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ABSTRACT 

High-refractive-index nanoantennas have attracted significant attention lately because of the strong excitations of electric and magnetic 
resonances in these nanoantennas. Here, we theoretically investigate the excitation of multipolar Mie resonances in high -refractive-index 
nanoantennas that are immersed in a negative-index medium. Our analysis shows a significant enhancement of magnetic resonances in this 
case. Furthermore, the magnetic dipolar and quadrupolar resonances exhibit a π-shift compared to these magnetic resonances in a con- 
ventional medium, which stems from the “left-handedness” of the negative-index medium. As a result, the spectral regions where electric 
and magnetic resonances are in-phase or out-of-phase complement, or opposite, to those in a conventional medium. Most importantly, we 
demonstrate nanoantenna magnetic resonances in two practical cases of negative-index media realized with common materials, such as multi- 
layer structures with surface waves with negative effective mode index and fishnet metamaterial. These findings represent significant progress 
toward the realization of hybrid emitting structures that exhibit transitions with both electric and magnetic dipolar characteristics and pave 
the way for greater flexibility in controlling radiation patterns from quantum emitters.  

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0 
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0257357 

 

 

 

I. INTRODUCTION 

 
Nanoscale structures have emerged as promising candidates 

for optical applications, photonic devices, ultra-thin functional 
elements and metasurfaces,1 sensing,2,3 enhanced light–matter 
interaction,4–7 and microscopy with subwavelength resolution.8 

This is enabled by their ability to enhance optical resonances and 
manipulate light absorption and scattering. Nanoantennas made of 
various materials and shapes have been utilized as building blocks 
to design ultra-thin nanostructures, commonly referred to as meta- 
surfaces. Recently, high-refractive-index dielectrics—silicon, germa- 
nium, and III–V compounds—have emerged as viable platforms for 
subwavelength nanoantennas, and high-refractive-index metasur- 
faces are leading to revolutionizing the field of metaphotonics.9,10 
The latter, an emerging multidisciplinary field, establishes design- 
ing principles for manipulating electromagnetic energy in com- 
plex photonic structures through engineered electric and magnetic 
excitations. This allows for precise control of linear and non- 
linear optical properties with practical domains spanning optical 

switching, negative- and near-zero refractive-index medium, chiral 
bioimaging, and others.11 

Advancements in nanofabrication techniques and the explo- 
ration of magnetic quantum emitters, such as rare-earth ions, have 
sparked renewed interest in the magnetic properties of sponta- 
neous emission. This has led to the development of specialized 
nanophotonic structures that enable enhanced spontaneous emis- 
sion of the magnetic dipole,12 and this offers exciting opportunities 
to design optical nanocavities with unprecedented control over the 
magnetic density of the photon states and the enhanced brightness 
of the magnetic emitters. Compared to plasmonic nanoantennas, 
high-refractive-index dielectrics have the advantage of supporting 
excitations of both electric and magnetic resonances in simple- 
shaped nanoantennas, such as spheres or disks.1 When the electric 
(ED) and magnetic dipolar (MD) polarizabilities of the nanoantenna 
are equal in magnitude and phase, the so-called first Kerker condi- 
tion is satisfied,13 leading to near-zero backward scattering (Kerker 
effect). The resonant interplay and overlap of different multipoles 
in these high-refractive-index nanoantennas offer unprecedented 
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control over light scattering, leading to the design of more efficient 
subwavelength antennas.14,15 

Negative reflection and negative refraction are intriguing opti- 
cal phenomena that have been extensively explored through various 
approaches, including double-negative metamaterials and hyper- 
bolic metamaterials. The left-handed medium exhibits fascinating 
electromagnetic properties, such as negative refraction and back- 
ward wave propagation, and can be realized using the so-called 
negative-index medium. The latter can be designed from plas- 
monic or dielectric nanostructures to mimic the refractive index 
that has an effective negative value in a particular spectral range. 
Designing a negative refractive index medium presents a signifi- 
cant challenge in achieving low loss because the material must be 
engineered to minimize attenuation while maintaining the desired 
optical properties. Ensuring minimal loss involves careful optimiza- 
tion of both material composition and structural design to balance 
effective refractive index characteristics with practical performance 
constraints. 

The negative-index properties of the engineered medium can 
be observed when both effective permittivity ε and permeability 
μ are negative.16,17 It is important to note that the correct sign must 
be chosen in√the definition of the effective refractive index, which 

Here, we demonstrate multipolar Mie resonances in high- 
refractive-index nanoantennas within a negative-index medium, 
and we present a design utilizing a multilayer structure as a negative- 
index medium to enhance the optical response of nanoantennas 
inside or adjacent to them. We demonstrate that placing nanoanten- 
nas in this medium enhances the magnetic resonances of nanoanten- 
nas and causes them to be π-shifted in phase compared to the case 
of nanoantennas in a conventional medium. We expand the Kerker 
condition for the nanoantennas in a negative-index medium, iden- 
tifying a spectral region with enhanced forward scattering between 
electric and magnetic dipolar resonances. Most importantly, from 
the practical point of view, we confirm the excitation of these 
resonances in two realistic cases of negative-index media using 
common materials in a multilayer configuration. In both cases, we 
see that the Mie resonances are excited in accordance with the 
effective negative-index waves supported by these multilayer struc- 
tures. We demonstrate that a silicon nanosphere with a radius of 
15–60 nm can experience significant enhancement of its magnetic 
resonances when confined in the air channel of a multilayer fish- 
net metamaterial, and similar properties can be observed using other 
negative-index metamaterials. This progress enables greater control 
over radiation patterns from quantum emitters with dual electric 

is nNIM (εμ) if μ 0 and ε 0, as required by causality.18 

Recent advances in anomalous refractive and reflective metasurfaces 
have achieved precise control over the light direction and polar- 
ization by exploiting engineered material responses and spatially 
varying phase shifts at the subwavelength scale.19 Various metamate- 
rials with an effective negative index have been proposed, including 
metal–dielectric multilayer structures with small or larger numbers 
of layers,20–25 patterned fishnets,26 cruciforms,27 or other shapes,28 

as well as metal inclusions of different variations.29,30 The develop- 
ment of all-angle reflectionless negative refraction in ideal photonic 
Weyl metamaterials demonstrates significant progress in achieving 
optimal control over light propagation and manipulation in complex 
optical systems.31 

An experimental achievement of a two-dimensional negative- 
index medium within the blue and green domains of the visible 
range with direct geometric visualization of negative refraction has 
been reported.20 A negative-index metamaterial in the ultravio- 
let range, composed of stacked plasmonic waveguides supporting 
antisymmetric modes, has been experimentally shown to achieve 
negative refraction for TM-polarized light at 365 nm, enabling 
subwavelength photolithography with a feature size of 160 nm.8 

A single-layer wide-angle negative-index metamaterial has been 
achieved using coupled plasmonic coaxial waveguides,32 demon- 
strating an effective refractive index of 2 in the blue spectral region 
with a figure-of-merit exceeding eight and insensitivity to polar- 
ization at visible frequencies. In most cases, such metamaterials 
are designed to be used effectively as a continuous layer to con- 
trol the propagation of light through them. Tunable directional 
scattering has been achieved from high-refractive-index particles 
dispersed within an anisotropic medium33 or fabricated on top of 
it.21 Optically induced negative refraction has been observed in a 
time-varying system, in which plasmonic antennas are strongly cou- 
pled to an epsilon-near-zero film.34 Furthermore, biaxial van der 
Waals materials, which support in-plane hyperbolic phonon polari- 
tons, have been demonstrated to be promising platforms for planar 
reflective and refractive optics.35–39 

and magnetic dipolar characteristics. 

 

 
II. SILICON NANOANTENNA ARRAYS IN NIM 

To start with, we consider high-refractive-index nanoantennas 
immersed in an ideal negative-index medium (NIM) and investi- 
gate the properties of these nanoantennas in a periodic lattice. In 
a conventional—positive-index—medium, E-field, H-field, and the 
propagation vector k follow the right-hand rule. In turn, E, H, and 
k follow the left-hand rule in a left-handed medium. In essence, it 
means that the H-field experiences a π phase shift relative to the 
conventional case.16 Alternatively, one can view the k-vector as hav- 
ing an opposite direction to that of energy propagation. Structured 
light refers to light that has a non-uniform phase distribution across 
its transverse profile, such as optical vortices, Bessel beams, and 
other complex wavefronts.40,41 When this structured light interacts 
with nanoantennas, their arrays, and metasurfaces, it can induce 
novel optical responses as a result of spatially varying electric and 
magnetic fields. The properties of structured light illuminating 
nanoantennas are of great interest in photonics and nanophotonics 
as this can lead to enhanced scattering, absorption, and polarization 
effects. 

The applicability of Mie theory and the coupled-multipole 
model to the interaction of electromagnetic waves with scatter- 
ers embedded in NIM follows from the fundamental principles 
governing wave propagation and scattering. However, their direct 
application requires careful modification to accommodate the 
unique electromagnetic properties of NIMs, particularly the inver- 
sion of phase velocity relative to energy flow (the Poynting vector 
and wavevector are antiparallel) and nontrivial boundary condi- 
tions. Although Mie theory and the coupled multipole model remain 
formally applicable to scattering problems in NIMs, their direct use 
requires a rigorous reformulation of the field expansions, scatter- 
ing coefficients, and interaction tensors to correctly describe the 
unique wave dynamics inherent to negative-index environments. 
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FIG. 1. (a) Schematic of a silicon nanosphere (εp = 12 and μp = 1) in air (εe = 1 and μe = 1). (b) Transmittance and reflectance of a square nanosphere array with 
D = 270 nm. (c) and (d) Real part of the effective polarizabilities of the single nanoantenna (marked “sing”) and nanoantenna in the array (marked “arr”) for ED, MD, EQ, and 
MQ. (e) Schematic of the silicon nanosphere (εp = 12 and μp = 1) in NIM εe = −1 and μe = −1. (f) Transmittance and reflectance of a square nanosphere array in NIM with 
D = 380 nm. (g) and (h) Real part of the effective polarizabilities of the single nanoantenna (marked “sing”) and the nanoantenna in the array (marked “arr”) for ED, MD, EQ, 
and MQ. The phase of the MD resonance is π-shifted relative to the MD resonance in the medium with a positive index [compare panels (c) and (g)]. The vertical dotted black 
lines (denoted RA) in panels (b) and (f) correspond to the wavelength of the Rayleigh anomaly. 
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= = 

a permittivity and permeability of ε = μ = 1 [Fig. 1(a)]. We 

with εp = 12 (with negligible dispersion and losses) and μp = 1, 

= 

> 

= 

consider the same silicon nanoantenna (εp = 12, μp = 1, R = 60 nm) 
= − = − 

The wavevector k and the Poynting vector S have opposite direc- 
tions, requiring adapted definitions of forward and backward scat- 
tering, as conventional conservation laws of angular momentum 
can lead to counterintuitive results. The coupled-multipole model, 
a more generalized approach to treating multiple scatterers in the 
lattice, relies on the induced multipolar moments. Modification of 
spherical harmonics, Bessel functions, and recalculation of scatter- 
ing coefficients in the complex plane need to be implemented to 
accurately extend the Mie theory and the coupled multipole model 
to NIMs. 

Mie theory, formulated as an exact solution to Maxwell’s 
equations for spherical scatterers in homogeneous isotropic media, 
inherently relies on the expansion of incident and scattered fields 
into vector spherical harmonics. The key components govern- 
ing its validity in NIMs include field representations in spherical 
coordinates, modified spherical harmonic expansions, and analyt- 
ical continuation in complex k-space. Since Maxwell’s equations 
remain form-invariant under coordinate transformations, Mie the- 
ory remains formally applicable. However, the constitutive relations 
D εE and B μH require modifications, as permittivity ε and 
permeability μ can both be negative, leading to reversed boundary 
conditions at the scatterer–medium interface. The vector spher- 
ical wave functions used to describe the fields must be adapted 
to account for the reversal of phase velocity and energy flow in 
NIMs. The spherical Hankel functions, which describe outgoing 
waves in conventional media, must be adapted to support energy 
flow reversal. This involves using the appropriate branch of Han- 
kel functions to represent waves propagating in NIMs. Ensuring 
correct branch selection in complex-k space is critical to obtain- 
ing physically meaningful solutions and avoiding singularity when 
Mie coefficients are derived from boundary conditions, thereby 
ensuring field continuity when extended to NIMs. Mie coefficients, 
derived from matching conditions, require analytical continuation 
into complex frequency space to ensure causality and stability in the 
presence of NIM-specific dispersion. 

Our analysis begins with a conventional silicon nanoantenna 

with a radius of R = 60 nm in air. The surrounding material has 
e e 

calculate the ED, MD, electric quadrupolar (EQ), and magnetic 

quadrupolar (MQ) polarizabilities of a single nanoantenna. We also 
calculate the effective polarizability values in the array (with a period 
D 270 nm) as well as the reflectance and transmittance of the array 
[Figs. 1(b)–1(d)]. Throughout this work, we show the real part of the 
effective nanoantenna polarizabilities to illustrate changes in their 
sign at multipolar resonances. The sign change of the real part of the 
nanoantenna polarizability is accompanied by a maximum of the 
imaginary part, which is not shown in the figures. In Fig. 1(b), for 
wavelengths longer than the Rayleigh anomaly (RA, vertical dotted 
black line), one can observe that the ED, MD, and MQ polarizabil- 
ities exhibit resonances that result in an increase in reflectance and 
a decrease in transmittance through the array. In this conventional 
case, the multipolar polarizabilities are comparable in magnitude 
but out of phase between the ED and MD resonances. In this 
spectral range, the reflectance is higher than the reflectance in the 
wavelength range where resonances are in phase (spectral red side 
of the MD resonance). Correspondingly, the transmittance between 
the ED and MD resonances is lower than transmittance when the 
ED and MD resonances are in phase. The non-resonant Kerker 
effect is observed when the ED and MD resonances are in phase 
and have equal magnitude. The analytical calculations of reflectance 
and transmittance agree well with full-wave numerical simulations, 
which do not include any approximations [see Fig. 1(b)]. 

In the second case, the situation changes drastically when we 

in NIM with εe 1 and μe 1 [dispersion and losses are neglected, 
Fig. 1(e)]. Here, for full-wave numerical simulations, we use hypo- 
thetical materials with negative permittivity and permeability. The 
ED resonance is relatively weak, but the ED polarizability remains 
almost constant for λ 400 nm and is comparable in magnitude 
with the MD polarizability. The MD and MQ resonances appear at a 
longer wavelength compared to the case of the same nanoantennas 
in free space (air), and therefore, for the array analysis, we select a 
larger array period D 380 nm. In Fig. 1(f), for wavelengths longer 
than the Rayleigh anomaly, an increase in reflectance and a decrease 
in transmittance correspond to MD and MQ resonances. The 
MD resonance is strong, and its phase is π-shifted relative to the 
MD resonance in the medium with a positive index [compare pan- 
els (c) and (g) in Fig. 1]. This occurs because of the π shift of the 
H-field oscillations in the left-handed medium. Thus, the ED and 

 

 

 

FIG. 2. Real part of nanoantenna polarizability for single silicon nanosphere with R = 60 nm (with εp = 12 and μp = 1) in NIM with refractive index nNIM = −
√

(εeμe), where 
εe is varied and μe = εe: (a) MD, (b) ED, and (c) MQ polarizabilities. 
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0.54 in Fig. 2(a)]. 

ED resonance is at λ = 285 nm and nNIM = −0.25 [Fig. 2(b)]. 
= 

MD and MQ resonances for a surrounding medium with ∣nNIM∣ < 1 
− ≈ 

λ > 500 nm, we observe a strong MD resonance at nNIM = −0.54 

[e.g., compare the value of MD polarizability for n = −1 and n 

FIG. 3. Realization of NIM with surface waves. (a) Schematic of the structure: silicon nanoantenna array on top of a metal surface (blue) with a thin dielectric layer (green) that 

with surface waves (marked “SPP”) and the model with negative-index medium (marked “NIM”) with εe = −1 and μe = −1. Silicon nanoantennas are spheres with radius 
R = 46 or 50 nm, and the spacing between the nanoantennas in each in-plane direction is 200 nm. 

facilitates negative velocity. We consider silver as an infinite metal substrate and 10 nm silicon as a thin dielectric layer. (b) Absorption in silicon nanoantennas for the case 

MD resonances are excited in phase on the spectral blue side of the 
MD resonance, and the reflectance of the array is decreased com- 
pared to the values on the spectral red side of the MD resonance, 
where the ED and MD resonances are excited out of phase. The 
MQ resonance is narrower and more pronounced than the ED res- 
onance, and it is responsible for a peak in reflectance and a dip in 
transmittance. However, outside the spectral region with resonant 
excitations, the MQ polarizability is much smaller in value than the 
ED polarizability. Similarly to the conventional case, the analytical 
calculations of reflectance and transmittance of the nanoantenna 
array agree well with numerical simulations [see Fig. 1(f)]. 

As the host medium surrounding the nanoantenna can vary, 
let us consider multipolar resonances of a silicon nanosphere in 
NIM with different refractive indices. Figure 2 shows the 
changes i√n the polarizability of the nanoantenna in the medium 

conventional thin-film deposition techniques, such as electron- 
beam evaporation or sputtering, rather than the need to grow III–V 
compounds or other crystalline materials. Other practical designs 
can include low- and moderate-refractive-index materials, such as 
silicon oxide or nitride, because they can also be deposited on a 
silver surface. However, as demonstrated in Ref. 22, reducing the 
refractive index of the thin dielectric layer leads to a shift in the 
spectral range, and the highest figure-of-merit moves toward shorter 
wavelengths. 

The absorption is determined by computing the difference 
between incident, reflected, and transmitted waves. Full-wave 
numerical simulations incorporate Floquet–Bloch boundary condi- 
tions in the transverse directions to model the infinite periodicity of 
the nanoantenna array under oblique incidence. Perfectly matched 
layers are applied to the computational domain along the propa- 

nNIM = − (εeμe), where μe = εe and the nNIM value is varied. For gation axis to prevent artificial reflections. Silver is modeled as an 

[Fig. 2(a)] and an MQ resonance at nNIM = −0.66 [Fig. 2(c)]. The 

Figure 2 presents calculations only for the case μe εe, but addi- 
tional calculations show that for various ratios of μe/εe, the resonant 
nNIM varies. However, the excitation conditions of the MD and MQ 
resonances remain close and nNIM,MDR  nNIM,MQR  0.1–0.2. These 

are much stronger than for the case of εe = μe = −1 considered above 

= − 
NIM NIM 

 

 

 

III. SILICON NANOANTENNAS AND SURFACE WAVES 

Now, let us consider a structure with realistic materials where 
no hypothetical materials are involved. Reference 22 provides a 
guideline for designing a simple multilayer structure that supports 
surface waves, in particular surface plasmon polaritons (SPPs), with 
negative group velocity. We choose one of the designs described 
in Ref. 22 and work with a silver surface as an infinite substrate 
and a 10 nm thick high-refractive-index material on top of the sil- 
ver [Fig. 3(a)]. Although the initial design in Ref. 22 suggests using 
gallium phosphide as a thin dielectric layer, we find it more prac- 
tical to consider amorphous silicon, as it can be deposited using 

infinitely thick substrate to prevent transmission, and its material 
response is fully accounted for by incorporating dispersion using a 
frequency-dependent permittivity, ensuring accurate representation 
of plasmonic effects and the excitation of surface plasmon polari- 
tons at the metal–dielectric interface. Absorption calculations are 
performed by analyzing the incidence of a plane wave on a periodic 
array of silicon nanoantennas on top of a silver surface with a 10 nm 
thin dielectric spacer. The array is lifted 200 nm above the dielectric 
to prevent the formation of hot spots in the narrow gaps between 
the sphere and the substrate. The wave is incident on the array at 
5○, which has an insignificant effect on the nanoantenna response 
but introduces a symmetry break, as well as excitation of surface 
waves. The local field enhancement due to surface plasmon polari- 
tons at the metal–dielectric interface contributed to the observed 
absorption characteristics, mimicking the effect of a negative-index 
environment. 

In Fig. 3(b), we present a comparison of resonances supported 
by the nanoantenna array when situated atop the metal surface 
(marked “SPP” in the legend) and when surrounded by the mod- 
eled negative-index medium (marked “NIM”). The near-field of the 
silicon nanoantenna couples to SPPs at the metal–dielectric inter- 
face, leading to enhanced absorption due to the excitation of bound 
electromagnetic modes with negative group velocity. This coupling 
modifies the local density of the optical states, effectively increas- 
ing energy dissipation in the nanoantenna because of the resonance 
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44 (22 pairs). 

index modes (Fig. 4). The fishnet has a period p = 860 nm, wide 

layer thickness tAg = 30 nm, and magnesium fluoride layer thickness 

o
<

f negative indices. The strongest mode has ∣nNIM∣ < 1 at 1500 nm 
< = − = 

λ = 1840 nm, and the 4th mode has n = −0.56 at λ = 1910 nm 
= − = = − 

and 4(c)]. For μe = εe, the MD resonance is at nNIM = −0.54 

nanosphere with εp = 12 and μp = 1. Analytical calculations show 

resembling one in NIM. These nanoantenna resonances are identi- 
fied by an increase in absorptance. It is apparent that these nanoan- 
tenna resonances uniformly undergo a wavelength shift toward 
longer wavelengths, with an increase in the sphere radius. Surface 
waves with a negative index effectively mimic the conditions of a 
model with a negative index. Nanoantenna resonances in both sce- 
narios exhibit striking similarities, and their response to changes in 
nanoantenna size remains consistent. 

 
IV. SILICON NANOANTENNAS 
IN FISHNET METAMATERIALS 

Now, let us explore another instance of a practical structure, 
once again using realistic materials without reliance on hypothetical 
substances. To simulate the case of a nanosphere surrounded by a 
negative-index medium, we employ a multilayer fishnet structure, 
demonstrated in Ref. 26, as a metamaterial supporting negative- 

stripe width a = 564 nm, narrow stripe width b = 264 nm, silver 

tMgF2 = 50 nm. The total number of layers in our fishnet structure is 

For fishnet analysis, we perform both analytical calculations 
and full-wave numerical simulations. The former is based on 
coupled dipole–quadrupole equations following the approach in 
Refs. 42–44 with the polarizability of the silicon nanoantenna calcu- 
lated with the Mie theory.10,45,46 Generalized expressions for the case 

of a nanoantenna and surrounding media with electric and mag- 
netic responses are derived in the Appendix. For full-wave numerical 
simulations, we calculate a realistic multilayer fishnet metamaterial 
with a silicon nanoantenna inside it [Fig. 4(a)]. We model the fish- 
net unit cell with periodic boundary conditions in the transverse 
directions and perfectly matched layers in the direction of wave 
propagation. 

First, we analyze the modes supported by the fishnet without 
the nanoantenna. For that, we detect the field along the air channel 
and perform a spatial Fourier transformation (FT) to obtain the spa- 
tial harmonics of the propagating wave. Multiple points along the 
wave propagation direction are used in the spatial FT in the channel 
center in the transverse directions. In Fig. 4(b), we show the result 
of FT normalized to its maximum at each wavelength. This fishnet 
metamaterial exhibits strong dispersion, resulting in a wide range 

λ 1650 nm and, in particular, nNIM  0.67 at λ 1605 nm. 
This mode has the lowest losses and mainly defines light propaga- 
tion through the fishnet (reported in Ref. 26). However, there are 
also weaker modes supported by the channel: the 2nd mode has 
nNIM   0.45 at λ  1740 nm, the 3rd mode has nNIM   0.56 at 

NIM 

[marked as stars in Fig. 4(b)]. We consider the case of a silicon 

that resonances occur at nNIM values of −0.7. . . −0.55 [Figs. 2 

[Fig. 4(a)]; and for μe = 0.55εe, the MD resonance is at nNIM = −0.70 

 

  

FIG. 4. (a) Schematic of the fishnet nano- 
structure built of silver and magnesium 
fluoride layers with a silicon nanosphere 
inside the channel. This panel shows 
three-dimensional (3D), top, and side 
views. (b) Fourier transformation (FT) of 
the field inside the fishnet air channel 
detected without the nanoantenna. The 
maxima in FT indicate multiple modes 
supported by the metamaterial (marked 
by the solid lines). The stars mark the 
wavelength at which nanoantenna reso- 
nances are observed. (c) The real part 
of the magnetic dipolar and quadrupo- 
lar polarizabilities of the nanoantenna 
calculated analytically for the single sil- 
icon nanosphere with R = 60 nm. 
The refractive index is defined as nNIM 
= − ( 

 
ε μ ), where μ = 0.55 e e e εe and 

εe is varied. (d) The relative increase in 
the H-field at the position of the sphere 
center (Hwith sph) in comparison with the 

The sphere radius is R = 15, 40, or 
fishnet without a sphere (empty, Hem). 

60 nm. 
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FIG. 5. Reflectance and transmittance obtained by analytical calculations of the arrays complementary to those shown in Fig. 1(a) Nanoparticles and the surrounding 

and μp = −1 is in air (marked “n/r” in the legend). The corresponding complementary case is regular silicon nanoparticles in NIM with εe = −1 and μe = −1 [marked “r/n” in 
nanoparticles in air [marked “r/r” in the legend, “r” stands for “regular”; the dashed cyan and red lines are the same as in Fig. 1(b)]. (b) NIM nanoparticles with εp = −12 
medium are NIM: εp = −12, μp = −1, εe = −1, and μe = −1 (marked “n/n” in the legend, “n” stands for “negative”). The corresponding complementary case is regular silicon 

 
the legend; the dashed cyan and red lines are the same as in Fig. 1(f)]. The vertical dotted black lines (RA) on both panels correspond to the wavelength of the Rayleigh 
anomaly. 

[Fig. 4(c), λ 1700 nm is used in calculations]. Resonance posi- 
tions do not show visible changes for nanospheres of different sizes 
(radii R 15–60 nm). 

In the next step, we place the silicon nanosphere inside the fish- 
net channel and detect the relative spectral changes in the H-field 
with respect to the fishnet without the nanoantenna [Fig. 4(d)]. For 
the nanoantenna with radius R 40 nm, its scattering is relatively 
weak compared to the field propagating in the channel, so the fishnet 
modes are preserved, and we see H-field resonances very similar to 
Fig. 4(c). The four resonances in Fig. 1(d) correspond to the excita- 
tions of the four modes supported by the fishnet [shown in Fig. 4(b)]. 
Each mode has nNIM in the range 0.7  0.55, and the nanoan- 
tenna responds resonantly by a local increase in the H-field. For the 
smaller nanoantenna with R 15 nm, resonances are observed at the 
same spectral positions, but the noise level is higher due to weaker 
scattering. In turn, light scattering from the nanoantenna with 
R 60 nm is relatively strong and disrupts the fishnet mode, 
resulting in distorted resonance profiles. 

If more complex nanoparticles with anisotropic or multipolar 
responses are placed in the gaps, the resonances of the system will be 
modified due to additional degrees of freedom in the induced electric 
and magnetic polarizabilities. The overall behavior of the meta- 
layer can then be actively controlled by tailoring the polarizabilities 
of these nanoparticles, allowing for tunable scattering, absorption, 
and coupling to surface waves. This scenario parallels the prob- 
lem of a loop antenna radiating in the presence of a conducting 
sphere,47 where the induced currents and fields on the sphere signif- 
icantly alter the antenna’s radiation pattern and impedance. It also 
relates to the problem of electromagnetic fields induced in inhomo- 
geneous dielectric spheres by external sources,48 where the internal 
field distribution and resulting scattering properties are governed by 
spatially varying permittivity and permeability, which influence the 
effective medium response of the system. 

As the optical period of a metasurface increases, new diffrac- 
tion orders emerge, leading to enhanced resonances that facilitate 
anomalous reflection. This phenomenon has been observed in all- 
dielectric gradient metasurfaces,49 where spatially varying phase 
gradients enable efficient anomalous reflection of light at nontriv- 
ial angles without relying on conventional refractive index con- 
trast. Similarly, in reconfigurable acoustic metagratings, the ability 
to engineer diffraction-mediated interactions allows for near-unity 
anomalous reflection efficiency by dynamically tuning structural 
parameters.50 The interplay between multipolar resonances and 
diffraction effects in such metasurfaces provides a pathway for 
optimizing wavefront control across different spectral domains, 
expanding the potential for applications in optical and acoustic 
wave manipulation. The introduction of new diffraction orders in 
the nanoantenna array within NIM can lead to additional scatter- 
ing channels, redistributing the energy among multiple directions 
and modifying the interference conditions that govern resonance 
enhancement. This can result in stronger coupling between multipo- 
lar Mie resonances and diffraction modes, potentially amplifying or 
suppressing specific resonances depending on the phase-matching 
conditions. Moreover, the interplay between diffraction and the 
unique left-handed properties of the NIM can potentially enable 
unconventional wavefront shaping, including negative-angle scat- 
tering or tailored radiation patterns distinct from conventional 
dielectric environments. 

 

 
V. DISCUSSION 

The confidence in the correctness of the presented results fol- 
lows from a combination of rigorous theoretical analysis, numerical 
simulations, and agreement between different methods. Analytical 
calculations are validated against full-wave numerical simulations, 
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ensuring accuracy in predicting the behavior of nanoantennas in 
NIM [Figs. 1(b) and 1(f)]. Figure 5 demonstrates that swapping 
the signs of permittivity and permeability for both the nanoparti- 
cle and the surrounding medium does not alter the reflectance and 
transmittance spectra. This confirms the correctness of the results 
by illustrating the invariance of Maxwell’s equations under simul- 
taneous inversion of material parameters. The agreement between 
the complementary cases—regular silicon nanoparticles in air and 
negative-index nanoparticles in NIM—validates the theoretical pre- 
dictions and supports the robustness of the analytical and numerical 
approaches. 

In addition, the study tests the proposed concepts in two 
realistic configurations: a multilayer structure supporting surface 
waves with a negative effective mode index and a fishnet meta- 
material exhibiting negative refractive index behavior. These test 
problems serve as practical demonstrations of the theoretical frame- 
work, confirming that the predicted multipolar resonances and 
their phase shifts persist under physically realizable conditions. 
The consistency between analytical models, numerical simula- 
tions, and experimental feasibility supports the reliability of the 
results. 

The results reported in this work demonstrate the ability to 
engineer and control nanoantenna resonances through the interplay 
of multipolar excitations, particularly magnetic ones, in a struc- 
tured negative-index environment, rather than rely solely on the 
nanoantenna’s shape or material. It has been demonstrated in mul- 
tiple previous studies that new phenomena emerge when the optical 
medium turns from uniform free space to an effective double- 
negative medium or plasmonic nanostructure. This work demon- 
strates how tailoring nanoantenna coupling to surface waves and 
channel modes can manipulate these effects and induce particularly 
strong magnetic resonances. This tunability can be further enhanced 
by artificially designed surrounding with more interesting proper- 
ties, inducing highly tailored optical responses that are unattainable 
with conventional uniform surrounding or an engineered nanoan- 
tenna. Although the focus of this work remains on the intrinsic prop- 
erties of the nanoantenna rather than the surrounding medium, we 
note that nonlinearity and coherent perfect absorption in epsilon- 
near-zero plasmonic waveguides can enable dynamic control over 
absorption and resonance conditions.51 The case of coherent perfect 
absorption in epsilon-near-zero plasmonic waveguides is particu- 
larly interesting due to the possibility of developing a structured 
environment. Although it would be highly interesting to investigate 
how the nanoantenna behaves within such a plasmonic waveguide, 
including potential modifications to its multipolar resonances and 
coupling, this analysis is beyond the scope of the current study and 
will be addressed in future work. Gyrotropic heterostructures and 
the giant enhancement of nonreciprocity can be leveraged to induce 
unconventional multipolar resonances, as such structured material 
environments dramatically modify wave interactions,52 reinforcing 
the broader principle that engineered resonances can be used to 
control wave propagation and scattering. Investigating the behavior 
of the nanoantenna within or in proximity to a gyrotropic het- 
erostructure, where nonreciprocity can further modify its resonant 
response and scattering properties, would be an intriguing direc- 
tion for future research, but it lies beyond the scope of the present 
work. 

VI. CONCLUSIONS 

In summary, we reported that the resonant magnetic response 
of a high-refractive-index nanoantenna can be enhanced by placing 
the nanoantenna in a surrounding with a negative refractive index. 
As the NIM has an H-field that is π-shifted relative to the con- 
ventional positive-index material, the magnetic resonances of the 
nanoantenna in this NIM also experience a π shift with respect to 
the conventional resonances. We took the next step in general- 
izing the Kerker condition for the case of the nanoantenna in a 
negative-index medium and demonstrated that the spectral region 
with increased forward scattering is between the electric and mag- 
netic dipolar resonances. The reflectance increases on the spectral 
red side of the MD resonance because the ED and MD resonances 
are out of phase, and the reflectance decreases to a near-zero value 
(Kerker effect) between the MD and ED resonances where the res- 
onances are in phase. If the signs of permittivity and permeability 
of the nanoantenna and the surrounding medium are reversed, the 
reflectance and transmittance spectra of the nanoantenna array do 
not change. To highlight the real-life manifestation of the observed 
phenomena, we showed that the magnetic resonances of the nanoan- 
tenna can be observed in a structure composed of realistic materials. 
The results with the surface waves revealed that when the wave 
exhibits an effective negative index, it creates an environment akin 
to a negative refractive index. We analyzed a nanoantenna in a mul- 
tilayer fishnet, which is another example of a structure that provides 
artificial magnetism and effectively behaves as a medium with a neg- 
ative refractive index. This metamaterial exhibits strong dispersion, 
which allows for the analysis of nanoantenna properties over a broad 
range of negative indices. We numerically demonstrated the exci- 
tation of magnetic resonances in the silicon sphere with radii of 
15–60 nm in the fishnet structure and ascribed them to multiple 
modes supported by the fishnet metamaterial. These results demon- 
strate the potential of using a multilayer structure as a negative-index 
medium to enhance the optical response of nanoantennas, including 
their magnetic resonance, within or adjacent to them. 
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′
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APPENDIX: ANALYTICAL EXPRESSIONS 

1. Analytical expressions for single-particle 
polarizabilities 

We use the following notations for medium parameters and 
their relations to permittivity and permeability: εp is the nanopar- 
ticle permittivity; μp is the nanoparticle permeability; kp npk0 is 
the effective propagation constant inside the nanoparticle with

√
index 

p  e  n n n n 

 

Here, the functions jn(z) and h(1)(z) = jn(z) + iyn(z) are spherical 

or mx, respectively. The prime sign means derivative with respect to 
the argument. The parameters are as follows: m  kp ks is the refrac- 

s 

the size parameter; and R is the radius of the sphere. A nonmagnetic 
case of nanoparticles in the lattice has been derived elsewhere. Here, 
we show generalized expressions for the case where nanoparticles are 

np of the free-space wave with 
√
pr opagation constant k0; np = εpμp 

surrounded by media with ks. The polarizabilities of ED, MD, EQ, 

if εp > 0, μp > 0, np = nNIM = −  εpμp if εp < 0, μp < 0; εe is the per- and MQ of a single nanoparticle are denoted as ap, am, aQ, and aM, 

mittivity of the surrounding medium; μe is the permeability of the 
surrounding medium; ks nsk0 is the effective propagation constant 
in the medium with an√index ns of the free-space wave with pro√paga- 

correspondingly, and they are defined through electric and magnetic 
Mie coefficients as 

ap = i 
6πε0 

a1, am = i 
6π 

b1, aQ = i 
120πε0 

a2, and aM = i 
40π 

b2. 
tion constant k0; ns = εeμe if εe > 0, μe > 0; and ns = nNIM = − εeμe k2ks k3 k2k3 k5 

if εe 0, μe 0. The electric an and magnetic bn Mie coefficients of a 
0
 

spherical nanoparticle are defined as 

s 0 s s 

 

a 
m2jn(mx)[xjn(x)]

′ 
− (μp/μe)jn(x)[mxjn(mx)]

′
 

m j (mx)[xh (x)] − (μ /μ )h (x)[mxj (mx)]
′
 

2. Analytical expressions for particle array 

In the following, we give expressions for the case where the inci- 
dent wave is polarized along the x direction and normal to the array 
plane. One can show that lattice sums are 
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The effective polarizabilities of particles in the lattice without taking into account cross-multipolar coupling can be expressed as 

 1  
= 

 1  
− 

Spp 
, 

 1  
= 

 1  
− Smm, 

 1  
= 

 1  
− 

SQQ 
, and 

 1  
= 

 1  
− 

SMM 
.
 

eff αp ε0
 eff αm

 eff αQ
 2ε0 eff αM 2 

In turn, the effective polarizabilities of particles in the lattice that account for cross-multipolar coupling are defined as 

  1  
= 

1 1 − SMpαeffSpMαeffk2/(2ε0) 
, 

1 
=  

1 1 − SQmαeffSmQαeffk2/(2ε0) 
,
 

αeff/coup αeff 1 − SpMαeffk2/2 αeff/coup αeff 1 + SmQαeffk2/(2ε0) 
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μ = −1 in the NIM surrounding space with ε = −1 and μ = −1 has 
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μ = −1 [Fig. 5(b)]. If the signs of permittivity and permeability of the 

 m Q  0     p M 0  

Q Q m M M p 0 s 

p p e e 
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1 1 − SMpαeffSpMαeffk2/(2ε0)
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αeff/coup αeff 1 + SQmαeff αeff/coup αeff 1 − SMpαeffk2/(k2ε0) 

 
 

 

Finally, considering the array with the periods Dx and Dy, the 
reflectance and transmittance coefficients are defined as 
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(2010). 
11 A. Baev, P. N. Prasad, H. Ågren, M. Samoc´, and M. Wegener, “Metaphotonics: 

In our analysis above, we have considered a high-refractive- 
index nanoparticle surrounded by NIM with varying refractive 
indices and have shown that this structure and optical phenomena 
can be realized in real life with metamaterials that effectively mimic 
NIM. From the point of view of physics, one can inquire about the 
optical properties and multipolar resonances of the NIM spheres in 
different surrounding media. To address this question, we consider 
two other systems complementary to those considered above. The 
calculations in Fig. 5(a) show that the NIM sphere with εp   12 and 

p e e 

the same reflectance and transmittance spectra as a silicon sphere 
in air (εp 12, μp 1, εe μe 1). Similarly, the NIM sphere with 
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ε = −12 and μ = −1 in air (ε = μ = 1) has the same spectra as a sili- 17 V. M. Shalaev, “Optical negative-index metamaterials,” Nat. Photonics 1, 41–48 

con sphere (εp = 12 and μp = 1) in NIM surrounding with εe = −1 and 
e 

nanoparticle and surrounding medium are reversed simultaneously, 
the reflectance and transmittance spectra of the nanoparticle array 
do not change. This observation reflects the invariance of Maxwell’s 
equations with respect to the simultaneous change in the sign of the 
permittivity and permeability of the nanoparticle medium and the 
array host surrounding. 
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