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the modification of chemical reactions.[6,7] 
The fundamental requirement for strong 
coupling is bringing the cavity-emitter 
interaction to such an extent that the 
coherent energy exchange between light 
and molecular transitions becomes greater 
than the individual decay rates. This can be 
achieved by exposing molecules to the con-
fined electromagnetic field of a resonator. 
The most common optical resonators are 
photonic cavities, where the electromag-
netic field is confined in microvolumes 
by metallic mirrors (e.g., Fabry–Pérot cavi-
ties or multilayer heterostructures), and 
polaritons emerge as collective excitations 
between the light modes and the ensemble 
of molecular emitters/absorbers.[8–10] Most 
recently, a notion of self-coupled polari-
tons has emerged, where optical modes 
sustained by materials themselves couple 
to their own electronic or vibrational reso-
nances.[11] Self-coupled polaritons have 

been observed in resonant excitonic (Lorentzian-type) materials 
such as perovskites,[12] transition metal dichalcogenides[13–16] and 
dye molecules[17] with potential consequences for polaritonic 
chemistry, exciton transport, and modified material properties.

Special case represents metals in the visible-to-ultraviolet 
spectral range, where the electronic excitation under scrutiny 
is the interband transition. The optical response of plasmonic 
systems is often well described by the Drude model for photon 
energies below the threshold of interband transitions.[18] For 
gold and silver, which are by far the most used in plasmonics, 
the onset of interband transitions leads to strong nonradiative 
decay. This may be traced to the spectrally broad nature of the 
interband transitions in these metals. In contrast, nickel features 
a spectrally localized interband transition, where the plasmon 
resonance and interband transition couple to form new hybrid 
plasmon–interband states.[19–21] These states display spectral 
features markedly different from the common Drude picture 
of metals and are reminiscent of the strong coupling regime 
of light-matter interaction characterized by a Rabi energy split-
ting.[22,23] The coupled regime is accessed when the plasmon 
and interband transition exchange energy at a rate faster than 
their intrinsic decay rates. The shape and size of the nickel mate-
rial determines the plasmon resonance energy and linewidth 
and facilitates the engineering of the plasmon–interband self-
coupling between the weak and the strong coupling regimes, 
resulting in the generation of metallic self-coupled polaritons.

We show that the plasmon–interband self-coupling in 
nickel thin films and colloidal nickel nanoantennas gives 

Optical polaritons appear when a material excitation strongly couples to 
an optical mode. Such strong coupling between molecular transitions and 
optical cavities results in far-reaching opportunities in modifying fundamental 
properties of chemical matter. More recently an exciting prospect of self-cou-
pled polaritons has emerged by matter sustaining the optical mode with its 
geometry. Here, it is shown how strong coupling of the interband transition 
and surface plasmons can be engineered in nickel at the nanoscale to realize 
self-coupled plasmon–interband polaritons inside metals. Using electron 
energy-loss spectroscopy, it is demonstrated that in nickel thin films and 
nanoantennas the propagation and radiation losses result in a broadening of 
the plasmon linewidth and a transition from strong to weak coupling. Further, 
higher-order plasmon resonances couple to the interband transition, and the 
multipolar-coupled states acquire the field profile of the plasmon. The results 
provide a fundamental understanding of plasmon–interband coupling in 
metals and establish the base for the design of photocatalytic and magneto-
optical nanosystems.
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1. Introduction

Light–matter polaritons arise due to coherent energy exchange 
between the confined electromagnetic field in resonators and 
the transitions in molecular systems. The associated remark-
able modification of the energy levels offers exciting opportu-
nities for tuning various fundamental properties of chemical 
matter by coupling to light modes. This so-called strong cou-
pling regime holds a key potential in a broad range of fields, 
ranging from new device functionalities[1] and biosensing[2–5] to 

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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rise to spectral features reminiscent of both strong and weak 
coupling physics depending on the linewidth of the plasmon 
resonance. In particular, we show that propagating surface 
plasmon polaritons in nickel thin films couple to the interband 
transition for thick films (t > 15 nm), while the coupling dimin-
ishes for thinner films as the short-range surface plasmon 
polariton (SPP) and its increasing propagation losses broadens 
the plasmon linewidth. Further, we demonstrate that spherical 
nanoparticles, which in the quasistatic limit, are dominated by 
a single localized surface plasmon resonance (LSPR) of electric 
dipole nature, also experience an interband coupling, leading to 
the formation of two dipole-interband states. We find that this 
interband coupling also affects higher-order multipolar LSPRs, 
such as the quadrupole LSPR, but gradually transitions into the 
weak coupling regime due to radiation losses as the particle 
size increases. We experimentally demonstrate such nanoscale 
engineering of weak and strong coupling in nickel films and 
nanoparticles using electron energy-loss spectroscopy (EELS) 
performed in a scanning transmission electron microscope 
(STEM). EELS can measure the optical response in a broad 
spectral range with unprecedented spatial resolution,[24,25] 
and has been exploited to study the near-field of a variety 
of plasmonic structures[26–28] as well as resonant dielectric 
nanostructures.[29–32] EELS has also been used to study strong 
coupling in different systems.[33–37] EELS is particularly helpful 
for nickel nanostructures, since they support LSPRs in the deep 
ultraviolet, which is difficult to access with light-based spectros-
copy. Our experimental results are supported by a theoretical 
model for the resonance frequencies of thin films and spherical 
nanoparticles in the quasi-static limit as well as full-field EELS 

simulations. The former provides an intuitive physical picture 
of the plasmon–interband coupling in the strong coupling 
limit, while the latter accurately captures the experimental 
features in both the strong and weak coupling regimes. Our 
work provides a fundamental understanding of the nanoscale 
plasmon–interband engineering in metals as it can be extended 
to other plasmonic materials with spectrally localized interband 
transitions such as copper and aluminum. We foresee that such 
engineering might open new horizons in the nanoscale design 
of metallic photocatalytic and magneto-optical systems,[38] 
where both plasmons and interband transitions play a decisive 
role in how such systems function with light.

2. Results

First, we consider a thin nickel film supporting the excitation 
of SPPs. Tabulated values for the complex permittivity of bulk 
nickel[39] ε(ω) are shown in Figure 1a along with a Drude– 
Lorentz model capturing the absorption peak centered at 4.4 eV 
due to interband transitions. The simulated EELS signal from 
an electron penetrating a nickel film[40] of varying thickness t is 
presented in Figure 1b. For films with thicknesses t > 15 nm, we 
observe two distinct peaks in the simulated EELS signal. Their 
resonance energies are located to the low- and high-energy 
sides of the interband transition and do not vary significantly 
across different film thicknesses. It is tempting to assign these 
two EELS peaks to the excitation of the long-range and short-
range SPPs commonly supported by thin metal films.[41,42] How-
ever, the EELS spectrum is an integral over all wave numbers k 
up to a cut-off wave number, which is set by the experimental 
conditions and is significantly larger than the light line (see 
Experimental Section). As such, both low-k and high-k energy 
loss events contribute to the resulting EELS spectrum. For thick 
films, we find that the EELS signal is primarily composed of 
high-k loss events (see Figure S1, Supporting Information, for 
wavenumber-resolved EELS probability), where the SPPs at 
each interface of the nickel film are uncoupled. The uncoupled 
SPPs for the nickel film thicknesses with t > 15 nm allows us to 
determine the SP frequency from the quasi-static relation.

ε ω( ) + =1 0  (1)

To highlight the role of interband transitions on the SP 
resonances, we consider a lossless Drude–Lorentz model for 
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denote the plasma frequency, oscillator strength, and oscillator 
frequency, respectively. Inserting the Drude–Lorentz permit-
tivity in Equation (1), we find that two resonances are supported 
at the frequencies ω±
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Here, ω ω= / 2D p  is the well-known SP frequency for a 
Drude metal, while Gω ω= +( 2)/2L 0  is the SP frequency for 
a pure Lorentz material. It is worth noting that Equation  (2) 
is of the same form as seen in coupled mechanical oscillator 

t
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Figure 1. Plasmon-interband self-coupling in nickel thin films. a) Real and 
imaginary parts of the dielectric function of nickel along with a Drude–
Lorentz fit. b) Simulated EELS spectra of nickel thin films as a function 
of energy and film thickness t. c) Experimental EELS spectra from nickel 
thin films with thicknesses t = 35nm (green line) and t = 10 nm (red line) 
deposited on an 8 nm silicon dioxide membrane. The vertical dashed line 
indicates the interband transition energy at 4.4 eV.
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systems[43] mimicking strong-coupling phenomena in optical 
nanosystems. Indeed, κ2  = GωLωD/(G  + 2) is a coupling 
constant, which arises due to the interband transition, and 
determines the Rabi frequency splitting of the two SP reso-
nances. These two coupled resonances are interpreted as hybrid 
plasmon–interband states due to the coupling between the SPP 
and the interband transition in nickel.

As the film thickness decreases, the SPPs of the film 
hybridize and the EELS signal has a strong contribution from 
the short-range SPP due to its strong confinement. The propa-
gation losses of the short-range SPP increases with thinner 
films,[44] and the Rabi splitting ℏΩ is only observable if the fol-
lowing condition is met[45,46]

γ γ( ) ( )
Ω > +











2 2

SPP
2

IB
2

1
2



 

 (3)

Here, ℏγIB and ℏγSPP denote the linewidths of the interband 
transition and SP resonance, respectively. Since both the inter-
band and the plasmon are hosted by the same nickel nano-
structure, their individual linewidths cannot be accessed. 
Nonetheless, the interband linewidth is constant and dictated 
by the nickel permittivity, while the SP linewidth can be con-
trolled by the thickness of the nickel film. For films with thick-
nesses t  < 15 nm, we observe that the increasing propagation 
losses (and, hence, increasing linewidth) of the short-range SPP 
decreases the interband–plasmon interaction and diminishes 
the Rabi splitting (Figure  1b). The lossy and dispersive nature 
of the short-range SPP gives rise to strong EELS signal at ener-
gies below the interband transition, where SPP is not coupled 
to the interband transition. However, since we also detect EELS 
signal originating from high-k loss events, an EELS peak above 
the interband transition energy still persists due to a hybridiza-
tion between uncoupled SPPs and the interband transition (see 
Figure S2, Supporting Information). For thin nickel films, the 
total EELS spectrum is thus composed of both hybrid plasmon–
interband states due to the uncoupled SPPs (high k) as well as 
energy loss events due to the lossy short-range SPP, which is 
uncoupled to the interband transition (low k). The latter con-
tributes most and non-resonantly for energies below the inter-
band transition, while the former dominates at energies above 
the interband transition producing an EELS peak.

In Figure  1c, we present EELS measurements on nickel 
thin films deposited on a thin silicon dioxide transmission 
electron microscopy membrane with two characteristic thick-
nesses experimentally visualizing the discussion above. For a 
film thickness of t  = 35 nm, the interband transition and SP 
resonances are strongly coupled and two clear peaks can be 
observed in the EELS signal with a Rabi splitting energy of 
≈3  eV. As in the simulations (Figure  1b), these two peaks are 
spectrally located at the low- and high-energy sides of the inter-
band transition. For the thinner film (t = 10 nm), the presence 
of the lossy short-range SPP gives rise to significant and non-
resonant EELS signal below the interband transition, and we 
observe a single distinct peak at 5.3 eV due to hybrid plasmon–
interband states facilitated by SPPs at high wavenumbers.

The plasmon–interband coupling is not unique to the thin 
film case but applies for any nickel nanostructure. Figure 2 

shows theoretical and experimental results for a small iso-
lated nickel nanoparticle of radius r = 21 nm (see Experimental 
Section for sample fabrication). The simulated EELS signal[47] 
from a nickel nanosphere in vacuum acquired at an impact 
parameter b = 29 nm shows two clear peaks (Figure 2c), which 
are located to the low- and high-energy sides of the interband 
transition energy. We perform a multipole decomposition of the 
simulated EELS signal and find that the primary contribution 
to both EELS peaks is due to the dipole (i.e., multipolar order 
l  = 1) LSPR. The surprising presence of two resonances due 
to a single multipolar order can be qualitatively understood by 
extending the quasi-static analysis from the thin film case to the 
multipolar Fröhlich resonance condition applicable to LSPRs

l

l
ε ω( ) +

+
=

1
0 (4)

where we have taken the background permittivity to be unity. 
Inserting the lossless Drude–Lorentz permittivity into Equa-
tion  (4), we arrive at a multipolar-dependent coupling of the 
LSPRs to the interband transition, given by

l l l l l l l lω ω ω ω ω κ ω ω( )= + ± − +
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In Equation (5), ωD,l = ωp /L and G L Llω ω= + /L, 0
2  denote the 

multipolar LSPR frequencies for a pure Drude and pure Lorentz 
material, respectively. Here, we have introduced the multipolar 
constant L2  = (2l  + 1)/l, which for the dipole mode reduces 
to the familiar L = 3 . The coupling constant also takes on a 
multipolar dependence and is given by G G Ll l lκ ω ω= +/( )2

L, D,
2 .  

Equation  (5) reveals that each multipolar plasmon experi-
ences an interband coupling and that the coupling strength is 
l-dependent.

The qualitative analysis provided by Equation  (4) and (5) 
explains the presence of two resonances in the simulated EELS 
peaks, even though the particle mainly hosts the dipole mode 
(Figure 2c). The experimental EELS spectrum (Figure 2d) for the 
same impact parameter also shows two peaks, albeit with the 
high-energy peak (5.7 eV) more prominent than the low-energy 
peak (3.7  eV). We attribute this difference to the effect of the 
thin (8 nm) silicon dioxide substrate (see Figure S3, Supporting 
Information). The simulated and experimental beam-position-
dependent EELS intensity profiles at the energies of the low- and 
high-energy peaks are shown in Figure 2e,f. Here, we observe 
that both resonances are tightly confined to the surface of the 
particle with a 1/e drop in EELS intensity within a distance of 
≈5 nm. The experimental EELS profile for the low-energy peak 
(3.7 eV) reaches a baseline EELS value, which is effectively the 
noise level of our deconvoluted EELS data (see Experimental 
Section), and therefore deviates from the simulated profile. 
Nonetheless, the position-dependent EELS profiles show that 
both coupled plasmon–interband states acquire a dipole-like 
field profile with a similar strong confinement to the particle 
surface. This is rather counterintuitive as interband transitions 
are typically considered a bulk property of the material. Yet, here 
we observe that the self-coupling endows the dipolar profile of 
the LSPR to both of the plasmon–interband polaritons.

Higher-order multipoles (l  > 1) become prominent as the 
particle size increases. We examine the multipole-dependent 

Adv. Optical Mater. 2023, 11, 2201971
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plasmon–interband coupling by calculating the EELS signal of 
a nickel nanosphere with increasing radii and decompose the 
EELS signal into separate multipole contributions (Figure 3).  
The EELS signal is calculated using an analytical formula, 
which is valid for a spherical particle in vacuum and external 
impact parameters (b > r).[47] The multipole-decomposed EELS 
signal shows that each multipole couples to the interband tran-
sition, which is in agreement with the analysis of Equation (4) 
and (5). In particular, increasing multipole order requires 
larger particle sizes to match the LSPR energy to the interband 

transition (at 4.4 eV). Interestingly, we observe that increasing 
multipole order also shows weaker interband coupling, i.e., the 
Rabi splitting becomes less pronounced (see also Figure S4, 
Supporting Information). This effect can, as for the thin film 
case (Figure  1), be attributed to an increase in the plasmon 
linewidth. The larger size of the particles needed to sustain 
higher-order multipoles opens up a new loss channel, namely, 
radiation losses, which increases the plasmon linewidth and 
subsequently decreases the Rabi splitting, see Equation  (3). 
Consequently, the particle size strongly determines the nature 

(a) Dipole (l = 1) (b) Quadrupole (l = 2) (c) Hexapole (l = 3)

Figure 3. Multipolar plasmon-interband self-coupling. EELS simulation of spherical nickel nanoparticles with radius r ranging from 10 to 100 nm and 
decomposed into the multipolar orders a) l = 1 (dipole), b) l = 2 (quadrupole), and c) l = 3 (hexapole). The impact parameter is b = 3r. The vertical 
dashed line indicates the interband transition energy at 4.4 eV. Increasing the particle size leads to a stronger contribution from higher-order multipoles, 
which couple weaker to the interband transition. The total EELS signal is retrieved by summing over all the individual multipolar contributions.

Figure 2. Plasmon–interband polaritons in individual nickel nanoparticle. a) Schematic of a spherical nickel nanoparticle with radius r placed on a 
silicon oxide membrane probed by an electron beam with an impact parameter b. b) STEM image of the nanoparticle, where the highlighted area 
represents the integration regions for the experimental EELS signal and the orange dot is the position of the electron beam in the simulation. c) Simu-
lated and d) experimental EELS spectra of a nickel nanoparticle with r = 21 nm for the electron beam positions indicated in (b). e) Simulated and f) 
experimental EELS intensity spatial distribution at the two resonance energies of the nanoparticle. The grey dashed line represents the intensity value 
where the signal drops by a factor of e from its value at the particle edge.

Adv. Optical Mater. 2023, 11, 2201971
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of the optical response, where small particles close to the quasi-
static limit are described by a strong-coupling-type response 
producing upper and lower plasmon–interband polaritons, 
while larger particles are closer to the weak coupling regime. In 
the latter, the interband transition acts primarily as a non-radi-
ative loss channel for the LSPRs as in the case of noble metals.

We examine this transition from strong to weak plasmon–
interband coupling by simulating and measuring the EELS 
response of individual nickel nanoparticles with radii span-
ning the size range shown in Figure  3. The simulated EELS 
spectra are decomposed into their main multipole contri-
butions (Figure 4a). We observe that the EELS signal of the 
smallest particle is primarily composed of the coupled dipole-
interband states (as in Figure 2). As the particle size increases 
(r = 47 nm), the dipole LSPR shifts to energies lower than the 
interband transition, producing a single uncoupled peak. At 
the same time, we observe that the quadrupole LSPR (l  = 2) 
has redshifted in energy to induce an interband coupling. 
Such higher-order plasmon coupling has also been observed 
in plasmon–exciton systems.[48] With further increase in the 
particle size (r = 76 nm and r = 94 nm), the quadrupole LSPR 
redshifts to energies lower than the interband transitions and 
produces, as for the dipole case, a single uncoupled peak in 
the EELS signal. In these large particles, the hexapole LSPR  
(l = 3) also contributes to the EELS spectrum, but couples weaker 
to the interband transition. The weaker coupling is evidenced 
by the smaller energy splitting of the two hexapole-interband 
states (see Figure S4, Supporting Information). These results 
are consistent with the discussion of Figure 3 and indicate that 
each EELS peak in larger nickel nanoparticles can be assigned 
to individual (uncoupled) multipolar orders. In Figure  4b, we 

show the measured EELS spectra from nickel nanoparticles of 
the same size and obtained from a similar impact para meter 
as in the simulations. The measured spectra are in overall 
good agreement with the simulations, demonstrating that the 
EELS response of nickel nanoparticles transitions from the 
plasmon–interband coupling to a largely uncoupled response as  
the particle size increases. We attribute this transition to the 
increased radiation losses of larger particles, which broadens 
the multipolar plasmon linewidths.

3. Conclusion

Self-coupled polaritons offer an exciting platform for lever-
aging the opportunities of strong coupling physics. Here, we 
have shown experimentally and theoretically that such polari-
tons emerge due to the coupling of the spectrally localized 
interband transition and the surface plasmons in nickel thin 
films and nanoantennas. We find that the plasmon linewidth 
dictates the nature of the plasmon–interband coupling and 
that the coupling can be engineered through the size of the 
nickel nanostructure. We observe a transition from strong 
coupling for thick films and small nanoparticles to weaker 
coupling for thin films and larger nanoparticles. For both 
geometries, the strong-to-weak transition is initiated by an 
increase in the plasmon linewidth. Our work provides a fun-
damental understanding of plasmon–interband polaritons in 
nickel, which is particularly relevant for nanoscale magneto-
optics and magnetophotonics. The study can also be extended 
to other metals with spectrally localized interband transitions, 
such as aluminum and copper, and in the general design of 

(a) Simulation (b) Experiment

Figure 4. Strong-to-weak plasmon-interband coupling. a) Simulated and b) measured EELS spectra of spherical nickel nanoparticles with increasing 
radii r for the impact parameters b = 24 nm, b = 54 nm, b = 88 nm, and b = 109 nm, respectively. The simulations are decomposed into the primary 
multipole contributions for each particle size. The multipoles are dipole (l = 1), quadrupole (l = 2), and hexapole (l = 3).

Adv. Optical Mater. 2023, 11, 2201971

 21951071, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201971 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

2201971 (6 of 7) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

metallic polaritons. We foresee, for example, that the metallic 
photocatalytic systems relying on interband transitions could 
gain exciting new functionalities if the dipolar or multipolar 
spatial profile of the emerging plasmon–interband polaritons 
are considered in the design.

4. Experimental Section
Simulations: The EELS simulations of nickel thin films presented 

in Figure  1 were conducted using the analytical formalism described 
in Ref. [40] with a cut-off wavevector of kc  = 6.03 nm−1 corresponding 
to a collection angle of θc  = 3 mrad appropriate for the experimental 
setup. The EELS simulations of spherical nickel nanoparticles presented 
in Figures  2, 3, and  4 were performed using the multipolar formalism 
derived in Ref. [47] Tabulated values for the permittivity of nickel[39] were 
used in the calculations and in the Drude-Lorentz model given by

p
2

0
2

0
2 2i

G
i IB

ε ω ε
ω

ω ω γ
ω

ω ω ωγ( )( ) = −
+

+
− −∞  (6)

The best fit to the experimental permittivity of nickel in the energy 
range 2–7 eV is given by the values: ε∞ = 2.61, ωp = 10.36 eV, γ  = 1.61 eV, 
G = 3.45, ω0 = 4.72 eV, and γIB = 3.44 eV.

Sample Fabrication: Commercial nickel nanospheres of 99.7% 
purity in nanopowder form with a radius range of 40–180  nm were 
used. Nanopowder (1  g) was added to acetone and ultrasonicate for 
10  min to ensure separation of the nanoparticles. The colloidal nickel 
nanoparticles in acetone were finally dropcasted onto an 8  nm thick 
silicon dioxide membrane for EELS measurements. The commercial 
evaporator Lesker PVD 225 was used for deposition of thin nickel films 
on top of an 8 nm thick silicon dioxide membranes with thicknesses of 
1, 3, 5, 10, and 35 nm, respectively. The deposition process was carried 
out at the pressure of 5 × 10−7 Torr with a deposition rate of 0.3 nm s−1.

Electron Energy Loss Spectroscopy: The EELS measurements were 
performed in a monochromated and aberration-corrected FEI Titan 
operated in STEM mode at an acceleration voltage of 300 kV, providing a 
probe size of 0.5 nm and an energy resolution of 0.08 eV (as measured 
by the full-width-at-half-maximum of the zero-loss peak). Richardson–
Lucy deconvolution was performed to remove the zero-loss peak using 
an EELS spectrum recorded in vacuum as the input for the point-
spread function. Due to a small asymmetry in the zero-loss peak, the 
deconvolution algorithm produced an artificial EELS peak in the energy 
range below 1  eV. However, the artificial peak did not overlap with any 
of the observed resonances and could be safely removed using a first-
order logarithmic polynomial. The STEM image analysis and EELS data 
analysis followed the same procedure as in the previous works.[29,30,49] 
The EELS spectra presented in Figure  4 were an average EELS signal 
collected from a donut-shaped region surrounding the particle (as 
shown in Figure 2b). The inner and outer radii of the donut were r and 
1.15r, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
A.A. and S.R. acknowledge support by the Independent Research 
Funding Denmark (7026-00117B). A.D. and I.F. acknowledge the Swedish 
Research Council VR (2017-04828) and Swedish Research Council for 
Sustainable Development FORMAS (2021-01390).

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
A.A. conducted the EELS measurements, data analysis, and EELS 
simulations. I.F. prepared the samples. A.D. and S.R. supervised the 
work. All authors contributed to the data interpretation and writing of 
the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
electron energy-loss spectroscopy, interband, plasmons, self-coupling, 
strong coupling

Received: August 23, 2022
Revised: November 29, 2022

Published online: December 20, 2022

[1] D. Sanvitto, S. Kéna-Cohen, Nat. Mater. 2016, 15, 1061.
[2] J. Chen, S. Chen, P. Gu, Z. Yan, C. Tang, Z. Xu, B. Liu, Z. Liu, Carbon 

2020, 162, 187.
[3] J. Chen, C. Yang, P. Gu, Y. Kuang, C. Tang, S. Chen, Z. Liu, J. Light. 

Technol. 2021, 39, 562.
[4] J. Chen, Y. Kuang, P. Gu, S.  Feng, Y. Zhu, C. Tang, Y. Guo, Z.  Liu, 

F. Gao, J. Light. Technol. 2021, 39, 4525.
[5] P. Huang, Y. Yao, W. Zhong, P. Gu, Z. Yan, F. Liu, B. Yan, C. Tang, 

J. Chen, M. Zhu, Results Phys. 2022, 39, 105732.
[6] A.  Thomas, L.  Lethuillier-Karl, K.  Nagarajan, R. M. A.  Vergauwe, 

J.  George, T.  Chervy, A.  Shalabney, E.  Devaux, C.  Genet, J.  Moran, 
T. W. Ebbesen, Science 2019, 363, 615.

[7] F. J.  Garcia-Vidal, C.  Ciuti, T. W.  Ebbesen, Science 2021, 373, 
eabd0336.

[8] D. G.  Baranov, M.  Wersäll, J.  Cuadra, T. J.  Antosiewicz, T.  Shegai, 
ACS Photonics 2018, 5, 24.

[9] R.  Chikkaraddy, B.  de  Nijs, F.  Benz, S. J.  Barrow, O. A.  Scherman, 
E. Rosta, A. Demetriadou, P. Fox, O. Hess, J. J. Baumberg, Nature 
2016, 535, 127.

[10] S. Balci, C. Kocabas, S. Ates, E. Karademir, O. Salihoglu, A. Aydinli, 
Phys. Rev. B 2012, 86, 235402.

[11] A.  Canales, D. G.  Baranov, T. J.  Antosiewicz, T.  Shegai, J. Chem. 
Phys. 2021, 154, 024701.

[12] S. Zhang, Q. Shang, W. Du, J. Shi, Z. Wu, Y. Mi, J. Chen, F. Liu, Y. Li, 
M. Liu, Q. Zhang, X. Liu, Adv. Opt. Mater. 2018, 6, 1701032.

[13] R. Verre, D. G. Baranov, B. Munkhbat, J. Cuadra, M. Käll, T. Shegai, 
Nat. Nanotechnol. 2019, 14, 679.

[14] D. T. Vu, N. Matthaiakakis, H. Saito, T. Sannomiya, Nanophotonics 
2022, 11, 2129.

[15] M. Taleb, F. Davoodi, F. K. Diekmann, K. Rossnagel, N. Talebi, Adv. 
Photonics Res. 2022, 3, 2100124.

[16] R. Gogna, L. Zhang, H. Deng, ACS Photonics 2020, 7, 3328.
[17] P. A. Thomas, K. S. Menghrajani, W. L. Barnes, J. Phys. Chem. Lett. 

2021, 12, 6914.

Adv. Optical Mater. 2023, 11, 2201971

 21951071, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201971 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

2201971 (7 of 7) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

[18] S. A.  Maier, Plasmonics: Fundamentals and Applications, Springer-
Verlag, New York, 2007.

[19] Z. Pirzadeh, T. Pakizeh, V. Miljkovic, C.  Langhammer, A. Dmitriev, 
ACS Photonics 2014, 1, 158.

[20] T. Pakizeh, J. Phys. Chem. C 2011, 115, 21826.
[21] S. Schuermans, T. Maurer, J. Martin, J. Moussy, J. Plain, Opt. Mater. 

Express 2017, 7, 1787.
[22] J. P.  Reithmaier, G.  Sęk, A.  Löffler, C.  Hofmann, S.  Kuhn, 

S.  Reitzenstein, L. V.  Keldysh, V. D.  Kulakovskii, T. L.  Reinecke, 
A. Forchel, Nature 2004, 432, 197.

[23] T.  Yoshie, A.  Scherer, J.  Hendrickson, G.  Khitrova, H. M.  Gibbs, 
G. Rupper, C. Ell, O. B. Shchekin, D. G. Deppe, Nature 2004, 432, 
200.

[24] F. J. García de Abajo, Rev. Mod. Phys. 2010, 82, 209.
[25] A. Polman, M. Kociak, F. J. García de Abajo, Nat. Mater. 2019, 18, 

1158.
[26] C. Colliex, M. Kociak, O. Stéphan, Ultramicroscopy 2016, 162, A1.
[27] J.-H.  Song, S.  Raza, J.  van de  Groep, J.-H.  Kang, Q.  Li, P. G.  Kik, 

M. L. Brongersma, Nat. Commun. 2021, 12, 48.
[28] S.  Raza, M.  Esfandyarpour, A. L.  Koh, N. A.  Mortensen, 

M. L. Brongersma, S. I. Bozhevolnyi, Nat. Commun. 2016, 7, 13790.
[29] A.  Assadillayev, T.  Hinamoto, M.  Fujii, H.  Sugimoto, 

M. L. Brongersma, S. Raza, ACS Photonics 2021, 8, 1582.
[30] A. Assadillayev, T. Hinamoto, M. Fujii, H. Sugimoto, S. Raza, Nano-

photonics 2021, 10, 4161.
[31] D. T. L.  Alexander, V.  Flauraud, F.  Demming-Janssen, ACS Nano 

2021, 15, 16501.
[32] Z.  Dong, Z.  Mahfoud, R.  Paniagua-Domínguez, H.  Wang, 

A. I.  Fernández-Domínguez, S.  Gorelik, S. T.  Ha, F.  Tjiptoharsono, 
A. I. Kuznetsov, M. Bosman, J. K. W. Yang, Light Sci. Appl. 2022, 11, 20.

[33] J. Wei, N. Jiang, J. Xu, X. Bai, J. Liu, Nano Lett. 2015, 15, 5926.
[34] A. B. Yankovich, B. Munkhbat, D. G. Baranov, J. Cuadra, E. Olsén, 

H.  Lourenço-Martins, L. H. G.  Tizei, M.  Kociak, E.  Olsson, 
T. Shegai, Nano Lett. 2019, 19, 8171.

[35] O. Bitton, S. N. Gupta, L. Houben, M. Kvapil, V. Křápek, T. Šikola, 
G. Haran, Nat. Commun. 2020, 11, 487.

[36] L. H. G.  Tizei, V.  Mkhitaryan, H.  Lourenço-Martins, L.  Scarabelli, 
K.  Watanabe, T.  Taniguchi, M.  Tencé, J.-D.  Blazit, X.  Li, A.  Gloter, 
A.  Zobelli, F.-P.  Schmidt, L. M.  Liz-Marzán, F. J.  García de Abajo, 
O. Stéphan, M. Kociak, Nano Lett. 2020, 20, 2973.

[37] M. J.  Lagos, P. E.  Batson, Z.  Lyu, U.  Hohenester, ACS Photonics 
2021, 8, 1293.

[38] N. Maccaferri, I. Zubritskaya, I. Razdolski, I.-A. Chioar, V. Belotelov, 
V.  Kapaklis, P. M.  Oppeneer, A.  Dmitriev, J. Appl. Phys. 2020, 127, 
080903.

[39] Handbook of Optical Constants of Solids, 1st ed. (Ed.: E. D. Palik), 
Academic Press, Orlando, USA 1985.

[40] J. P. R. Bolton, M. Chen, J. Phys.: Condens. Matter 1995, 7, 3373.
[41] J. J. Burke, G. I. Stegeman, T. Tamir, Phys. Rev. B 1986, 33, 5186.
[42] R. B. Pettit, J. Silcox, R. Vincent, Phys. Rev. B 1975, 11, 3116.
[43] L. Novotny, Am. J. Phys. 2010, 78, 1199.
[44] Z. Han, S. I. Bozhevolnyi, Rep. Prog. Phys. 2013, 76, 016402.
[45] P. Törmä, W. L. Barnes, Rep. Prog. Phys. 2015, 78, 013901.
[46] G. P.  Zouros, G. D.  Kolezas, N. A.  Mortensen, C.  Tserkezis, Phys. 

Rev. B 2020, 101, 085416.
[47] F. J. García de Abajo, Phys. Rev. B 1999, 59, 3095.
[48] N. T.  Fofang, T.  Park, O.  Neumann, N. A.  Mirin, P.  Nordlander, 

N. J. Halas, Nano Lett. 2008, 8, 3481.
[49] M. K. Svendsen, H. Sugimoto, A. Assadillayev, D. Shima, M. Fujii, 

K. S. Thygesen, S. Raza, Adv. Opt. Mater. 2022, 10, 2200422.

Adv. Optical Mater. 2023, 11, 2201971

 21951071, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201971 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


