laser pulse resonant with the lowest (DP or C1) plasmonic modes,
as displayed in Fig. 4.7. For a wide junction with S = 7.95 A, the
total induced dipole is formed by the in-phase dipolar polarization
of each nanocylinder, as expected for the bonding DP mode. The
maximum of the dipole is reached at the instant of time when the
maximum charge separation has occurred and the currents inside the
nanoparticles are minimal. In that situation, high charge densities are
induced at the surfaces facing the junction, resulting in large electric
field enhancement. The structure of the induced charges and fields
is similar to previous classical results for coupled cylinders®6:87 or
metal spherical dimers.%? For such large separations, the probabil-
ity of tunneling between nanowires is negligible. When the junction
width is reduced to S = 2.65 A, basically the same profiles for induced
densities and fields are obtained. However, in this situation, optically-
assisted AC tunneling current between the nanoparticles can now be
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Fig. 4.7. Plasmon dynamics in a D = 9.8 nm nanowire dimer system. The inci-
dent z-polarized laser pulse is at resonance with the lowest bonding dipolar plas-
mon DP for S > 0, or with the lowest charge transfer plasmon C1 for S < 0.
Panels in the left column: snapshots of the induced charge density An; middle
column: snapshots of the electric field along the xz-axis E,; right column: current
density J, along the z-axis. Positive (negative) values correspond to the red (blue)
color code. Results within each row correspond to a fixed junction width S, as
indicated to the left of each row. The induced densities are shown at the instant
of time corresponding to the maximum dipole moment of the dimer. The induced
currents and fields are shown at the instants of time when the induced fields in
the junction reach the maximum. J, is not shown for the S = 7.95 A because the
tunneling current is negligible in that case.

-2.65A

observed.?42580.81 The junction shows a resistive character?? with
the maximum tunneling current between nanowires reached at the
maximum field and consequently at the maximum induced dipole.
Because of the tunneling, the field enhancement in the junction is
reduced (see Fig. 4.6).
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Further reduction of the junction width S increases the tunneling
probability and short-circuits the junction. When the conductive con-
tact is formed, the fields are expelled from the junction,?® the DP
mode disappears and the charge transfer modes emerge in the absorp-
tion spectrum. In this respect, the results obtained for S = 0 and
S = —2.65 A are very similar. The maximum dipole moment of the
dimer now corresponds to oppositely charged nanowires. The maxi-
mum currents and fields are reached when the total dipole moment
of the system is minimum. Indeed, the current flowing trough the
junction builds the dipole polarization with opposite charges at the
left and right nanowires.

The theory of electron tunneling in the presence of a DC elec-
tromagnetic field?42580:81 provides a formal framework that allows
to describe the evolution of the plasmon response in nanoparticle
assemblies with narrow gaps. Assuming linear response regime, the
optical field E,, at frequency w induces a tunneling current at the
same frequency in the junction between two flat metal surfaces. The
dissipative component (in phase with the driving field) of this AC
tunneling current density is given (in atomic units) by:24:83

T = 2V—:: bo(U +w) — Joo(U — w)]., (4.4)
where U is the applied DC bias, V,, ~ SE, is the (small) optical
bias across the junction, and Jpc(U £ w) is the DC tunneling cur-
rent at the constant bias U + w. Here, we assume that E, does
not vary across the junction. Equation (4.4) establishes a connection
between the AC tunneling characteristics of the junction and the
static DC tunneling characteristics, commonly used in the descrip-
tion of STM.®! For slow variation of Jpc with U, we obtain the
classical limit J,, = SE,, dJpc(U)/dU, which can be written as

Jo = G(U,S)V, = o(U,S)E.,,
G(U,S) = dJpc(U)/dU,
o(U,S) = SG(U, S), (4.5)
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where G(U, S) is the DC conductance of the junction at bias U,
and o(U, S) is the DC condutivity of the junction. One expects that
the tunneling current starts affecting the plasmon modes when it
allows partial neutralization of the plasmon-induced screening charge
densities ¢ at the metal surfaces across the junction.®® This implies
that J, ~ do/dt. Assuming J, = G(U, S)SE,, and E, = 4mwp (flat
capacitor), the harmonic time dependence of the fields results in
G(U,S)SE,, ~ wE,,/4r. Thus, the value of the conductance of the
junction at which tunneling effects are noticeable on the plasmon
modes can be estimated from:

G(U,S) =w/4rS. (4.6)

For a junction of width of 0.5nm, and w ~ 3eV, Eq. (4.6) results in
G(U,S) ~ 2 x 1073Gy, where Gy = 7.75 x 107> S is the quantum of
conductance. This estimate is consistent with the range of conduc-
tance values reported for the onset of quantum effects on the bonding
plasmon modes of dimer structures within the TDDFT calculations
in the absence of applied bias (U = 0). 3934383990 Gince G(U, S)
increases exponentially with decreasing junction width, a variation
of S is the most efficient way to enter into the quantum regime.
However, a modification of the externally applied bias might provide
an additional degree of freedom to tune the optical response of the
nanostructure, together with the functionalization of the plasmonic
gaps with molecular layers, as discussed below.

The approach expressed by Egs. (4.4) and (4.5) is based on the
theory of photon-assisted tunneling, it describes the resistive AC tun-
neling currents, and thus it can be applied in the case of the junc-
tions with low tunneling probabilities and resistive character. This
approach can thus explain the attenuation of the bonding plasmon
modes of the dimer (DP, QP) (see Fig. 4.6). However, it does not
allow to describe the evolution of the junction from resistive to con-
ductive upon further decreasing S, as shown in Fig. 4.8. Panel (a) of
the figure illustrates the evolution of the electron tunneling barrier
across the junction between two metal surfaces when the junction
width is reduced from S; to So, where Sy < S;. Panel (b) displays
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the time-evolution of the current density J;(t) across the middle
of the junction between two D = 9.8 nm metal cylinders. Jy(t) is
shown as a function of the electric field E,(t) at the same position.
The subscript refers to the projection on the x-axis of the dimer
(see Fig. 4.1(a)). The time dependence of the currents and fields is
calculated within TDDFT for an incident plane wave resonant with
the corresponding plasmon mode of the system (see caption). If the
frequency-dependent conductivity of the junction is defined as

0 (S,w) = Jo(w)/Ey(w), (4.7)

then the linear proportionality between J,(¢) and E.(f) with no
relative phase, as shown in panel (b) of Fig. 4.8 for large S (black
lines), implies that o(S,w) is real valued (resistive junction). This
conductivity can be obtained from the TDDFT results, as shown
above, or it can be approximated by its DC value defined by Eq. (4.5),
since the approach developed to describe tunneling conductances G

3191 can be applied. At small S, the relative phase

in STM junctions
between J;(w) and E,(w) implies that o(S,w) is complex. Thus,
the junction character evolved from resistive [large S| to conductive
[small S]. The tunneling barrier is low in that situation, and elec-
trons are efficiently transferred between the nanoparticles. The con-
ductance of the junction is in the 0.1 — 1 Gy range, which is the
threshold for observing the emergence of charge transfer plasmon
modes.?83%:8992 Obviously, at S = 0 the potential barrier vanishes
and the metal-to-metal contact is formed.

The analysis of the quantum regime in tunneling junctions and

its consequences can be summarized as follows:

e In the absence of tunneling, the non-local screening affects the
energies of plasmon modes in junctions with S in the range of
some nanometers. This effect can be accounted for by rescaling
classical results.

e For junction widths below 0.5nm, electron transfer between
nanoparticles is a dominating process that determines the optical
response. The range of the electron tunneling effect as given here,
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vacuum level

current

Fig. 4.8. (a). Schematic representation of the evolution of the electron tunneling
barrier across a nanoparticle junction when the junction width is reduced from
S1 to Sa, where S3 < Si. No bias is applied. The shaded areas represent the
tunneling barrier for the electrons at the Fermi energy before (gray) and after
(red) changing S. Green arrow shows the AC current J,, due to the incident
electromagnetic field at frequency w. (b) Conductivity analysis for the D = 9.8 nm
nanowire dimer system. The current density J, calculated with TDDFT on the
z-axis in the middle of the junction is plotted as a function of the normalized
electric field component F, at the same position. Different colors correspond to
different junction widths S as labeled in the insert. The incident z-polarized laser
pulse is at resonance with the lowest (DP) plasmon mode for junctions of width
S = 2.65A and S = 5.3A. For the vanishing junction, S = 0 and S = 1.06 A,
the incident pulse is at resonance with the C1 charge transfer plasmon mode. For
further details see Ref. 34.

is only an estimate. It depends on the specific conditions and can
be modified through the change of the potential barrier.

e Standard classical electromagnetic approaches do not allow to
describe the electron tunneling effect.

e Quantum calculations naturally include tunneling, but being com-
putationally demanding, are limited to systems too small as com-
pared to those of actual interest in plasmonics.

e For not-too-narrow junctions (low G) much of the understanding
of the modal description can be gained from the theory of photon-
assisted tunneling. However, this theory does not allow for a simple
description of the transition from the tunneling to full contact
regime.
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A recent proposal to cope with the issues pointed above consists
in describing the electron transport properties of the junction via an
effective dielectric constant. In this way, the so-called QCM?! allows
to account for the tunneling between plasmonic nanoparticles within
the framework of classical Maxwell’s equations so that the standard
efficient electromagnetic solvers can be applied in practical plasmonic
morphologies of considerable size. 1°:31:349093 The QCM approach is
grounded on two observations. First, the widths of nanogaps where
tunneling effects are important are much smaller than the typical
curvature radii of the plasmonic nanoparticles forming the junction.
The quantum effects in the nanogap can be then modelled using
the properties of the electron transfer as calculated for planar metal
surfaces separated by S, and then continuously varying S according
to the actual geometry of the system. Second, since S < A (A is the
wavelength at optical frequencies), Eq. (4.7) can be considered as a
local one. We can thus assume that the local permittivity of the gap
can be defined as

e(S,w) =141 4no(S,w)/w. (4.8)

Applying Eq. (4.7), the conductivity o(S,w) can be obtained from
quantum calculations as shown in Fig. 4.8(b) or reported in Ref. 94.
Then, if this (S,w) is used to describe the response of the junction
in the classical Maxwell’s equations, the relationship between the
current density across the gap and the optical field inside the gap
as obtained from these classical calculations will be the same as the
one obtained from quantum calculations. Alternatively, for resistive
junctions (large enough gaps), o(S,w) can be approximated by its
DC value calculated from the STM theory.”!

For narrow gaps at the transition from the resistive to conduc-
tive junction, the STM theories do not apply. However, the TDDFT
calculations of o(S,w) can be also avoided in this case, by enforcing
the transition to a continuous metal for S = 0 with the use of a
frequency-dependent permittivity of the junction described with the
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Drude model:
()= 1- - (49)
ep(S,w)=1— ———F— | :
i w(w +in(S))

where wy, is the plasma frequency characteristic of the metal nanopar-
ticles. n(S) is set by an exponential function such that for S — 0, one
retrieves the attenuation of the bulk metal, and for large widths of the
gap, ep(S,w) — £(S,w), given by Equation (4.8).%0 Observe that for
large S, the dielectric function becomes independent of the particular
model parametrization. The QCM is shown to correctly reproduce
the full quantum results of the response for various systems such as
the spherical nanoparticle dimer,?! the cylindrical nanowire dimer3*
(see Fig. 4.6) and core-shell plasmonic nanoparticles.’> The model
has been also applied to explain a number of recent experimental
observations, as we describe in Fig. 4.9. Screening of the gap plasmon
signal in Electron Energy Loss Spectra, in dark-field scattering, in
nonlinear signals from gaps, or in gaps functionalized with molecular
layers are some of the relevant examples which make quantum effects
in plasmonics evident.

4.4. Controlling Tunneling with Molecular Layers

The recognition that the conductance across a gap between metal
nanoparticles is a key parameter determining the tunneling effect in
the plasmonic response of the system allows one to elaborate a vari-
ety of strategies for controling the latter. While varying the width
of the gap S seems a natural choice to control the conductance
across the junction, using self-assembled molecular layers (SAMs)
also provides the possibility to change this conductance, and thus
to decrease/increase quantum effects. Junctions functionalized with
SAM:s offer very promising perspectives as they allow to impact tun-

neling in two ways:* via variation of the overall tunneling barrier,'”

and /or via resonant transfer involving molecular orbitals.?296-99
Examples of molecular control over the plasmon response in
metal nanostructures characterized by narrow plasmonic gaps are

shown in Fig. 4.10. The nanometer-thick junction between silver
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Fig. 4.9. (a) Continuous collection of EELS measured in 9-nm-diameter silver
homodimer as a function of the separation distance to observe quantum tun-
neling effects at small gap sizes (left).'® Absorption cross-section at different
separation distances calculated with TDDFT for the dimer formed by 4.3-nm-
diameter sodium spheres in vacuum?®° (right). BDP, BQP: bonding dipole and
quadrupole plasmons, CTP, CTP’: charge transfer plasmons. (b) Experiment:
measured dark-field scattering spectra from gold disk dimers with various gap-
widths.'® Horizontal axis represents measured gap-widths from 9.1nm to 2A
in log scale. Classical: Results of the classical electromagnetic simulations of the
same situation as above for gap-widths from 1 A to 10 nm. QCM: Scattering inten-
sities simulated with the QCM. For small gap-widths <4 A, screening of spectral
features related to electron tunneling is observed and reproduced with QCM.
The measured and calculated scattering intensities are normalized by their corre-
sponding largest values. (¢) Third harmonic signal as a function of the thickness
of a self-assembled molecular layer separating 60 nm spherical gold nanoparticles
from a gold surface.'® The experimental data an compared with calculations using
the QCM, and the classical electromagnetic approach. Insets show the calculated
electric field intensity distribution in the gold film just below the nanoparticle
for a wavelength of 1570 nm. The decrease of the nonlinear signal for small film-
nanoparticle distance is attributed to the reduction of the field enhancement
because of electron tunneling. (d) Evolution of the resonance wavelength of the
plasmon band (red dots)
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Fig. 4.9. (caption continued) in gold nanoparticle dimers as the interparticle
distance is reduced by varying the size of the molecular linker.” The gray curve
is the best fit to an exponential function, representing the classical electromag-
netic model for plasmon coupling. The vertical dotted line marks an interparticle
distance of 1 nm, where quantum plasmon coupling apparently begins.
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Fig. 4.10. (a)—(c) from Ref. 17. (a): Schematic illustration of the molecular
tunnel junctions between two silver nanoparticles bridged by a SAM on a sil-
icon nitride membrane. (b): The distance between two adjacent nanoparticles
is determined by the thickness of the SAMs of either saturated, aliphatic 1,2-
ethanedithiolates (EDT) or aromatic 1,4-benzenedithiolates (BDT). (c): Mea-
sured EELS spectra for double SAMs of EDT (red) and BDT (blue). Tunnel-
ing was observed for the double-layer BDT but not in the double-layer EDT
junctions. (d)—(f) from Ref. 99. (d): Conductive and non-conductive SAMs in
plasmonic junctions. Schematic of a gold nanoparticle separated from a gold film
by a thin molecular spacer layer. (e): Dark-field images of 60 nm gold nanopar-
ticles on biphenyl-4-thiol (BPT) and biphenyl-4,4’-dithiol (BPDT), respectively.
(f): Normalized scattered intensity from individual 60 nm gold nanoparticles on
BPT and BPDT. For nearly the same dielectric constant of BPT and BPDT
polymers linking the junction, tunneling leads to a blue shift of the bonding
plasmon mode in the case of the BPDT film (slightly conductive) as compared
to the BPD (non-conductive).

nanoparticles in one case (panels a, b and c¢), and between a gold
nanoparticle and a gold surface in the other case (panels d, e and
f) is functionalized with SAMs. Two types of molecular layers are
used in the experiments allowing to compare the results obtained
with SAMs of relatively low and high conductance in order to
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reveal tunneling effects. For silver nanoparticles separated by a dou-
ble molecular layer, the low-energy tunneling plasmon associated
with interparticle charge transfer across the gap has been observed
only for SAMs formed by higher conductance molecules [aromatic
1,4-benzenedithiolates (BDT) in this case]. For SAMs in the junc-
tion between the gold nanoparticle and the gold surface, the higher
conductance biphenyl-4,4’-dithiol (BPDT) molecules induce a blue
shift of the gap plasmon mode. In this case, the tunneling conditions
correspond to the situation described with Equation (4.6). Tunneling
current partially neutralizes the plasmon-induced screening charges
at the junction interfaces, and thus reduces the attractive interac-
tion between the nanoparticle and the substrate.®? At this point, it
is important to stress that using metal-oxide-metal type of junctions
also allows to change the tunneling barrier depending on the band
structure of the dielectric inside the junction. Indeed, the tunneling
barrier is set by the energy of the oxide conduction band minimum
in this case.”8391 Last but not least, the examples above show that
monitoring the emergence of the charge transfer plasmon and/or the
blueshift of the gap plasmon provides an access to the tunneling
characteristics of molecular layers. A sophistication of the connec-
tion between the conductance and the plasmonic response in SAMs
could serve as a valuable tool to quantitatively measure molecular
conductance at AC conditions.

4.5. Conclusions

In this chapter, we have described quantum effects in nanoplasmon-
ics derived from the quantum nature of the many-body interactions
between conduction electrons in metals. The presence of surfaces of
metallic objects intrinsically brings up the effects of confinement, of
dynamical screening of electromagnetic fields, of electron spill out, and
of the atomistic arrangement at the interface between different mate-
rials. Plasmonic structures are key building blocks in nanophotonics
where all these quantum effects can be tested. In particular, geometries
characterized by narrow gaps between metallic surfaces (plasmonic
gaps) emerge as canonical systems where optics and electron transport
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can be connected with unprecedented levels of control and monitor-
ing capability. As experimental architectures reach the subnanomet-
ric scale, accounting for quantum effects becomes progressively rele-
vant for a correct interpretation of data obtained from optical spec-
troscopy. There are many situations in nanoplasmonics where clas-
sical and approximate non-local treatments correctly describe many
of the spectral features of the far- and near-field response associated
with plasmons; however, new atomic-scale realms in nanophotonics
are firmly emerging, as robust technological platforms.

In this chapter, we have focused on quantum-size effects in metal-
lic nanoparticles, and on the optoelectronics of plasmonic gaps. We
have shown the differences between tackling the response of noble
metals or free metals in the former, and we have established a descrip-
tion of the effect of a tunneling current in screening the gap plasmon,
and eventually the formation of a charge transfer plasmon, for the
latter. Our description targets the challenge of an accurate quan-
titative comparison between phenomena identified in cutting-edge
experiments and state-of-the-art theoretical descriptions based on
TDDFT techniques. The main trends in optical spectroscopy of
metal nanoparticles can be unveiled in this way. However, much work
remains to be done regarding more sophisticated aspects of optical
spectroscopy and optoelectronics. A modification of the tunneling
current, and thus of the optical response, in molecular layers has
been shown here, but more active ways of controlling the tunneling
barriers have called the attention of many researchers in molecu-

1007102 and in electrochemistry.!%%1%4 The possibility

lar electronics
of controlling the optical response by application of an external bias
to a metallic nanogap points out towards new possibilities in opto-
electronic devices, and optical routing.'®® Another aspect of interest
is that the tunneling process across a metallic junction is an intrinsic
nonlinear process that could be exploited together with other sources
of nonlinearity connected with structural and morphological prop-
erties of the particles and their environments. All these combined
effects can be exploited in novel nanosystems that include plasmonic

structures coupled at subnanometric scale. A substantial increase of
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nonlinear signals and the possibility of its control can be expected in
this situations.30,84,106,107

In addition to the bottom-up approaches to build subnanometric
structures, based on wet chemistry methods, scanning probe micro-
scopies also provide a very interesting platform to obtain control
of surfaces and molecular species at the atomic-scale. A STM junc-
tion where a DC current produces plasmonic excitation and further
decays into photons reveals interesting possibilities to modify molec-
ular electroluminescence with unprecedented levels of control.'0%:109
This can lead to the development of new sources of photons for quan-
tum information. Molecular spectroscopy is another field where quan-
tum atomistic effects could be key to understand the subnanometric
resolution recently found in experiments which reveals intramolecu-
lar features.''0 Atomistic vertices, edges, and protrusions are able to
localize optical fields beyond the standard plasmonic capabilities,
producing a new type of ultraconfined optical cavities which can
boost plasmon-exciton coupling''! and optomechanical coupling!!?
to values and regimes not explored before.

We have limited the content of this chapter to metallic structures.
It is worthwhile to mention that other materials with novel optical
properties such as Van der Waals 2D materials,''? are also offering
the possibility to explore and reveal quantum effects derived from
the many-body interaction between the electrons in the system. This
is a topic of utmost relevance because of the important technological
opportunities; however, we have shown here that standard metallic
materials equally hold an incredible potential for optoelectronics and

spectroscopy in the optical range of the spectrum.
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