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ABSTRACT

Plasmonic resonances in metallic nanogaps can confine light into nanometric regions, but reaching modes of volume ~ 1 nm?
remains challenging. We present a detailed theoretical analysis of the optical modes of an experimentally-motivated nanoresonator
configuration that contains a picopatch formed by the lifting of a few gold atoms in the gap of a Nanoparticle-on-Mirror (NPoM)
structure. Classical simulations indicate that the plasmonic modes associated with the picopatch geometry can confine light to
extremely small regions and are highly sensitive to the picopatch size and shape, enabling broad tunability. Furthermore, these
modes can couple strongly with other nanocavity modes of the structure, as identified from a clear anti-crossing behavior of
the polaritonic resonances. Remarkably, up to ~ 2000-fold electric field enhancement inside the picopatch and tiny effective
mode volumes approaching ~ 1 nm? are obtained. Further, changing the morphology of the picopatch does not modify the
qualitative findings, and increasing the absorption losses in the classical simulations, to mimic quantum (non-local) effects in
the metal permittivity, decreases the electric field enhancement only moderately. Compared to the standard picocavities formed
by single-atom protrusions, picopatches are an intriguing alternative to reach extreme optical field confinement and enhancement
in plasmonic cavities.

1 | Introduction geometry [3], and thus a variety of metallic (plasmonic) nanos-

tructures, from single nanoparticles of various geometries [4-7]

Optical modes can confine light to small regions and are very
attractive to miniaturize optical devices and simultaneously
increase light-matter interaction. Notably, localized surface plas-
mons induced by the hybridization of optical fields and collective
electronic excitations in metallic nanoparticles enable strong
absorption and scattering of light, as well as light confinement
well below the diffraction limit [1, 2]. The plasmonic properties
of these metallic nanoparticles can be altered by changing their

to complex arrangements of multiple building blocks [8-10], have
been widely explored in recent years to achieve optimized field
confinement and enhancement, for example [11]. In this context,
a canonical configuration is the NanoParticle-on-Mirror (NPoM)
optical resonator [12-15], which can confine light very efficiently
into the gap that separates a metallic nanoparticle from a
metallic substrate (the mirror). An exquisitely defined NPoM gap
thickness down to less than 1 nm [16], typically set by a molecular
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monolayer or two-dimensional material that serves as a spacer,
leads to several-hundred-fold electric field enhancements in the
gap. The effective mode volume in the gaps of NPoM structures is
tens to hundreds of cubic nanometers, about 6-7 orders of magni-
tude below the diffraction limit [17], making the NPoM geometry
a robust platform for a wide range of applications including
Surface-Enhanced Raman or Fluorescence Spectroscopy (SERS
and SEFS), nonlinear optics, plasmonic sensing, plasmon-exciton
ultra-strong coupling, optoelectronic devices, optomechanics and
quantum optics [15, 18].

Plasmonic resonances in the NPoM structures with ultrathin
nanogaps are very sensitive to the precise structural details of
the gap [19-21]. Notably, it has been demonstrated that atomic
protrusions in these gaps can localize electromagnetic fields
into regions (‘hot spots’) down to sub-nanometric dimensions
(‘picocavities’) [22-27]. Similar effects due to the presence of
picocavities in a tip can be also clearly observed in scanning tun-
neling microscopy (STM) experiments that demonstrate spectral
imaging with spatial resolution below 1 nm [28-30]. However,
although the volume of the hot spot in these ‘picocavities’ is often
smaller than 1 nm?, the volume of the electromagnetic mode
in a quantum-mechanical picture (see definition of this volume
below) can be much larger, except for very specific configurations,
such as those studied in Refs. [26, 31].

Picocavities are spontaneously formed in NPoM resonators by
random motions of single (or very few) surface metallic atoms
under intense laser illuminations, as sketched in Figure 1a. These
motions could be induced by the thermal energy or optical forces.
On the other hand, ultra-high-vacuum transmission electron
microscopy (TEM) experiments [32] have also observed the
collective delamination of several metallic atoms (e.g., patches
of 5-10 atoms wide), which forms a tiny (subatomic thick and
nanometer wide) empty slot between them and the metallic
surface (Figure 1b). Here we call these structures ‘picopatches’,
even if their lateral dimensions can be slightly larger than
1 nm, in analogy to the picocavities formed by isolated atomic
protrusions. Our previous work [33] suggested that the formation
of picopatches in the NPoM nanoresonators (Figure 1c) can
be behind experimental observations of transient and spectrally
broad emission (flares) from plasmonic nanostructures [34-
36], due to strong localization and enhancement of the fields.
However, this previous work was focused on the analysis of the
laterally infinite metal-insulator-metal-insulator (MIMI) planar
waveguide systems, with only preliminary simulations of a full
3-dimensional NPoM resonator with a picopatch.

In this work, we show the potential of a NPoM containing a
picopatch as an extreme field confiner in realistic configurations
(Figure 1c), through a detailed theoretical analysis of their optical
properties. We first discuss the existence of the plasmonic modes
associated with the picopatch and characterize their properties
based on calculations of a planar MIMI configuration. We then
analyze the optical response of the full NPoM system depicted
in Figure 1c, focusing on the extreme field enhancement and
confinement that can be reached. We also analyze the tunability
of the modes in this structure with modifications of the structural
parameters as well as the emergence of hybrid modes due to the
strong coupling between the modes confined in the picopatch
and other modes confined in the NPoM nanocavity. The coupling

strength that characterizes this interaction is extracted from a
coupled harmonic oscillator model, and the mode volume of
the hybrid modes is evaluated to quantify the extreme, close to
1 nm?, field confinement. Last, we examine the robustness of
the results by considering modifications of the exact picopatch
configuration and of the absorption losses. These modifications
are motivated by the impossibility of knowing or controlling the
precise experimental geometry, and by the fact that the local
classical permittivity used in the simulations becomes less well
justified at tiny scales due to quantum (non-local) effects.

2 | Morphology

The configuration of the NPoM resonator containing the pico-
patch is shown schematically in Figure 1c, with the zoom on the
right focusing on the structural details of the picopatch itself. A
bare NPoM resonator (corresponding to the same geometry but
without the picopatch) is used as a reference and consists of a
truncated Au spherical nanoparticle of radius rgpee = 40 nm
with a flat bottom facet of radius g, = 30 nm separated from
a semi-infinite Au substrate underneath by a dielectric spacer of
thickness d = 1.1 nm and permittivity 5, = 2.1 (all values given
in this section are those used in the calculations except when
explicitly mentioned otherwise). The spacer covers the whole Au
substrate and can represent a molecular monolayer, for example.
Inside the NPoM gap, the picopatch is formed by a few Au atoms
that are lifted from the bottom metallic substrate, so that they
are separated § = 0.2 nm from it. These lifted atoms are placed
below the center of the flat facet and present a circular cross
section in the horizontal x-y plane parallel to the Au substrate.
The thickness of the lifted Au atoms is set to be ¢ = 0.235 nm and
corresponds to the thickness of an Au monolayer (as set by the Au
(111) layer spacing). The slot between the Au monolayer and the
underlying bulk Au is filled up by vacuum with permittivity ¢;,
=1.0. The slot has a typical radius rg,; = 1.435 nm, corresponding
to a lateral width of ~ 10 Au atoms. The picopatch corners are
rounded to avoid unphysical divergences in the classical calcula-
tions of field enhancements. The whole structure is rotationally
symmetric and is illuminated by a plane wave incoming with
an incidence angle of 45° with respect to the normal of the
substrate (z-axis) and polarized in the x-z plane of incidence (p-
polarization) (see the axis of coordinates, illumination and details
of the geometry in the sketches in Figure 1c).

3 | Methodology

The classical optical response of the NPoM resonator that
contains the picopatch is obtained using full-wave simulations
implemented in COMSOL Multiphysics [37]. The computational
model contains the structure under consideration, and the
sphere-shaped perfectly matched layers (PML) that are applied
in all directions to eliminate nonphysical boundary reflections.
Since the structure involves a semi-infinite gold substrate, an
analytical background field instead of a plane wave is used as
an excitation [38]. This background field corresponds to that
excited by a plane wave in a layered system formed by the gold
substrate, the d = 1.1 nm thick dielectric layer and the vacuum on
top. The permittivity of gold €,, is taken from experimental data
[39], except when stated otherwise. The scattering cross section
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FIGURE 1 | NPoM resonator with picopatch. (a, b) Schematics of an Au interface, showing (a) a single adatom protruding from the surface
(picocavity) and (b) delamination of a few atoms in the top Au monolayer (picopatch). White circles represent the original position of the gold atoms
before they move to form the picocavity or picopatch. (c) Sketch of the NPoM resonator with a picopatch considered in this work, with the zoom on the
right focusing on the structural details of the picopatch itself. The NPoM consists of a truncated Au nanosphere of radius rgppere = 40 nm over a semi-
infinite Au substrate, with a d = 1.1 nm thick dielectric spacer of permittivity e5; = 2.1 between them forming a nanogap that contains the picopatch.
The truncated Au sphere presents a circular flat facet at the bottom of radius rg,e; = 30 nm, which corresponds to the upper interface of the nanogap.
The picopatch is situated in the nanogap, below the center of the flat facet, and it consists of a small circular section of an Au monolayer (thickness
t = 0.235 nm and radius rg), at a § = 0.2 nm distance from the underlying substrate, leaving a vacuum slot in the middle (permittivity 4, = 1.0). A
vertical wall of the same thickness ¢ connects the edges of the monolayer and the substrate (see zoom in the right panel for details). The full geometry is
rotationally symmetric around the vertical z-direction, and the illumination is a p-polarized wave incoming in the x-z plane at a 45° angle with respect
to the vertical z direction (x and z directions are indicated in (c), with the nanogap center corresponding to x =y = 0 and z = 0.55 nm). The black cross
at the center of the slot (x =y = 0 and z = 0.1 nm) indicates the position where the electric fields are often evaluated and where a dipole is placed when

calculating the Purcell factor in the main text.

is obtained by computing the surface integral of the scattered
Poynting vector in the upper semi-sphere at the internal boundary
of the PML layer. The absorption cross section is obtained by
calculating the volume integral of the resistive losses in the
metallic regions occupied by the gold nanosphere and the lifted
gold monolayer. Note that we do not extend this integral to the
metallic substrate, so that the absorption obtained is smaller than
if the substrate were included. This simplification should not
affect the spectral shape and thus the identification and analysis
of the modes. Considering the extremely small dimensions of
the picopatch, the convergence of the calculations was carefully
verified by varying the size of the whole simulated domain,
the mesh grid and the thickness of the PML layer (see further
simulation details and convergence tests in Section S2).

4 | Results and Discussion
4.1 | MIM and MIMI Planar Waveguides

To relate the complex structure of plasmonic modes in the
picopatch structure to simpler plasmonic waveguiding modes,

we first consider the plasmonic modes in laterally-infinite
Metal-Insulator-Metal (MIM) and Metal-Insulator-Metal-
Insulator (MIMI) planar waveguides, as described by classical
electromagnetic calculations within local dielectric response
theory. The justification of this simple classical treatment is
discussed at the end of this subsection. Crucially, the bare NPoM
nanocavity (without the picopatch) supports Fabry-Pérot-like
transverse cavity plasmons (TCPs) along the 1.1 nm-thick
gap that originate from the reflection at the gap edges of the
surface plasmon propagating in it [40-45]. The properties of
this propagating surface plasmon can be obtained by studying
an infinite MIM configuration that matches the local geometry
of the NPoM gap, where the ‘insulator’ in the ‘Metal-Insulator-
Metal’ structure is the dielectric in the gap. In a similar manner,
the picopatch forms locally a MIMI (gold/vacuum slot/gold
monolayer/dielectric) multilayer structure that supports
propagating plasmons, which are reflected at the picopatch
edges and lead to an additional set of Fabry-Pérot-like TCP
modes. We do not include an additional metallic layer in the
MIMI waveguide, corresponding to the nanoparticle at the
top, because its effect on the dispersion is relatively weak.
Understanding the dispersion of the MIM and MIMI modes is
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FIGURE 2 | Laterally infinite MIM and MIMI waveguides. Disper-
sion relationships of propagating plasmon modes in the planar MIM
(black line) and MIMI (red line) configurations shown in the insets.
The light cone of free photons in vacuum is represented by the gray
area. Notice the logarithmic scale used here. The MIM structure consists
of two semi-infinitely-thick Au films separated by a dielectric layer of
permittivity £5; = 2.1 and thickness d = 1.1 nm (top inset). The MIMI
structure consists of a semi-infinitely-thick Au film, a vacuum layer of
permittivity g4, = 1.0 and thickness § = 0.2 nm, a thin gold layer of
thickness ¢ = 0.235 nm, and a semi-infinitely-thick dielectric layer of
permittivity 4, = 2.1 (bottom-right inset). The MIM and MIMI dispersions
are plotted as a function of the in-plane wavevector q. The dispersion of
the MIM and MIMI modes tends toward zero energy for vanishingly small
wavevectors (not evident in the figure because of the logarithmic scale).

crucial to later analyze the optical response of the full system
(that is, the NPoM containing a picopatch).

The infinite MIM waveguide corresponding to the local con-
figuration of the nanogap in the NPoM nanocavity is depicted
in the top inset of Figure 2. This configuration is composed of
a gold semi-infinite layer (permittivity e,,), a dielectric layer
(permittivity g5, = 2.1) of typical thickness d = 1.1 nm, and a
second gold semi-infinite layer. Using classical electromagnetic
theory, the dispersion of these MIM waveguide modes [46] can be
obtained by solving the following Equation (1),

where k, is the vacuum wavevector, and q is the in-plane
plasmonic wavevector of the propagating MIM plasmonic mode,
i.e., the component parallel to the layers (x-axis) of the wavevector
of the plasmonic excitation (see Section S1.1 for the derivation of
Equation (1)).

On the other hand, the MIMI multilayer, corresponding to the
local structure in the picopatch (bottom-right inset in Figure 2),
consists of a thin gold layer of thickness ¢ = 0.235 nm separated
by a § = 0.2 nm thick vacuum layer (permittivity &5, = 1.0)
from a semi-infinite Au surface (permittivity e,,) underneath. On
top of the thin Au layer there is a semi-infinite dielectric layer
(permittivity g4, = 2.1). The classical non-retarded dispersion of
the MIMI plasmons confined in the subatomic-thick slot layer can
be obtained by considering that the in-plane wavevector q is very
large [33] (see Section S1.2). We obtain that the plasmonic MIMI

modes verify,

<5Au - 5d1> <5Au - 5dz> [<5Au +€d1> <5Au - 5d2>
Epu + €41 Epu + €d2 Eau — €d Eau + €d2

_ <(5Au + Edl) (EAu — Edl) _ efzqz> (1 _ e—Zqé)] —1=0

(Eaw — €a1) (Eau *+€42)

@

with g the in-plane plasmonic wavevector of the propagating
MIMI plasmonic mode.

The dispersion curves of the MIM and MIMI (i.e., the energy of
the corresponding propagating surface plasmons as a function of
the in-plane wavevector q) are obtained from Equations (1) and
(2) and are plotted in Figure 2 as black and red lines, respectively.
For reference, the light cone of the free space photons (w >
ck, with k, wavevector in vacuum) is represented by the gray
area. The in-plane wavevector of surface plasmons propagating
in the 1.1 nm-thick MIM waveguide is one order of magnitude
larger than the vacuum wavevector for the energies considered
[47], g ~ 10k,. Remarkably, the MIMI mode in-plane wavevector
is an additional order of magnitude larger than that of the
MIM, and thus presents a hundred-fold wavevector mismatch
when compared to that of the free photons, g ~ 100k,. Such a
huge g is behind the capability of picopatches to confine light
into extremely small regions. However, the large mismatch in
q between the MIMI mode and free photons also indicates that
this plasmonic mode cannot be excited directly by incident light,
making it challenging to optically exploit this mode in a planar
system. A nanoresonator locally containing a MIMI can be used
to overcome this limitation, as shown in the next section where
we analyze the optical response of a localized MIMI structure
(the picopatch) located within a large NPoM resonator. We note
further that the MIMI plasmon dispersion exhibits a nearly linear
dependence on the in-plane wavevector q up to energy ~ 2.2 eV
(red line), indicating that this mode can be categorized as an
acoustic excitation [48-50].

This analysis has considered a local classical permittivity of
gold. The validity of this treatment for the very small thickness
and separation distances involved in the MIMI structure was
examined using full quantum ab-initio calculations in our recent
work [33]. The dispersion obtained from the quantum theory
was found to match the classical dispersion surprisingly well
for thicknesses larger than a very small threshold separation
distance, § > 0.2-0.3 nm, and the field spatial distribution also
showed good agreement for the thicknesses larger than this value.
These results provided compelling evidence that the adopted
classical electromagnetic theory is capable of reproducing well
many of the features of the ab-initio calculations, even for an
extremely thin gap as far as it is larger than the § = 0.2-
0.3 nm threshold. This justifies the use of full-wave classical
electromagnetic simulations in the following. On the other hand,
the spectral width of the peak in the ab-initio calculations was
broader (sometimes narrower) than that of the classical results,
depending on the in-plane wavevector q, which indicates changes
in the absorption losses that will affect the field enhancement in
the nanoresonators. Notably, the local classical description does
not include electron tunneling and non-local quantum effects
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FIGURE 3 | Optical response of bare NPoM and NPoM containing a picopatch. (a) Scattering and (b) absorption cross section spectra (in nm?), and
(c) E-field enhancement spectra (IE /Eq|) in the absence (bare NPoM; red dashed line) and presence (NPoM with picopatch; black and blue solid lines)
of the picopatch. The field enhancement is obtained at the center of the gap of the bare NPoM nanocavity without picopatch (red dashed line; position
marked by red cross in the bottom inset) or, when the picopatch is included, at the center of the slot formed between the metal substrate and the thin

metal layer of the picopatch (solid black line; black cross in the top inset and in Figure 1c) and near the center of the nanogap (blue line, blue cross in

the top inset; see e.g. Figure S11 for discussion of the exact position of the evaluated fields). Results in (a-c) are obtained for the following parameters:
Fsphere = 40 DM, Fpyeer = 30 nm, d = 1.1 nm, § = 0.2 nm, £ = 0.235 nm, and ryo; = 1.435 nm. (d) Resonant wavelength of the modes of the picopatch (s'yp,
picopatch modes) as a function of the slot radius ry in the picopatch. The wavelength is obtained from analytical Equations (2) and (4), which do not

include coupling with other modes. The values of the parameters other than ry, are the same as in (a-c). Vertical dashed line corresponds to the value

of rgo¢ = 1.435 nm used in (a-c).

such as Landau damping and electron spill-out that can increase
losses [51-54], and thus be responsible for the modifications in
plasmon widths. The effect of the possible underestimation of the
absorption losses in the classical calculations is considered at the
end of this work.

4.2 | Plasmonic Properties of Bare NPoM and
NPoM with Picopatch

To better identify the effect of the picopatch, we first consider
the optical response of bare NPoM resonators, corresponding
to the structure in Figure 1c after removing the picopatch. As
previously introduced, the system is illuminated by a p-polarized
plane wave incoming at a 45° angle. The simulated spectra of the
scattering cross section, the absorption cross section and the near-
field enhancement |E/E,| at the nanogap center are shown by
the red dashed lines in Figure 3a-c (IEl amplitude of the induced
electric field; |E,| corresponding value for the incident plane wave
that excites the system). Following the nomenclature adopted
previously [19, 20], we attribute the peak at the wavelength 4
~ 660 nm to the fundamental longitudinal antenna plasmon
(LAP) mode (I,) and the remaining peaks to transverse cavity
plasmons (TCPs) of different orders (s,,,). The former (},) is
characterized by the excitation of currents normal to the substrate

(z direction). The latter (s, ) are Fabry-Pérot-like modes induced
by the reflection at the gap edges of the plasmons confined to
the gap and propagating parallel to the gap interfaces (x-y plane),
with the wavevector given by the MIM dispersion (black line
in Figure 2). The s,,, mode is characterized by a spatial electric
field distribution in the gap that approximately follows E,(p, ¢) =
Jn (@' n P/ Fracer) COS(me), with E, the z component of the field,
J,, the Bessel function of the first kind, a’,,, the n™ root of the
derivative of this function, and p and ¢ the radial and azimuthal
coordinates [45, 55] (a related but different nomenclature is used
in, e.g., Refs. [20, 56]). Thus, the subindexes (m, n) in s, refer
to the symmetry of the different orders of the modes, with m the
number of nodes in the azimuthal direction (¢ in the range [0,
7]) and n the number of nodes in the radial direction (p in the
range [0, 7rec])- The assignment of these eigenmodes of the bare
NPoM nanocavity is discussed in more detail below and in Section
S3 (Figures S4 and S5).

The signature of the s,,, modes can be identified more clearly in
the absorption cross section (Figure 3b, red dashed line), with
the sg,, 512, S and s;; modes appearing as peaks at increasing
wavelengths. In contrast, the s;; and s,, modes are not distinguish-
able in the scattering spectra (Figure 3a, red dashed line) because
these modes radiate weakly (‘dark modes’), nor in the near-field
enhancement evaluated in the gap center (Figure 3c, red dashed

Laser & Photonics Reviews, 2026

50f16

85U8017 SUOWIWIOD 8A11E81D) 3]qe! dde 8y) Aq pausenob ake 9 O ‘8sn JO SaIn1 10} AR1q1T 8UIUO A8|IA UO (SUONIPUOD-PUR-SLLLIBI WD A8 |1 AR1q 1 BUI|UO//StNY) SUORIPUOD PUe SWIS 1 81 38S *[9202/80/0€] U0 ARid1T8uljuO AB|IM ‘(PepIUeS 8p OLIBISIUIN) UOSIAOL [UOIIEN 8URIYO0D UsIUedS Aq 0rST. 10d|/200T OT/I0p/W0D" A8 M ARIq Ul |uo//:Stny Woiy pspeojumoq ‘0 ‘6688€98T



line) because these modes present a zero value at this position
due to their symmetry. Additionally, the s,; mode appears in the
scattering as a Fano-like resonance due to the interference with
the background response coming from higher-energy modes [57-
59]. A similar interference effect could also explain why the s,
peak appears at a slightly different wavelength in the scattering (1
~ 725 nm) and in the absorption (1 =~ 710 nm) spectra. We further
highlight that the maximum electric field enhancement for bare
NPoM that appears at the peak associated with the s,, mode is
|E/E,| ~ 200.

We consider next the response of the NPoM containing a
picopatch (sketched in Figure 1c) under the same plane wave
illumination. The spectra of the scattering and absorption cross
sections, as well as the field enhancement spectra evaluated in
the center of the picopatch slot (position marked by a black cross
in the top inset in Figure 3c as well as in Figure 1c), are shown
by black solid lines in Figure 3a-c. The scattering (Figure 3a)
and absorption (Figure 3b) cross section spectra of the NPoM
containing a picopatch are generally very similar to those of the
bare NPoM (compare black lines and red-dashed lines). However,
in the spectral region near 4 = 900 nm, the s, peak in the bare
NPoM spectra splits into two (marked as “I” and “IT”) when the
picopatch is included. This splitting is due to the strong coupling
between the s, nanocavity mode and a new Fabry-Pérot-like TCP
mode associated with the picopatch (s’,,, picopatch modes in the
following), resulting in these two hybrid modes. It is remarkable
that this substantial change, which may be accessible in far-
field experiments and thus be used to detect the formation of
picocavities [34], can be induced by such a small change in the
local geometry (extending over a height ¢ + 6 = 0.435 nm and a
radius rg, + 0.235 nm = 1.67 nm, and thus a volume of only =
3.8 nm®). Additionally, the presence of the picopatch results in a
small shift of the sy, nanocavity mode.

The effect of the picopatch is much more dramatic when consid-
ering the local fields (Figure 3c). The sy, peak in the bare NPoM
spectra evaluated in the center of the nanogap (red dashed line)
near A = 900 nm splits again into two in the spectra calculated in
the center of the slot when the picopatch is present (black solid
line). Importantly, the electric field enhancement inside the slot
is greatly enhanced by the picopatch, approximately one order of
magnitude, up to |E/Eyl = 2000. Furthermore, the blue line in
Figure 3c shows that the picopatch also strongly enhances the
field spectra, up to |IE/E,l =~ 600, at the region of the nanogap
over the picopatch (position indicated by the blue cross in the top
inset), which could be exploited in spectroscopy measurements of
molecules placed in this region.

We analyze next in more detail the Fabry-Pérot-like s,,, and s’
transverse cavity plasmon (TCP) modes. As introduced above,
both the NPoM nanogap and the subatomic-thick slot can behave
as waveguides with finite boundaries, which thus discretize the
continuum of propagating MIM or MIMI modes into localized
plasmon states. These states emerge when the modes that prop-
agate parallel to the nanocavity gap or the picopatch slot reflect
at the gap or slot edges, respectively, and interfere constructively,
analogously to the resonances of a Fabry-Perot resonator [19, 42,
60, 61]. The resulting Fabry-Perot-like resonances contribute to
two sets of TCP modes, associated with either the nanocavity

(Smn) Or the picopatch (s’,,)- Both sets of modes are present
in the NPoM resonator containing the picopatch. Ignoring the
interaction between different modes, the resonant plasmonic
wavelength 4, of the set of nanocavity TCP modes (s,,) can be
obtained from Refs. [45] and [55], giving

_ anfacel

App = —— ©)

!
amn

where rg,.; is the radius of the bottom flat facet of the gold
nanosphere, and a’,,, is the n' root of the derivative of the Bessel
function of order m, J,,,. On the other hand, we approximate the
resonant plasmonic wavelength A’ of the set of the picopatch
TCP modes (s’,,,) as

r 2 Fslot
T an-g @
Here, ry, is the radius of the subatomic-thick slot, and we
consider the n™ root of the Bessel function of order m (a,,,),
instead of its derivative, and include a reflection phase [62,
63] B = 7m/4. The difference between Equations (3) and (4)
can be understood from the contrast between the spatial field
distribution of the two types of modes. The fields of the s,
modes present approximately a local maximum at the nanocavity
edge, while the field of the s’,,, modes is closer to a minimum
at the edge of the slot (see Figure 5b,d below). We attribute this
difference to the contrast in the terminations of the cavity: the
picopatch slot is ‘close’, i.e., with metals at the edges, contrary
to the ‘open’ nanogap limited laterally by vacuum. We do not
attempt to assess the validity of Equation (4) for general systems,
but we have found it suitable to model the response of the
structure considered in this work. The resonant vacuum wave-
length of the different modes can then be obtained theoretically
using the dispersion of the waveguide modes (Equation (1) or
Equation (2)) together with the resonant conditions (Equation (3)
or Equation (4)).

Figure 3d shows the expected dependence of the resonant vacuum
wavelength of the picopatch TCP modes on slot radius ry,, for
different orders (m, n) as given by the analytical Equations (2)
and (4) (the nanocavity modes are discussed in Section S3).
The picopatch modes (s’y,,) redshift clearly with increasing ry,,
especially for the lowest-order s’;, mode. When ry,, is increased
from ~ 0.7 nm to ~ 2.1 nm (a very small change in geometry), the
s’ mode can be tuned from a vacuum wavelength of 1 ~ 610 nm
to A ~ 1100 nm, covering wavelengths from the visible to well into
the near-IR region. The predicted presence of plasmonic modes
for such extremely small lateral size of the picopatch (ry, ~ 1-
2nm) is remarkable, and is only possible because of the very small
thickness of the picopatch.

For the slot radius ry, = 1.435 nm used in Figure 3a-c, the
predicted s’y mode is found near 4 = 850 nm in Figure 3d (as
marked by the vertical dashed line). This wavelength is close to
the s,; mode of the NPoM nanocavity. Thus, the peaks observed in
the spectra of Figure 3b,c at 1 ~ 830-930 nm (black solid lines) can
be attributed to the coupling between the s’;, and s,; modes, which
results in two new hybridized modes. Next, we discuss further this
hybridization and the validity of the analytical model that leads
to Equations (2) and (4).
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FIGURE 4 | Mode hybridization and fitting based on the two coupled-oscillator model. (a, b) Color maps of (a) the absorption cross section (in
nm?), and (b) the electric field enhancement |E/E,| (evaluated in the center of the slot formed between the metal substrate and the thin metal layer of
the picopatch, marked by a black cross in Figure 1c). These color maps are calculated as a function of the wavelength A and the slot radius rg (sketch
in Figure 1c). The spectra to the left of each color map are the corresponding results for the bare NPoM nanocavity, consisting of the same system after
removing the picopatch. The horizontal dashed lines indicate the position of the bare NPoM nanocavity eigenmodes. The theoretical wavelength of the
5’01 mode introduced by the picopatch is shown by the diagonal dashed line, as obtained from Equations (2) and (4) that do not include coupling between
modes. Labels ‘T, ‘IT’, and ‘III’ correspond to conditions to be examined more in detail in Figure 5. (c) Fittings of the absorption spectra obtained for rg,,
=1.363 -1.865 nm and wavelength between 4 = 800 and 1050 nm. The fitting uses Equation (5), derived from a coupled harmonic oscillator model, as
discussed in the text. The dots correspond to the simulations, and the solid lines to the fits. Note that absorption spectra are shifted vertically for clearer
visualization. (d) Resonant energies of the sq; (7w, black square dots) and sg; (s, red circle dots) modes extracted from the fits for different values of
Tslot» together with the resonant energy of the s’5; mode predicted by Equations (2) and (4) (blue solid line; these results are the same as those given by
the diagonal dashed line in (a) and (b)). (e) Coupling strength #g between the s’y; and sy modes (black square dots) and damping rates of the s’ and
so1 modes (red circle dots: A(y,+y;)/2; blue triangles: hi(yg+y,)/4), extracted from the fits for different values of ;.

4.3 | Hybridization of Nanocavity and Picopatch (the corresponding dependence of the scattering cross section
Modes spectra is given in Figure S6). The spectra to the left of the color
maps correspond to the reference results for the same system

We can exploit the tunability of the s*), picopatch TCP mode with
changes of the picopatch size (specifically the slot radius rg,).
This approach serves to analyze in more detail the hybridization
of this mode with other modes of the NPoM resonator. The
2D color maps in Figure 4a,b show the dependence of the
simulated absorption cross section and near-field enhancement
(IE/Eyl) on the excitation wavelength A and slot radius ry,

but without the picopatch (bare NPoM nanocavity). Horizontal
dashed lines are also included in the 2D color maps to mark
the position of the bare NPoM nanocavity modes (I, and s,,,),
as extracted from the simulations in the absence of picopatch.
Last, the theoretical wavelength of the picopatch mode (s’y;) as
a function of ry,, according to Equations (2) and (4), is indicated
by the diagonal dashed line.
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For most values of ry,, the NPoM nanocavity s,, modes are
unaffected or weakly affected by the presence of the picopatch, as
indicated by the presence of broad horizontal bands in the color
maps. The observed modification and shift of these modes is a
remarkable effect considering the tiny size of the picopatch, but
the change is often small. An exception occurs for illumination
wavelengths at 4 ~ 800-1000 nm and slot radius ry, ~ 1.4-1.8 nm.
In this region, the spectral peaks show a clear anti-crossing
behavior that can be understood as being due to the coupling
between the s, nanocavity mode (horizontal dashed line) and
the s, picopatch mode (diagonal dashed line). We emphasize
that the horizontal and diagonal dashed lines mark the evolution
of these modes in the absence of coupling, obtained respectively
from the simulation of the bare NPoM nanocavity without
picopatch and from the theoretical model.

The anti-crossing is observed when the s’ mode is tuned to the
wavelength of the s, mode, and is a consequence of the strong
coupling between them [64-69], giving rise to the two new hybrid
modes labeled ‘T’ and ‘IT’, as indicated in Figure 3a—-c. Additionally,
this hybridization leads to a particularly efficient coupling of
the incoming light into the subatomic-thick vacuum slot in the
picopatch, as the top Au nanoparticle acts as a nanoantenna
that feeds light into the NPoM nanogap mode coupled to the
picopatch. This behavior results in the strongly enhanced E-fields
shown in Figure 4b. Very strong electric-field enhancements are
also found when the s’j; mode is tuned close to the wavelength of
the sy, nanocavity mode, but in this case the presence of an anti-
crossing behavior is less clear. In addition, the absorption map in
Figure 4a exhibits a crossing behavior between the s’;, picopatch
mode and the s;, nanocavity mode around the wavelength of A ~
775 nm and slot radius of ry,, &~ 1.2 nm. This behavior is a signature
of the absence of (or weak) coupling between these modes, a
consequence of the different symmetry of their associated near
fields (compare the near fields in Figures S5b and S7a).

To confirm the strong coupling between the s’y and s, modes, we
fit the simulated absorption cross section spectrum of the NPoM
with picopatch in the anti-crossing spectral region (near ry, ~
1.5 nm and A ~ 875 nm) to the analytical expression derived from
a coupled harmonic oscillator model [70, 71],

w? — w? — iwy,
(wy? — @2 — iy, (0,2 — w? — iwy,) — 4g2w?

®)

Oyt (@) coIm{

where Imf{} refers to the imaginary part, w, and w are the
resonant frequencies of the sy and s’ modes, y, and y, are
their corresponding damping rates, and g is the coupling strength
between them. These resonant frequencies and damping rates
are those of the bare modes, i.e., the modes that would be
present if the coupling could be switched off. All parameters in
Equation (5) (except w) are fitting parameters that vary with rg,,.
In the fitting procedure, we also include a r,.-dependent constant
background and make sure that w, (corresponding to the s, mode
in the nanogap) and y, (corresponding to the damping rate of
the s, mode) only experience small variations around the value
obtained for the bare NPoM nanocavity (fiw, = 1.4 eV and hy, =
0.07 eV). Notice that two slightly different versions of the coupled
oscillator model have been used in the literature [72], but the

results obtained for our system should not depend significantly
on this choice. Additionally, Equation (5) corresponds to the
expression of the extinction spectra instead of the absorption, but
this choice is not expected to result in any substantial difference
in the values of coupling and anti-crossings extracted.

Figure 4c shows the fittings for ry,, = 1.363-1.865 nm and
wavelength between 4 = 800 and 1050 nm, with the simulated
absorption spectra shown by the dots, and the result of the fit
shown by solid lines. The fit is very satisfactory. The coupling
strength g, resonant frequencies (w, and w;), and both a half
(yg+7s)/2 and a quarter (y,+y,)/4 of the total damping rates,
extracted from all fittings, are plotted in Figure 4d,e. The black
square dots in Figure 4d show that the extracted resonant energy
ha, is always similar to the resonant position of the sy, nanocavity
mode (Aiw, = 1.4 eV, h reduced Planck’s constant). In contrast,
the extracted resonant energy #w, (red circle dots in Figure 4d)
presents a nearly linear shift with the change of ry,, in good
overall agreement with the s’ picopatch mode energies obtained
with the analytical model (Equations (2) and (4)), which are also
shown in Figure 4d (blue solid line). This agreement further
supports the validity of the analytical model to describe the
(uncoupled) picopatch modes.

To determine whether we are in the weak or strong coupling
regime, we compare in Figure 4e the value of the extracted
coupling strength g with the damping rates of the two resonant
modes. The coupling strength g decreases moderately with
increasing slot radius ry,, (black square dots in Figure 4e), but,
more importantly, it is always very large, ig ~ 50-80 meV.
Thus, the frequently-used criteria to identify the strong coupling
regime, g > (y,+7,)/4, is always amply satisfied ((y,+y,)/4 is
shown by the blue triangles in Figure 4e). Further, even the more
demanding criteria, g > (y,+¥5)/2, is satisfied for ry, < 1.5 nm
((y4+75)/2 is shown by red circle dots in Figure 4e). These results
confirm that the extremely confined picopatch mode and the
nanocavity mode are strongly coupled [65, 73].

4.4 | Near-Field Distribution and Effective Mode
Volume

To complete our analysis of the picopatch and NPoM nanocavity
modes and their coupling, we show in Figure 5 the spatial
distribution of the normalized amplitude of the electric field
(|E/Ey|), i.e. field enhancement maps, of several relevant modes
(plotted in the vertical x-z and horizontal x-y planes). Figure 5a,b
correspond to the uncoupled mode of the bare NPoM nanocavity
at 1 = 895 nm (see red dashed lines in Figure 3a—c). The fields
and associated surface charges induced at the interfaces (the latter
denoted schematically by ‘+’ and ‘-”) show an almost rotationally-
symmetric standing-wave pattern with local maximum near the
nanogap edge and strongest fields in the central region of the
nanogap, which confirms the assignment of this peak as the s,
TCP mode of the nanocavity.

To analyze the uncoupled s’y picopatch mode, we plot in
Figure 5c,d the field enhancement |E/E,| and corresponding
charge distributions near the picopatch, for slot radius ry, =
2.153 nm and wavelength 1 = 1080 nm (conditions marked with
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FIGURE 5 | Near-field spatial distributions of different nanocavity and picopatch modes. (a, b) Field enhancement (IE/Eyl) maps of uncoupled
nanocavity mode sy, (obtained at 1 = 895 nm for the bare NPoM without picopatch). (¢, d) Field enhancement (IE/E|) maps of the (almost) uncoupled
picopatch mode s’y (obtained at A = 1080 nm for the NPoM containing a picopatch with g, = 2.153 nm; condition marked by dot with label “III” in
Figure 4b). (e, f) Field enhancement (IE/E|) maps of the hybrid modes marked “I” and “II” in Figure 4b (obtained at 1 = 865 nm and 4 = 935 nm,
respectively, for the NPoM containing a picopatch with rg,, =1.578 nm). (a, c, e, f) show the fields in the vertical x-z plane that contains the center of the
nanogap (y = 0) (side view). (b, d) show the fields in the horizontal x-y plane (top view), corresponding to (b) z = 0.55 nm (crossing the nanogap center)
and (d) z = 0.1 nm (crossing the slot center). The left panels in (e, f) show the fields in the nanogap, and those on the right a zoom into the region of the
picopatch. Notice that the region plotted in (c, d) is significantly smaller than in (a, b) (see the x and y labels). The colormap is logarithmic in (a) and
left panels of (e, f) and linear in other plots (including right panels of (e, f)). The x and z directions are indicated in the axis and in Figure 1c, with the
center of the nanogap corresponding to x =y = 0, z = 0.55 nm.

‘IIT in Figure 4b). These conditions are chosen to minimize the
interaction of the s’y with the s; nanocavity mode, due to a
large detuning between the frequency of these two modes. The
fields, which are again rotationally symmetric, show extremely
large E-field enhancement (|E/E,| = 700) confined to the tiny
vacuum slot in the middle of the picopatch. The field distribution
of the s’y picopatch mode (Figure 5c,d), with maxima at the slot

center and weaker fields at the slot edges, differs from that of the
S hanocavity mode (Figure 5a,b) due to the different boundary
conditions at the edges of the waveguides (closed and open,
respectively, see discussion of Equations (3) and (4)). Higher-
order picopatch modes (s’; and s’y,) are discussed in Section S5
(see Figure S7).
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The fields of the new hybrid modes emerging from the interac-
tion of the s, NPoM nanocavity and s’y picopatch modes are
calculated in the region of the anti-crossing (ry,; = 1.578 nm,
and A = 865 nm or 4 = 935 nm, marked with ‘T and ‘Il
in Figure 4b) and plotted in Figure 5e (4 = 865 nm) and
Figure 5f (1 = 935 nm). The associated charges induced at
the metal-dielectric interfaces are again indicated schematically.
The hybrid-mode fields combine features from the two origi-
nal uncoupled modes, with the strongest fields located in the
picopatch slot (see zooms in the right panels in (e, f)) but also
strong fields at the center and near the edges of the nanocavity.
Consistent with hybridization theory [74, 75], these electric field
distributions can be understood as the sum of the contributions
from the sy, and s’ modes, with a phase difference between
these contributions that depends on the specific hybrid mode:
relative phase 0 for hybrid mode T’ and 7 (sign change) for
hybrid mode ‘IT’, corresponding to symmetric and anti-symmetric
combinations of the uncoupled plasmon modes. The relative
phase can be appreciated in the figures by comparing the sign
of the charges at the edges of the nanogap (set by the s, mode
contribution) with those at the picopatch (dominated by the
s’, mode contribution). The sign at the gap edges is the same
in Figure 5a.e,f, but the sign at the picopatch is opposite in
the hybrid mode ‘II’ (Figure 5f) compared to the hybrid mode
‘T (Figure 5e) and the uncoupled picopatch mode (Figure 5c).
For completeness, note that the sign of the charges at the
center of the top surface of the nanocavity - 0.665 nm over
the picopatch—seems to be set mainly by the uncoupled sy,
nanocavity mode, explaining why they have the same sign for
both hybrid modes.

Additionally, the field distribution highlights that the fields in
the vacuum slot of the picopatch are substantially enhanced
when the hybrid modes are excited, with the enhancement factors
reaching up to |E/E;| = 2000. The fields can also significantly
penetrate inside the metal, reaching |E/E,| ~ 300 at the pico-
patch thin metallic layer (Au monolayer), which is consistent
with recent work suggesting that the field increase associated
with the random formation of picopatches could explain short-
lived experimental increases (flares) of the inelastic light emission
from gold nanogaps [34, 35]. From the opposite perspective, it
may be possible to use the flares to assess the experimental field
enhancement in the picopatch. Last, the electric fields at the
top of the picopatch, i.e., the region between the nanocavity
upper interface and the gold monolayer below, are significantly
smaller than in the slot but still very large (up to |E/E,| = 600,
compared to |E/E,| ~ 200 in the case of the bare NPoM resonator;
see also Figure 3c). Since this region is available for molecules
or emitters, the large field enhancement could therefore be
useful in molecular spectroscopy, and the enhancement of the
spectroscopic signal may also introduce a path to calibrate the
field enhancement [76, 77].

The extremely large field enhancement and field concentration
at the picopatch slot suggest that the effective mode volume (V)
of the hybrid modes is very small. Here, V4 refers to the volume
that determines the local density of states (LDOS « 1/V) of a
given mode and thus how much the mode can enhance different
light-matter interactions in a quantum mechanical description,
and not just to the volume of a ‘hot spot’ region of strong fields.

To reach very small V; is significantly more challenging than
obtaining ‘hot spots’ of the same volume. Vi appears in the often-
used expression of the Purcell Factor [78] and has been typically
calculated using the electromagnetic energy [79, 80]. However,
this approach can be inappropriate when losses are large, as in
plasmonic systems [81-84], and an alternative approach based on
quasi-normal modes has been developed to treat non-Hermitian
(lossy) systems [85-88]. In this case, the effective volume V is a
complex-valued volume and can be obtained from the following
Equation (6),

f[() 8-

V= " > (6)
2e0(E(ry) - u)

with ¢ the position-dependent complex permittivity, ¢, the vac-
uum permittivity, ¢, the vacuum permeability, w the (angular)
frequency and E, (H,) the position-dependent complex scattered
electric (magnetic) field vector of the resonant mode under
analysis. Note that Equation (6) takes into account that the slot
is filled by vacuum, and that the integral extends over the whole
computational domain. The complex Au permittivity (and its
derivative) and the fields are evaluated at the corresponding
resonant frequency. E(r,,,) - u is the value of E; at a given position
projected to a unit vector u, so that in the quasi-normal modes
formalism V is defined for a given location and orientation. Here,
we choose the position to be the center of the slot inside the
picopatch and u = (0, 0, 1) (z-axis), which corresponds (up to
an excellent approximation) to the position of strongest field and
to the orientation of this field. We make this choice because the
resulting V,z = Re{V} (Re{} indicating the real part) describes
the field confinement in an analogous manner to the often-used
convention in the analysis of normal modes where the mode
volume is an intrinsic property that quantifies the confinement of
amode, without needing to specify any particular position [81, 89—
91]. The imaginary part of the effective volume, Im {V'}, quantifies
the losses of the system.

All the quantities involved in Equation (6), e.g. E,; and H,, are
in principle evaluated at the complex-valued resonant frequency
of the quasi-normal modes [86]. However, for simplicity, we fix
the (real) frequency from the maxima in the absorption spectra,
and obtain the scattered fields at this frequency under plane wave
illumination. As the effective mode volume in Equation (6) is
defined for a single mode, in these calculations we diminish ad-
hoc the imaginary part of the Au permittivity by a factor of 10 (i.e.,
Im{e,,} — Im{e,,} /10), which should not modify noticeably
the value of Re{V} but suppresses the difficulties due to the
off-resonant excitation of other modes.

Figure 6 shows the value of V,; = Re {V’}, which describes the field
confinement, as a function of ry,; for the two resonant hybrid
modes (I and II) of the NPoM resonator with picopatch (black
lines). At ry, ~ 1.650 nm, the field confinement of both hybrid
modes is similar and extremely small, ~ 3.5 nm?. This value of ry,,
is close to the value at which the frequencies of the uncoupled
s, and s, modes of the bare NPoM nanocavity and of the
picopatch are the same in Figure 4d. As r,, increases or decreases
from 1.650 nm, the mode volume of one of the hybrid modes
strongly increases, while the other decreases gradually. This
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FIGURE 6 | Effective mode volume Vg of the two hybrid modes of
the NPoM with picopatch. Vi is plotted as a function of the picopatch
radius g, obtained from the real part of Equation (6) (black lines) and
from the Purcell factor (red lines). The reference value of mode volume
of 1 nm? is indicated by the horizontal gray dashed line. The simulated
system corresponds to the NPoM resonator with picopatch sketched in
Figure 1c.

tendency follows the general expectation for the hybridization
of the modes of very different effective mode volumes: as the
detuning increases, the values of Vi approach toward those of
the uncoupled modes. In our case, the hybrid mode with smaller
mode volume is mostly associated with the picopatch s, mode.
For ry, ~ 1.2 nm, the (real part of the) effective mode volume
of this mode is only V; ~ 1.8 nm?, similar to the geometrical
volume of the slot (V,, ~ 0.9 nm?*). We thus find that the effective
mode volume of the NPoM resonator with picopatch can get
close to 1 nm® (value marked for reference by the horizontal
dashed line in Figure 6), and may become even smaller than this
value for more optimized picopatch configurations, thus offering
an excellent geometrical alternative to achieve extreme light
confinement to the picocavities formed by isolated atomic-sized
protrusions [23].

In order to further verify the value of V4 obtained in Figure 6
with Equation (6) and real-valued frequencies, we also extract the
effective mode volume from the Purcell factor [78] experienced
by a dipole positioned at the center of the picopatch slot and
perfectly aligned along the vertical z-axis. In Section S6, we
describe this procedure in detail and plot the Purcell factor as a
function of wavelength and slot radius (Figure S8). The effective
mode volume for the two hybrid modes (I and II) of the NPoM
resonator with picopatch, obtained from the Purcell factor, is
plotted in Figure 6 (red lines). The values of the effective mode
volume obtained in this way are in good overall agreement with
the values of Vi obtained from Equation (6). For reference, we
also show in Figure S11 the Purcell factor at a different position
in the gap. Last, as an additional verification of the validity
of using real-valued frequencies to calculate V4 = Re{V} with
Equation (6), we have also calculated this quantity for ry, =
1.435 nm by evaluating Equation (6) with complex frequencies
according to the full quasi-normal mode approach [85, 86, 88].
The values of V; obtained with the real and complex frequencies
are almost identical, as discussed in more detail in Section
S10.

4.5 | Robustness to Morphology and Losses

The picopatch that we have considered forms a vacuum slot of
perfectly homogeneous thickness. However, the exact morphol-
ogy of a picopatch cannot be controlled in current experiments
where the picopatch would be formed through the random
movement of gold atoms. To illustrate the influence of the shape
of the picopatch on the plasmonic response of the system, we
consider next the picopatch configuration sketched in Figure 7a.
In this case, the top flat surface of the picopatch is replaced by a
gold semi-ellipsoid of wall thickness ¢ = 0.235 nm, so that a non-
flat slot with a maximum height § = 0.2 nm and a radius at the
bottom ry,, is formed below. Other than this modification, the rest
of geometrical properties of the NPoM resonator with picopatch
remain unchanged.

The absorption cross section spectra of the modified system with a
non-flat picopatch and the corresponding electric field enhance-
ment |E/E,| spectra (evaluated in the slot center) are shown
by color maps in Figure 7b,c as a function of rg. A clear anti-
crossing-like behavior is observed when the s, mode associated
with the bare NPoM nanocavity (marked by a horizontal dashed
line) is resonant with the s’ picopatch mode (the diagonal
dashed line indicates the resonant wavelength of this mode in the
absence of coupling with other modes, as given by Equations (2)
and (4)). Crucially, the qualitative behavior remains the same as
for the flat picopatch in Figure 4a,b, although a more careful
comparison between Figure 4a,b and Figure 7b,c shows some
differences. For example, the anti-crossing behavior is less clear
for the semi-elliptical picopatch, with a smaller energy difference
between the two hybrid modes, indicating a smaller coupling
strength than the case in Figure 4a,b. Further, the maximum
E-field enhancement reaches ~ 3000 for the semi-elliptical pico-
patch, even larger than for the flat picopatch. We thus find that
the exact plasmonic response of the full system is sensitive to the
geometrical details of the picopatch morphology, but the general
behavior remains unchanged. For completeness, the scattering
spectra of the modified system with a semi-elliptical picopatch
is shown in Figure S9. We also note that changes of the picopatch
morphology that break the rotational symmetry of the system
would lift the degeneracy of some of the cavity modes and could
lead to mode splitting also in the absence of strong coupling [92].

Last, we consider the effect of increased material losses on the
response of the system. We discussed previously how quantum
calculations confirm the existence of the slot mode in the MIMI
configuration even for extremely thin layers, but the influence
of quantum effects on the losses experienced by the slot mode is
more challenging to assess. Nevertheless, in principle, we expect
that the absorption in gold can be larger than that predicted from
the classical permittivity due to non-local, and spill-out effects.
To analyze to what extent the optical response of the system
is sensitive to an increase in absorption losses, we artificially
increase the imaginary part of the Au classical permittivity
according to the expression,

Eau = Re {EAu} + lf Im {EAu} (7)

where the loss factor is f = 1 for the experimental values in Ref.
[39] (i.e. the permittivity used in other simulations in this work
when not stated otherwise) and f > 1 corresponds to increased
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FIGURE 7 | Robustness of the response to the exact shape of the picopatch and to material losses. (a) Sketch (not to scale) of a modified picopatch
morphology, where the top surface of the picopatch corresponds to a rotationally-symmetric semi-ellipsoid gold monolayer of thickness t = 0.235 nm,
forming a vacuum slot with short semi-axis (height) of size § = 0.2 nm and long semi-axis (radius) of size rg. (b, ¢) Color maps of the (b) absorption
cross section (in nm?) and (c) E-field enhancement (IE/E,|) spectra, for a NPoM resonator presenting the modified picopatch in (a) and otherwise the
same geometry as in Figure 1c. The field enhancement is obtained at the center of the slot, and the colormaps show the dependence of the spectra on
Tsiot- The resonant wavelength of the NPoM nanocavity eigenmodes (which are independent of ), are indicated by horizontal dashed lines in the color
maps. The theoretical evolution of the uncoupled s’y; picopatch mode with g (given by Equations (2) and (4)) is indicated by the diagonal dashed line
in the color maps. (d) Sketch (not to scale) of the picopatch region of a resonator, showing (rotationally symmetric) regions marked with reddish color
where the permittivity of Au is changed through the loss factor f, following Equation (7). (e) Scattering and (f) electric field enhancement |E/E,| spectra
as a function of the loss factor fused in this picopatch region (with increasing f corresponding to larger absorption losses), for a resonator of otherwise
the same geometry as in Figure 1c (rgo; = 1.435 nm). The field enhancement is obtained at the center of the vacuum slot in the picopatch (marked by a
black cross in Figure 1c). The inset in (e) shows a zoom-in view of the scattering spectra from 800 to 1000 nm. Spectra of the same system but without
the picopatch (bare NPoM nanocavity) are plotted as a reference by the gray dashed line. In this case, the much weaker field enhancement is evaluated
in the center of the nanogap.

relatively small (Figure 3a). However, the NPoM with picopatch
spectra remains different from that of the reference bare NPoM

absorption losses. As the increase in absorption losses is likely
local, we adopt this modified permittivity only in the regions

around the vacuum slot, i.e., the lifted Au monolayer that forms
the slot and the 0.47 nm-thick top of the Au substrate just below
(corresponding to =2 atomic layers), as sketched by the reddish
regions in Figure 7d.

The simulated scattering spectra for increasing loss factor f
are plotted in Figure 7e (solid lines). In general, the scattering
spectrum depends weakly on the loss factor f, which could be
expected as the effect of the presence of the picopatch was already

nanocavity without picopatch (gray dashed line) in the spectral
region around 4 ~ 800-1000 nm (see zoom in inset of Figure 7e),
even for strongly increased losses (e.g., f = 8, green line).

The effect of the increased losses is clearer in the field enhance-
ment (IE/E,l) spectra, as shown in Figure 7f. As the loss factor
fis increased, |E/E,| (calculated in the center of the picopatch
slot) decreases substantially over the whole spectral range. Fur-
thermore, in the spectral region around 4 ~ 800 -1000 nm, the

12 of 16

Laser & Photonics Reviews, 2026

85U8017 SUOWIWIOD 8A11E81D) 3]qe! dde 8y) Aq pausenob ake 9 O ‘8sn JO SaIn1 10} AR1q1T 8UIUO A8|IA UO (SUONIPUOD-PUR-SLLLIBI WD A8 |1 AR1q 1 BUI|UO//StNY) SUORIPUOD PUe SWIS 1 81 38S *[9202/80/0€] U0 ARid1T8uljuO AB|IM ‘(PepIUeS 8p OLIBISIUIN) UOSIAOL [UOIIEN 8URIYO0D UsIUedS Aq 0rST. 10d|/200T OT/I0p/W0D" A8 M ARIq Ul |uo//:Stny Woiy pspeojumoq ‘0 ‘6688€98T



two peaks associated with the hybrid modes become just one as f
isincreased. However, the field enhancement factor remains very
large for all values of f considered, several times larger than those
obtained for the bare NPoM nanocavity without the picopatch
(gray dashed line). Thus, we find that even when the local losses
are increased to be eightfold larger than the standard value, the
strong field enhancement that makes picopatches interesting for
nanophotonics remains robust. Further, we show in Section S8
that a similar finding applies not only to the field enhancement
at the center of the picopatch slot, but also near the center of the
nanocavity.

5 | Conclusions

In summary, we have analyzed in detail the optical response of
NPoM resonators containing picopatches that are formed when
an atomic-thick section of atoms in a NPoM nanocavity is lifted
from the top layer of the underlying metallic substrate, leaving
a sub-nanometer-thick vacuum slot below. This situation was
identified in recent work as a morphology that could explain flare
effects in metal nanoparticle fluorescence [34]. Using classical
electromagnetic calculations (justified by previous quantum
atomistic calculations of infinite MIMI waveguides [33]), we
show that the slot mode can be tuned over a broad wavelength
range and that it hybridizes with the bare NPoM cavity modes
when both modes overlap spectrally. The hybridized mode has
an effective mode volume close to 1 nm?, and induces a huge ~
2000-fold electric field enhancement. Furthermore, these fields
can penetrate into the metal forming the picopatch, and thus
potentially explain emission flares observed in experiments. The
picopatches also affect the far-field spectra, which might open
an alternative path to detect their formation. Last, we illustrate
how these general results are robust to changes in the picopatch
shape or quantum-induced (non-local) increases of absorption
losses. Thus, this study shows that the presence of picopatches in
nanoresonators is a promising configuration to achieve extreme
field localization and enhancement in nanophotonics.
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