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Abstract— Nanoplasmonics have the ability to confine light in extremely small nano-cavities.
We show using a theoretical model, numerical calculations and measurements that for these
tightly-coupled nanoplasmonic structures, the correlation between the field enhancement (near-
field) resonance and the radiative (far-field) resonance breaks down. This dissociation is deter-
mined by the nanocavity’s geometry. The anomalous behaviour of plasmonic nanocavities is
of significant importance for active and quantum plasmonics, where extreme nano-cavities are
essential to observe strong coupling.

Plasmonic nanostructures have the ability to confine light in extremely small, sub-wavelength
volumes, which leads to unprecedented field enhancements. Recently, it was shown that nano-
cavities of just few nano-meters [1, 2] and even sub-nanometer [3] dimensions can be realized, by
assembling a nanoparticle on a metallic surface (i.e. nanoparticle on mirror - NPoM) as shown
in figure 1(a). This set-up has paved the route towards observing strong coupling [4] and intense
surface-enhanced Raman scattering (SERS) [5] from just few molecules.

Figure 1: (a) The nanoparticle on mirror (NPoM) set-up. (b) The normalized scattering cross-section (far-
field spectra) and the field-enhancement spectra (|E|max) for the NPoM set-up (left figure). The higher
order mode contribution to the resonance wavelength for the scattering cross-section and field enhancement.
(c) The E-field phase of the three first modes of the NPoM system in the middle of the cavity (near-field)
and on top of the nanoparticle (far-field).

So far, it has been assumed that the localized field enhancement of a plasmonic structure and its
radiative far-field spectra are resonant at similar wavelengths, with the near-field resonance slightly
red-shifted from the far-field resonance, and is a plasmonic property assumed to be universal [6].
However, we show that for tightly-coupled nanoplasmonics forming nano-cavities, this correlation
between the near- and far-field spectra breaks down, with the near-field resonance always blue-
shifted from the far-field spectra (see figure 1(b)) [5]. Using a theoretical model, we find that this
spectra shift is due to the strong confinement and enhancement of the higher order modes in the
nano-cavities. Although higher-order modes may not radiate in the far-field, they interference with
and spectrally shift the bright modes of the plasmonic system [5]. This anomalous behaviour is
due to the fact that within the cavity consecutive modes interfere destructively, but radiate in the
far-field in-phase (figure 1(c)). These anomalous spectra shifts are also observed experimentally,
where we used a widely-tuneable SERS technique to obtain the near-field resonances within indi-
vidual NPoM and directly compare them to the corresponding far-field response from dark-field



measurements. As the nanoparticle is moved away from the mirror, higher-order modes become
less prominent and the system reverts back to the universal state, where the near- and far-field
spectra are resonant at close wavelengths.

Since nanoparticles are always faceted, the NPoM set-up produces geometrically varying nano-
cavities. Through UV-laser irradiation, we grow and control the size of the facet, and observe that
the plasmonic mode dominating the field enhancement in the nano-cavity, is not necessarily always
the mode that radiates strongly to the far-field. This is also supported by numerical calculations
shown in figure 2(a) [3]. In fact, we commonly observe that the far-field is resonant at a higher-order
mode than the near-field. This anomalous behaviour is dependent on the size and geometry of the
nanoparticle’s facet, which forms the nano-cavity. It leads to sharp discontinuities in the far-field
spectra as the NPoM is irradiated with the UV-laser [3]. Furthermore, by steadily bridging the
nano-cavity, the dominant radiative mode gradually transitions to a lower order, and the plasmonic
system reverts to the universal state with the near- and far-field closely correlated.

 0

 0.5

 1

 500  600  700  800  900

λ (nm)

facet=50nm

(a) σscat |E|max
(b) facet=50nm

 500  600  700  800  900

λ (nm)

 0

 10

 20

 30

 40

 50

br
id

ge
 d

ia
m

et
er

 (
nm

)
 0

 3

 6

 9

 12

Q
sc

at

Figure 2: (a) The scattering cross-section and field enhancement spectra for a faceted NPoM, with
facet=50nm. (b) The scattering efficiency of a faceted NPoM as bridge is formed within the nano-cavity.

The anomalous spectral shifts in extreme nano-plasmonic cavities have a profound impact on
optimizing and tuning SERS devices and plasmonic sensors. Most importantly though, the dis-
tinct differences between the field-enhancement in nano-cavities and radiative spectra have strong
implications in active and quantum plasmonics, and in particular for observing and understanding
strong coupling processes.
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