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Mario Kupresak, *a Xuezhi Zheng, a Raj Mittra, bc Guy A. E. Vandenbosch a

and Victor V. Moshchalkovd

In light of the emergence of nonclassical effects, a paradigm shift in the conventional macroscopic

treatment is required to accurately describe the interaction between light and plasmonic structures with

deep-nanometer features. Towards this end, several nonlocal response models, supplemented by

additional boundary conditions, have been introduced, investigating the collective motion of the free

electron gas in metals. The study of the dipole-excited core–shell nanoparticle has been performed, by

employing the following models: the hard-wall hydrodynamic model; the quantum hydrodynamic

model; and the generalized nonlocal optical response. The analysis is conducted by investigating the

near and far field characteristics of the emitter–nanoparticle system, while considering the emitter

outside and inside the studied topology. It is shown that the above models predict striking spectral

features, strongly deviating from the results obtained via the classical approach, for both simple and

noble constitutive metals.
1. Introduction

Plasmonic structures that operate in a deep-nanometer regime,1

such as metallic nanoparticles with the characteristic radii of
only a few nanometers,2,3 or dimer and nanoparticle-on-mirror
structures with a sub-nanometer gap size,4–6 cannot be fully
and accurately described by employing the macroscopic
Maxwell equations and constitutive relations. The reason is that
the deep-nanometer regimemanifests nonclassical effects, such
as size-dependent surface plasmon resonance shi and line-
width broadening,2,7 and electron spill-out,8 among others.
Notably, these effects have been demonstrated to exist in several
plasmonic applications, ranging from optoelectronics and
metamaterials,9,10 over information and communication tech-
nology,11,12 to biochemical sensing.13
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A semiclassical model, namely the hydrodynamic model
(HDM),7,14–18 has been extensively studied, in order to tackle the
aforementioned nonclassical effects. Compared with more
advanced theoretical treatments, e.g., the time-dependent
density functional theory (TD-DFT),19 HDM employs the
simplest possible approximation of the internal energy func-
tional, according to the Thomas–Fermi description. However,
the samemodel provides much higher computational efficiency
and analytical solutions for some symmetrical structures, and
can be applied to both deep-nanometer as well as larger, generic
nanostructures.16,17 More specically, HDM studies the inter-
action between the external electromagnetic (EM) elds and
metals with nonlocal material parameters. This interaction is
described by a multiphysics approach, by coupling the electro-
dynamics of Maxwell equations with the linearized hydrody-
namic equation of electronic motion. Moreover, the nonlocality
introduces longitudinal waves that are associated with an
additional boundary condition (ABC). This boundary condition
is imposed, in general, on the induced hydrodynamic current,
to provide a key component needed to solve the coupled
equations.

Note, however, that several hydrodynamic models, supple-
mented by different ABCs, have been proposed in the literature.
The performances of four hydrodynamic models, employing the
corresponding ABCs, have been tested in ref. 20. Additionally,
a more detailed analysis of the hydrodynamic models has
revealed that only the hard-wall hydrodynamic model (HW-
HDM) and the quantum hydrodynamic model (Q-HDM) are
suitable for modeling the optical response of nanostructures.21

Another model, viz., the generalized nonlocal optical response
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00726b&domain=pdf&date_stamp=2022-05-14
http://orcid.org/0000-0001-5021-8743
http://orcid.org/0000-0002-5301-2908
http://orcid.org/0000-0002-0960-2708
http://orcid.org/0000-0002-5878-3285
https://doi.org/10.1039/d1na00726b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00726b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA004010


Fig. 1 Studied topologies: metal core–dielectric shell and dielectric
core–metal shell nanoparticles. An emitter with the dipolemoments pr

and pt, oriented along the radial and tangential directions, respectively,
is positioned (a) and (b) outside and (c) and (d) inside the studied
topologies, at the distance d from the corresponding metal (gray) and
dielectric (blue) interfaces. The core and shell radii are denoted by R1

and R2, respectively.
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(GNOR),2,7 which introduces the diffusion term to the nonlocal
material parameter of HW-HDM, has also been studied. It is
worthwhile to note that the above works focus only on the case
of plane wave excitation, and they do not deal with other exci-
tation sources, such as a dipole emitter, which is of great
interest for a number of experimental studies, e.g., the local
density of states (LDOS), single molecule detection and uo-
rescence enhancement.22–27 Nevertheless, the application of this
source for the nonlocal features of deep-nanometer structures
are yet to be investigated fully.

Numerous efforts have been reported, analyzing the radia-
tive and nonradiative properties of a dipole emitter coupled
with a single metallic nanosphere, within the framework of the
local response approximation (LRA).28–42 This topology has also
been studied by using HW-HDM22,43–45 and GNOR.45,46 Addi-
tionally, TD-DFT47,48 and the semiclassical innite barrier
approach49–51 have been employed for the same topology.

Apart from a single nanosphere, in the context of the dipole
excitation, several works have investigated within the classical
response practically more important structures, namely metal
core–dielectric shell31,52,53 and dielectric core–metal shell31,54–61

nanoparticles. These structures have attracted considerable
attention, owing to their excellent tunability of optical proper-
ties that are highly desirable for several applications.62–64 Addi-
tionally, an emitter may be placed inside the dielectric core or
shell, which is of considerable experimental interest.23,26,27,65–67

Moreover, a dielectric core–metal shell nanoparticle has been
investigated by a nonlocal response approach, and has been
reported in ref. 68. While this work employs HW-HDM and
GNOR, it does not take Q-HDM into account. Furthermore, the
associated radiative and nonradiative decay rates have been
computed for an emitter positioned outside the studied struc-
ture. However, the impact of the aforementioned models on the
system in which an emitter is positioned inside the nano-
particle remains unknown.

The current work investigates the nonlocal response of metal
core–dielectric shell and dielectric core–metal shell nano-
structures, with wide range of sizes and constitutive materials,
under the excitation of a dipole emitter. This is done by
employing the following models: HW-HDM, Q-HDM, and
GNOR. The analysis is performed for both radial and tangential
emitters, which are located outside the nanoparticles and inside
the dielectric core or shell. The following optical features are
observed: the radiative decay rate, the nonradiative decay rate,
and LDOS enhancements. We note that these features are also
referred to as the Purcell factors in the literature.33,34 To the best
of our knowledge, the targeted computational study, including
different nonlocal hydrodynamic models for the near and far
eld characteristics of a dipole emitter, considered both outside
and inside the core–shell nanoparticles, has not yet been re-
ported in the literature.

This work is organized as follows. Section 2 discusses the
studied topologies. The underlying theoretical aspects of the
dipole excitation of the core–shell nanoparticles are also
explained. The associated numerical studies are performed in
Section 3, and the results of these studies are presented in
Section 4.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Theoretical and topological
aspects

In this section, the considered topologies are discussed. More
details on the dipole excitation of the studied structures are also
provided.

2.1. Topology

The geometry of the core–shell nanoparticles, investigated
herein, is depicted in Fig. 1. The following constitutive metals
are employed: sodium, silver, and gold, all of which are
described by either Drude or experimental material models. The
corresponding dielectric regions are comprised of silica,
a commonly encountered material in core–shell topologies. The
nanoparticles are embedded in vacuum. Furthermore, they are
excited by an emitter, positioned along the z-axis, with its dipole
moments oriented along the z- and the x-axes, referred to as the
radial and tangential emitters, respectively. The following three
scenarios of locations of the emitter are considered: (i) outside
the structures; (ii) inside the shell of a metal core–dielectric
shell structure; and (iii) inside the core of a dielectric core–
metal shell structure.

2.2. Dipole excitation

Theoretically, the interaction between a dipole emitter and
the core–shell nanoparticles can be dealt with by expanding
the elds outside and inside the nanoparticles into vector
spherical wave functions.31,68 The scattering coefficients and
the coefficients of the elds inside the structure-under-study
are generated by implementing, on top of the classical
boundary conditions, ABCs for a specic nonlocal response
model. In general, these coefficients depend on the emitter
position and orientation. First, considering the emitter
outside the studied topologies, such coefficients have already
been reported for a dielectric core–metal shell nanosphere,
Nanoscale Adv., 2022, 4, 2346–2355 | 2347
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Fig. 2 Response of a sodium core–silica shell nanoparticle with (R1,R2) ¼ (1,2) nm and a Drude material parameter. The angular frequency
normalized to the plasma frequency is plotted on the horizontal axis. The following features: (a) radiative decay rate; (b) nonradiative decay rate;
and (c) orientation-averaged LDOS, are computed for LRA, HW-HDM, Q-HDM, and GNOR. A log10 scale is used to represent the magnitude of
the studied features.
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in the context of HW-HDM and GNOR.68 We have extended
the earlier approach, described in ref. 68, by including
another model, viz., Q-HDM, and have performed the
Fig. 3 Response of the sodium core–silica shell nanoparticle, studied in
and (c) orientation-averaged LDOS. The insets illustrate the field patterns
evaluated at the indicated surface and bulk plasmon resonances of HW-

2348 | Nanoscale Adv., 2022, 4, 2346–2355
associated numerical calculations for both metal core–
dielectric shell and dielectric core–metal shell nanospheres.
Second, we have also computed the corresponding
Fig. 2, for d ¼ 2 nm: (a) radiative decay rate; (b) nonradiative decay rate;
inside the studied structure, normalized to their maximum intensities,
HDM, for the radial emitter.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Response of a silica core–sodium shell nanoparticle with (R1,R2) ¼ (1,2) nm and a Drude material parameter. The angular frequency
normalized to the plasma frequency is plotted on the horizontal axis. The following features: (a) radiative decay rate; (b) nonradiative decay rate;
and (c) orientation-averaged LDOS, are computed for LRA, HW-HDM, Q-HDM, and GNOR. A log10 scale is used to represent the magnitude of
the studied features.
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coefficients for an emitter positioned inside the dielectric
core or shell, for the employed models. This has not been
previously studied in the literature.
Fig. 5 Response of the silica core–sodium shell nanoparticle, studied in
and (c) orientation-averaged LDOS. The insets illustrate the field patterns
evaluated at the indicated surface plasmon resonances of HW-HDM, fo

© 2022 The Author(s). Published by the Royal Society of Chemistry
The following quantities have been investigated: (i) radiative
decay rate; (ii) nonradiative decay rate; and (iii) orientation-
averaged LDOS. The quantities have been normalized to the
Fig. 4, for d ¼ 2 nm: (a) radiative decay rate; (b) nonradiative decay rate;
inside the studied structure, normalized to their maximum intensities,

r the radial emitter.

Nanoscale Adv., 2022, 4, 2346–2355 | 2349
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Table 1 Normalized spectral positions of the surface plasmon reso-
nances, associated with the mode order n, for the sodium core–silica
shell nanoparticle, studied in Fig. 3

Model n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4

LRA 0.45 0.48 — —
HW-HDM 0.54 0.66 0.75 0.83
Q-HDM 0.53 0.64 0.73 0.82
GNOR 0.52 — — —

Table 2 Normalized spectral positions of the surface plasmon reso-
nances, associated with the bondingmode order n, for the silica core–
sodium shell nanoparticle, studied in Fig. 5

Model n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4 n ¼ 5

LRA 0.48 0.56 0.59 — —
HW-HDM 0.51 0.64 0.72 0.77 0.81
Q-HDM 0.51 0.63 0.71 0.76 0.81
GNOR 0.51 0.64 — — —
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radiative decay rate and LDOS of an isolated emitter in vacuum.
For a detailed mathematical description of the above analysis,
see Sections 1 and 2 of the ESI.†
Fig. 6 Response of a sodium core–silica shell nanoparticle with (R1,R2)
¼ (5,10) nm and a Drude material parameter. The angular frequency
normalized to the plasma frequency is plotted on the horizontal axis.
The orientation-averaged LDOS is computed for the indicated
distances, considering an emitter (a) inside and (b) outside the
nanoparticle.

2350 | Nanoscale Adv., 2022, 4, 2346–2355
3. Numerical results

Motivated by the studies for a single nanosphere,22,43 we begin
by performing a detailed theoretical investigation of an
extremely small core–shell geometry, with sodium as the
constitutive free electron metal, described by the Drude model.
As an example, we choose a core–shell nanoparticle with (R1,R2)
¼ (1,2) nm, excited by an emitter located outside the nano-
particle. The studied geometry is analyzed for the entire spectral
range, starting from the optical and going beyond the plasma
frequency. More specically, we study the surface and bulk
plasmonmodes, enabling us to provide a thorough survey of the
possible experimental signatures of the nonlocal hydrodynamic
response for the core–shell structures.22 The results of the
normalized radiative and nonradiative decay rates, and
orientation-averaged LDOS are depicted in Fig. 2 and 3 for
a metal core–dielectric shell, and in Fig. 4 and 5 for a dielectric
core–metal shell. On top, the associated surface plasmonmodes
and their spectral positions are tabulated in Tables 1 and 2, for
the employed models.

Then, within the same material model, we systematically
investigate the impact of the nonlocal effects on the topologies
with relatively larger size parameters, considering an emitter
both outside and inside these topologies. Here, a metal core–
dielectric shell with (R1,R2) ¼ (5,10) nm and a dielectric core–
metal shell with (R1,R2) ¼ (8,10) nm are exemplied. The results
Fig. 7 Response of a silica core–sodium shell nanoparticle with (R1,R2)
¼ (8,10) nm and a Drude material parameter. The angular frequency
normalized to the plasma frequency is plotted on the horizontal axis.
The orientation-averaged LDOS is computed for the indicated
distances, considering an emitter (a) inside and (b) outside the
nanoparticle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Response of a silver core–silica shell nanoparticle with (R1,R2)¼
(3,6) nm and an experimental material parameter. The angular
frequency normalized to the plasma frequency is plotted on the
horizontal axis. The orientation-averaged LDOS is computed for the
indicated distances, considering an emitter (a) inside and (b) outside
the nanoparticle.

Fig. 9 Response of a silica core–silver shell nanoparticle with (R1,R2)¼
(4,6) nm and an experimental material parameter. The angular
frequency normalized to the plasma frequency is plotted on the
horizontal axis. The orientation-averaged LDOS is computed for the
indicated distances, considering an emitter (a) inside and (b) outside
the nanoparticle.

Table 3 Normalized spectral positions of the surface plasmon reso-
nances, associated with the mode order n, for the silver core–silica
shell nanoparticle, studied in Fig. 8, with an emitter located inside the
nanoparticle, at d ¼ 1 nm

Model n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4 n ¼ 5 n ¼ 6

LRA 0.35 0.36 — — — —
HW-HDM 0.36 0.38 0.39 0.4 0.41 0.42
Q-HDM 0.36 0.38 0.39 0.4 0.41 0.42
GNOR 0.36 — — — — —
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of all these studies are demonstrated in Fig. 6 for the former,
and in Fig. 7 for the latter topology.

Our next step is to extend the above study by employing more
practical, noble metals, namely silver and gold, that are of great
importance for plasmonic experiments.43 Contrary to sodium,
the response of such metals in the studied frequency range is
signicantly modied by the contribution of bound electrons.
The permittivity of bound electrons is obtained by subtracting
the contribution of free electrons from the experimental mate-
rial data.69 In this context, we have investigated the following
structures: a metal core–dielectric shell with (R1,R2) ¼ (3,6) nm
and a dielectric core–metal shell with (R1,R2) ¼ (4,6) nm. The
results of the orientation-averaged LDOS enhancement are
plotted in Fig. 8 for the former, and in Fig. 9 for the latter
structure. The associated surface plasmon modes and their
spectral positions are shown in Tables 3 and 4.

Finally, we vary the sizes of the nanoparticles, while placing
an emitter inside the dielectric core or shell, with a xed
distance to the metal interface. The results of the orientation-
averaged LDOS enhancement are depicted in Fig. 10.

The following parameters are used in the simulations: the
plasma frequency ħuP ¼ 6.04 eV, the damping frequency ħg ¼
0.16 eV, the Fermi velocity vF ¼ 1.07 � 106 m s�1, and the
diffusion constant D ¼ 2.67 � 10�4 m2 s�1 for sodium; ħuP ¼
9.1 eV, ħg¼ 0.02 eV, vF ¼ 1.39 � 106 m s�1, and D ¼ 9.62 � 10�4

m2 s�1 for silver; and ħuP ¼ 9 eV, ħg ¼ 0.05 eV, vF ¼ 1.39 �
© 2022 The Author(s). Published by the Royal Society of Chemistry
106 m s�1, and D ¼ 8.62 � 10�4 m2 s�1 for gold.7,69 Silica is
weakly dispersive in the studied frequency range, with
a permittivity of 2.25. In order to accurately characterize the
interaction between the emitter and nanoparticles, the
maximum mode order n of 50 is studied.
4. Discussion

Within the framework of the Drude model, the spectral features
of a sodium core–silica shell nanoparticle with (R1,R2) ¼
(1,2) nm are represented as a function of the emitter–nano-
particle distance and frequency in Fig. 2, and by selecting d ¼
2 nm in Fig. 3. Considering rst the radiative decay rate,
demonstrated in Fig. 2a and 3a, LRA shows a single surface
Nanoscale Adv., 2022, 4, 2346–2355 | 2351
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Table 4 Normalized spectral positions of the surface plasmon reso-
nances, associated with the bondingmode order n, for the silica core–
silver shell nanoparticle, studied in Fig. 9, with an emitter located inside
the nanoparticle, at d ¼ 1 nm

Model n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4 n ¼ 5

LRA 0.33 0.36 0.37 — —
HW-HDM 0.33 0.37 0.38 0.39 0.4
Q-HDM 0.33 0.37 0.38 0.39 0.4
GNOR 0.36 0.37 — — —
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plasmon resonance with a normalized spectral position of 0.44,
corresponding to the dipolar mode (n¼ 1). Compared with LRA,
the dipolar resonances of HW-HDM and Q-HDM experience
a well-known blueshi,7 and their magnitudes are slightly
lower. These resonances rapidly become indistinguishable,
while increasing the distance. Moreover, GNOR generates
Fig. 10 Response of (a) silver core–silica shell and (b) silica core–silver
shell nanoparticles, with variable size parameters, where R2 ¼ 2 � R1 is
chosen for the former, and R2 ¼ 1.25 � R1 for the latter structure. The
angular frequency normalized to the plasma frequency is plotted on
the horizontal axis. An emitter is positioned inside the nanoparticles at
a fixed distance from the metal interface, namely d ¼ 1 nm. The
observable higher-order (n ¼ 3) resonance of HW-HDM, that is not
captured by LRA, is denoted by the black circle, see (a1).

2352 | Nanoscale Adv., 2022, 4, 2346–2355
a strongly attenuated spectral line, with no discernible reso-
nance for the studied distance, see Fig. 3a.

Apart from the dipolar mode, the nonradiative decay rate,
illustrated in Fig. 2b and 3b, manifests higher-order modes. The
quadrupolar mode (n ¼ 2) with a spectral position of 0.48, may
be noticed for LRA. More importantly, in addition to the
quadrupolar mode, HW-HDM and Q-HDM yield other higher-
order modes, which do not arise in the case of LRA, as shown
in Table 1, similar to the previous study for a single nano-
sphere.22 Below the plasma frequency, these models display
four noticeable higher-order resonances, whose spectral posi-
tions and magnitudes vary slightly. However, these resonances
are vanishing for larger distances, as depicted in Fig. 2b2 and b3.
Next to the aforementioned blueshi, another essential hydro-
dynamic feature, namely the longitudinal mode, emerges above
the plasma frequency.7 For d ¼ 2 nm, HW-HDM predicts four
distinguishable longitudinal peaks, indicating the conned
dipolar and quadrupolar bulk plasmon modes,22 with spectral
positions of 1.13 and 1.3, and 1.19 and 1.38, respectively. As
argued for the plane wave response of the studied structure,21 Q-
HDM introduces a shi of the longitudinal resonances, with
respect to HW-HDM. As a result, for the aforementioned
distance, the same model yields three observable longitudinal
peaks, see Fig. 3b. For GNOR, a broader dipolar resonance
clearly exists below the plasma frequency. Nevertheless, all
other surface and bulk plasmon modes, that are present for the
other studied models, are completely damped by the diffusion
mechanism.46

While the above analysis has been conducted for the radial
emitter, we have also performed the study for the tangential
emitter. The associated results of the decay rates for the sodium
core–silica shell nanoparticle are depicted in Fig. S1 and
explained in Section 3 of the ESI.† On top, based on the partial
LDOS enhancements of both radial and tangential emitters,
which may be related to the total decay rates,57,70 we have
computed the orientation-averaged LDOS enhancement, as
plotted in Fig. 2c and 3c.

Next, the study has been performed for a silica core–sodium
shell nanoparticle with the same size parameters, and the
results are shown in Fig. 4 and 5. For the radiative decay rate,
LRA reveals two dipolar resonances at 0.48 and 0.77, see
Fig. 4a1, representing the bonding and antibonding plasmon
modes.63,68 The blueshi, introduced by HW-HDM and Q-HDM,
is much more pronounced for the second resonance, with
respect to the classical solution, as in the case of the plane wave
excitation.21 Compared with the above models, GNOR displays
only the rst resonance, see the peak at 0.51 in Fig. 5a. The
associated nonradiative decay rate and LDOS spectra, illus-
trated in Fig. 4b, c, 5b and c, show multiple resonances. Apart
from the quadrupolar and hexapolar (n ¼ 3) components,
emerging for LRA, additional higher-order surface plasmon
modes are predicted by HW-HDM and Q-HDM, as demon-
strated in Table 2. Furthermore, the longitudinal resonances
with spectral positions of 1.16 and 1.31 appear for the former,
and 1.18 and 1.4 for the latter model. On top of the dipolar peak,
a quadrupolar component may be distinguished for GNOR,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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while the other aforementioned resonances do not emerge in
the spectrum.

Aer studying extremely small nanoparticles, we focus on
relatively larger core–shell structures, while considering emit-
ters both outside and inside the same structures. The following
features can be observed in Fig. 6, for a sodium core–silica shell
nanoparticle (see also Fig. S2 of the ESI†). Compared with the
previously studied topologies, the blueshis between the cor-
responding local and nonlocal resonances are considerably
lower. Additionally, the associated longitudinal resonances (not
displayed here) are much more damped and indistinguishable
in the spectrum. These features are caused by the fact that the
size of the structure-under-study is relatively large, diminishing
the impact of the nonlocality. For an emitter positioned inside
the silica shell, see Fig. 6a, LRA shows, next to the attenuated
dipolar and quadrupolar resonances, another more prominent
peak at 0.53, for d¼ 1 nm, which is formed by the contributions
of several higher-order modes. Such an observation has been
previously reported for a single nanosphere, where the associ-
ated resonance, for a small emitter–nanoparticle distance,
theoretically approaches the result for a planar interface.22,43 In
contrast, HW-HDM and Q-HDM may exceed this limit,22 and
generate many more resonances, which experience strong
damping by sodium. Notably, the same resonances do not arise
in the spectrum for GNOR. While placing an emitter outside the
studied nanoparticle, HW-HDM and Q-HDM produce fewer
spectral components, thus providing a closer agreement with
LRA, as illustrated in Fig. 6b. As in the case of the previously
studied structures, the higher-order modes are suppressed and
dominated by the dipolar one for larger distances, resembling
the plane wave response.71

Similar observations also hold for a silica core–sodium shell
structure, the results for which are shown in Fig. 7 (see also
Fig. S3 of the ESI†). More interestingly, in the case of GNOR,
several higher-order resonances may be noticed in the spec-
trum, contrary to the above topologies. While these resonances
emerge in the frequency region below 0.6, they are completely
vanishing outside this region, where the other studied models
introduce additional spectral components. Note that as an
emitter is positioned more closely to the core center, the
number of higher-order modes is drastically reduced, as
demonstrated in Fig. 7a. In the limiting case, where the emitter
is located at the core center, only the dipolar mode can be
excited.55,72

We have so far performed the EM simulations using the
Drude model. However, apart from the free electrons, incorpo-
rating the contribution of bound electrons in the material
model is indispensable for noble metals, such as silver and
gold, that are widely used in plasmonic experiments. In order to
describe the response of the noble metals accurately, the Drude
model has been extended by employing an experimental
material model.69 First, the analysis is conducted for a silver
core–silica shell nanoparticle with (R1,R2)¼ (3,6) nm and a silica
core–silver shell nanoparticle with (R1,R2) ¼ (4,6) nm, in the
optical frequency range, as depicted in Fig. 8 and 9 (see also
Fig. S4 and S5 of the ESI†). Several spectral features, which have
been previously observed and discussed for the Drude model,
© 2022 The Author(s). Published by the Royal Society of Chemistry
evidently arise for both structures. Essentially, despite intro-
ducing additional losses to the system through the presence of
the bound electrons, HW-HDM and Q-HDM deliver striking
higher-order resonances, which do not appear for LRA, as
shown in Fig. 8a, for an emitter located inside the silver core–
silica shell nanoparticle. According to Table 3, for d ¼ 1 nm, on
top of the quadrupolar mode that is also present for LRA, the
other four higher-order components arise for HW-HDM and Q-
HDM. Moreover, considering an emitter outside the nano-
particle, the same resonances may still be distinguished for
smaller distances, although they are much less pronounced, see
e.g., Fig. 8b1. For the other studied structure, such resonances
are evidently less apparent, regardless of the emitter position.
By studying d ¼ 1 nm in Fig. 9a1 and d ¼ 2 nm in Fig. 9b1, one
may observe attenuated higher-order peaks around a spectral
position of 0.4 (see the corresponding modes in Table 4), van-
ishing for larger distances. On the contrary, the aforementioned
resonances have been smeared out, while including the diffu-
sion term of GNOR.

In order to substantiate our observations, we have also
studied core–shell topologies with different size parameters,
and the results are plotted in Fig. S6 and S7 of the ESI.† The
generated features indicate that the nonlocal effects may be of
great importance to correctly characterize the interaction
between the emitter and core–shell nanoparticles, with silver as
a constitutive metal. We emphasize that the results of HW-HDM
(and Q-HDM), especially for an emitter located inside a silver
core–silica shell nanoparticle, are in strong contrast to the ones
in ref. 22 for a single silver nanosphere, demonstrating that the
related higher-order modes are completely suppressed. Addi-
tionally, we have investigated the response of core–shell nano-
spheres, constituted of gold. The associated results, which are
depicted in Fig. S8 and S9 of the ESI,† show that the higher-
order resonances of the local and nonlocal response models
are indistinguishable, due to the increased material losses in
the desired frequency range.73 To the best of our knowledge, no
experimental results, concerning the studied congurations,
have been previously reported in the literature. Nevertheless,
the aforementioned features strongly suggest to perform the
associated LDOS measurements.

Finally, we study the possibility of exciting the above higher-
order modes within the framework of HW-HDM for larger core–
shell topologies, varying their size parameters, while placing an
emitter inside the topologies, at d ¼ 1 nm. By observing a silver
core–silica shell structure with (R1,R2) ¼ (6,12) nm, HW-HDM
still generates a noticeable higher-order resonance with a spec-
tral position of 0.38, see the black circle in Fig. 10a1, which is
captured neither by LRA nor GNOR. Nevertheless, for the
increasing size parameters, the same resonance becomes
indistinguishable. As for a silica core–silver shell structure, see
Fig. 10b, the additional higher-order resonances introduced by
HW-HDM are undiscernible.

5. Conclusions

This work studied the nonlocal features of spherical metal core–
dielectric shell and dielectric core–metal shell nanoparticles,
Nanoscale Adv., 2022, 4, 2346–2355 | 2353
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under the excitation of a dipole emitter. The investigation was
carried out by employing the following models: HW-HDM, Q-
HDM, and GNOR. Several size and material parameters were
used. Both radial and tangential emitters were considered
outside and inside the studied topologies. The radiative and
nonradiative decay rates and orientation-averaged LDOS
enhancements were analyzed. Different surface and bulk plas-
mon modes, generated by the models, were investigated. First,
the study was conducted for core–shell nanoparticles with
sodium as the constitutive metal, taking only the contribution
of free electrons into account, as described by a Drude model.
Then, more practical, noble metals, namely silver and gold,
were employed, accounting for the contributions of both free
and bound electrons through an experimental material model.
It was demonstrated that the nonlocal effects may considerably
inuence the interaction between the emitter and core–shell
nanoparticles. HW-HDM and Q-HDM generate multiple higher-
order resonances, which do not arise within the classical
approach. In addition to sodium, such resonances emerge
prominently in core–shell structures constituted of silver,
despite the additional losses caused by the bound electrons.
Compared with HW-HDM and Q-HDM, the above resonances
are completely damped by the diffusion mechanism for GNOR.
Contrary to the aforementioned metals, in the case of gold,
apart from the dipolar resonance, all other resonances are
suppressed for the studied models.
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