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Controlling the magnetic and electric responses of dielectric nanoparticles via near-field coupling
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Among the two materials families used in nanophotonics, the fundamental mode for metal nanostructures is
electric, while that for dielectric nanostructures is magnetic. Consequently, the optical properties of hybrid dimers
that incorporate both materials have prompted significant research. Here, we study the optical response of such
hybrid dimers with the coupled electric and magnetic dipoles method, and demonstrate how their electromagnetic
interactions can be used to modulate the electric and magnetic responses. The conditions for the complete
suppression of the magnetic dipole in the visible range for high refractive index dielectric nanoparticles are
described. The electric and magnetic responses can be enhanced or reduced by positioning the dielectric particle
in the nodes of the standing wave formed by the metallic particle. This controlled near-field interaction provides
a handle on the near- and far-field responses of the system, with possible applications such as sensing and optical

switches.

DOLI: 10.1103/PhysRevB.106.205413

I. INTRODUCTION

The first-order multipoles: The electric and magnetic
dipoles show distinct properties that require to consider them
separately [1]. Metallic nanoparticles usually possess a strong
electric dipolar response, which allows them to generate
strong electric fields with a 1/7° near-field dependence [2,3].
On the other hand, the magnetic near-field enhancement has
only a 1/r? leading term and therefore is much smaller com-
pared to the electric component. On the quest to generate large
magnetic fields in the vicinity of nanoparticles, dielectric ma-
terials with high refractive index have recently emerged [4,5].
Their prime resonance is the magnetic dipole, which generates
a strong magnetic near field with a 1/ dependence and only
a 1/r* dependence for the electric field. The ability to have
a strong magnetic field enhancement can affect the radiation
properties of magnetic dipole emitters, such as lanthanide ions
(Er’*, Ho**, and Dy**) [6-8]. Also, the magnetic dipoles feel
a repelling force from a surface, whereas the electric dipoles
are usually attracted to their image [9,10]. Altogether, the
electric and magnetic resonances can lead to Kerker-type ef-
fects that significantly affect the radiation directivity [11-14].

The ability to selectively engineer electric or magnetic
responses for an object is an important challenge that has
been addressed by several authors. It was, for example, shown
that by using specific beam symmetries, it is possible to
suppress electric or magnetic scattering components of the
object [15,16]. The geometrical modification of the object
also allows to control the multipolar response [11,17-20].
The utilization of dielectric and metallic shells can suppress
selected multipoles [10,21-23]. Another approach to engineer
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the scattering is the near-field coupling. This approach is
interesting since it allows to manipulate the coupling strength
by controllably positioning interacting objects to obtain the
required response. This topic has attracted particular interest.

Engineering light scattering from a collection of particles
can find many applications in optics. Already a pair of metallic
nanoparticles can engineer the spectral response of the system
[24-26]. When additional particles are added, new degrees
of freedom emerge that can be used to control the spectrum
[27-31], the radiation properties [32,33], or some other optical
properties like chirality [34]; extremely narrow resonances
can be observed in longer particle chains [35-38]. The effects
offered by metallic nanoparticles can be used to enhance
the efficiency of plasmonic sensors [39,40], especially for
surface-enhanced Raman spectroscopy [41] and fluorescence-
based biosensing [42]; plasmonic nanoclusters help pushing
the limits for interparticle distance measurements [43,44],
play a role in heat-assisted magnetic recording [45] and op-
tical trapping [46—48].

For a cluster of nanoparticles, both the multipoles excited
in the individual particles and their mutual interactions play
a role. For example, it was shown that the coupling between
two electric dipoles broadens the overall scattering response
[49]. Two magnetic dipoles, on the contrary, can make the
spectral line narrower. The electromagnetic coupling in clus-
ters enables efficient magnetic dipole generation [19,50-52],
while the generation of electric and magnetic hot spots in
clusters was discussed [2,7,53-58]. It also was shown that
the magnetic dipole mode of an isolated particle can couple
to the mode of a dielectric oligomer to produce very distinct
Fano feature with strong suppression of the total scattering
cross section [50,59] or reflection [49]. Magnetic Fano res-
onances can be tuned through laser-induced reshaping [60].
Coupling between nanoobjects can significantly alter the far-
field scattering directivity [11,52,54,61-66]. The eigenmode
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analysis was shown to be efficient in describing scattering
from coupled particles [22,67]. An antiferromagnetic field
distribution was achieved in a metamaterial composed of a di-
electric sphere and a split ring metal resonator [68]. Resonant
electromagnetic coupling enabled the generation of a strong
pulling force in metal-dielectric dimers [69].

In this paper, similarly to previously shown achievements
in enhancing the magnetic response with structured light
[15,16] or by using the near-field coupling as discussed in
the review [55], we manage to completely suppress the mag-
netic response in a dielectric structure. We exploit a known
phenomenon where a standing wave can help diminishing or
enhancing the individual multipolar components of an object
[70]. To achieve that, a metallic nanosphere is used as a
strong backscatterer, which, along with the incident wave,
produces a standing wave. By placing an additional dielectric
nano-object in the vicinity of this metallic nanosphere, the
magnetic response of the dielectric nanoparticle is completely
suppressed at a selected wavelength. In Sec. II the multipolar
scattering responses from individual subwavelength metal and
dielectric spheres are discussed. Then, in Sec. III, the response
of a metal-dielectric dimer is presented. For short interparticle
distances, complete suppression of the magnetic dipole is ob-
served in the dielectric. The near- and far-fields manifestations
of this effect are discussed in Sec. III. The explanation of
the observed effect is given in Sec. IV by considering the
formation of a standing wave between the incident field and
the light scattered from the metal particle. Similar studies
were performed for absorption modulations in standing waves
[70-73]. Finally, the effect of magnetic dipole enhancement,
accompanied by the electric dipole reduction in dielectric is
investigated in Sec. V. The SI unit system is used throughout
and the time dependence exp(—iwt) is assumed.

II. SCATTERING FROM INDIVIDUAL METAL
AND DIELECTRIC NANOPARTICLES

Mie theory provides analytical solutions for the scatter-
ing from spherical objects [74]. Within this framework, the
multipolar expansion serves as the conventional basis for the
solution of the electromagnetic field. The first lowest-order
terms — electric dipolar (ED) and magnetic dipolar (MD) —
in this expansion are usually sufficient to describe the scatter-
ing within the visible range for metallic or dielectric objects
having sizes smaller than ~80 nm [54]. In Fig. 1 we plot the
total scattering cross section (SCS) along with the dipolar and
electric quadrupolar contributions (EQ) to the scattering for a
TiO, sphere with radius R; = 75 nm, Figs. 1(a) and 1(b), and
for an Ag sphere, Figs. 1(c) and 1(d), with radius R, = 50 nm.
The refractive index for TiO, is approximated as constant
n = 2.6 [75], the data from Johnson and Christy are taken for
Ag [76] and the refractive index of the background medium is
considered to be equal to 1 for all the simulations performed
in this article. Figure 1 indicates that the maximum SCS
magnitude for each individual sphere is of the same order;
the response of the dielectric sphere includes both an electric
and a magnetic dipoles, while the metallic particle has only
an electric dipole resonance [4]. This is because the refractive
index of TiO, is n ~ 2.6, whereas for silver n ~ 0.05. The
excitation of the magnetic dipole can be achieved only in high
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FIG. 1. (a) Sketch of the TiO, sphere with radius Ry = 75nm
illuminated with a plane wave. (b) Scattering cross section and its
electric dipolar (ED), magnetic dipolar (MD), and electric quadrupo-
lar (EQ) contributions. (c) Sketch of the Ag sphere with radius
R, = 50 nm illuminated with a plane wave and (d) its corresponding
scattering cross section.

index dielectric where the effective wavelength A/n is small
[4], as will be discussed in details in Sec. IV. Higher-order
multipoles are negligible for those nanostructures.

III. SCATTERING RESPONSE FROM A HYBRID DIMER

Let us now discuss the scattering properties of a dimer
composed of the TiO, and Ag nanoparticles considered in
Sec. II. The gap between the two particles is g = 10 nm. The
dimer is illuminated with a plane wave propagating along
the symmetry axis of the system, Fig. 2(a). We refer the
reader to Ref. [64], where the coupled electric and magnetic
dipole method (CEMD) equations are written. For the TiO,
nanoparticle within the dimer we introduce the magnitudes
of the electric (pio,) and magnetic (mrio,) dipoles and for the
Ag nanoparticle within the dimer we introduce similarly (pag)
and (mag). After solving the CEMD equations [64], the total
scattering cross section can be found as Cys = Cexp — Cypss
where Cey and Cy,s are the extinction and absorption scat-
tering cross sections found in the dipolar approximation as
[77-79]
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FIG. 2. (a) Sketch of the hybrid dimer containing the Ag sphere with radius R, = 50 nm placed on top of the TiO, sphere with radius
R, = 75 nm and separated by the interparticle distance g = 10 nm. The system is illuminated with a plane wave propagating along its symmetry
axis. (b) Comparison of the scattering cross sections obtained with the CEMD and SIE methods. (c)—(f) Scattering cross-section contributions
and magnitudes of the magnetic and electric dipoles excited in the TiO, and Ag nanoprticles within the hybrid system. In panels (e) and (f) the
magnitudes of the dipoles excited in the isolated 75 nm TiO, sphere are provided for comparison. The magnitude of the dipoles is normalized

to the maximum value obtained for the isolated TiO, nanoparticle.

Here, E| is the amplitude of the incident electric field, k =
2w /A, €, Mo, and c are, respectively, the wave number,
permittivity, and permeability of a vacuum and the speed
of light in a vacuum, the electric and magnetic dipoles are
found as p; = eoa,, ;E;, m; = «,, ;H; and the polarizabilities
are o, ; = i6ma; j/k* and a,, ; = i6b; j/k* defined via the
Mie coefficients a; ; and b, ; for each particle with index
j [74]; the sign * indicates the complex conjugate. Assum-
ing that the two particles are placed at (0,0, £d/2), d =
R + R, + g, within the framework of the CEMD theory, we
verify the accuracy of the CEMD method, by plotting in
Fig. 2(b) the total scattering cross section found with the
CEMD method and compare it with the full wave simula-
tions based on the surface integral equation (SIE) method
[80,81]. As can be seen, the results show very good agree-
ment for the entire wavelength range, except for the region
close to 360 nm. This difference can be explained by the
fact that the isolated Ag nanoparticle has a quadrupolar res-

onance at 355 nm that is not included in the CEMD model,
Fig. 1(d).

The scattering cross-section contributions from individual
multipoles obtained by subtracting Eq. (2) from Eq. (1) are
presented in Figs. 2(c) and 2(d); the normalized magnitudes
of the magnetic and electric multipoles for a dimer are pre-
sented in Figs. 2(e) and 2(f). We also plot in Figs. 2(e) and
2(f) the magnitudes of the electric (prio,dsol)) and magnetic
(mTi0,(sol)) dipoles for the isolated TiO, particle considered in
Sec. II. As can be seen from Figs. 2(c) and 2(e), the magnitude
of the TiO, magnetic dipole in the dimer is almost completely
suppressed at A = 409 nm. With the weak magnetic response
in Ag the overall magnetic response of the system becomes
negligible, Figs. 2(c) and 2(e). This affects quite substantially
the near- and far-fields of the dimer.

In Fig. 3, the magnetic field distribution is presented for
the dimer for the cases when the magnetic response in TiO;
is strong (at 380 nm) and weak (at 409 nm), see Fig. 2(c).
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FIG. 3. Colormap of the normalized magnetic scattered field in-
tensity computed for (a) the maximum and (b) the minimum of the
magnetic responses in TiO,, see Fig. 2(c). The arrows represent the
real part of the scattered magnetic field.

The near-field graph is plotted in the yz-plane for x = 0 nm
using the SIE. It can be clearly noticed that the strong mag-
netic response at A = 380 nm provides the magnetic dipolar
near-field distribution in TiO,. It can also be seen that the
maximum of the magnetic field is reached at the center of
TiO,. The vortex-like distribution of the magnetic field in Ag
indicates the presence of the strong electric dipole response
[82]. For the dimer at A = 409 nm, the magnetic dipole re-
sponse in TiO; is suppressed and only two vortices attributed
to strong electric dipoles in both nanoparticles can be seen. It
is interesting to note that the maximum of the magnetic field
is now shifted towards the space between the two particles.
The cancellation of the magnetic dipole in both nanopar-
ticles has important implications for the far field. Indeed, let
us consider the intensity registered at a detector placed along
the x-axis 10 um away from the dimer, as shown in Fig. 4(a).
The intensity spectra (normalized with respect to the incident
wave) are shown in Fig. 4(b) for isolated TiO, and for the
dimer. It is clearly seen that the magnitude of the intensity
drops significantly at A = 409. This is explained by the fact
that the radiation pattern of the magnetic dipole, shown in

(a) %107

Fig. 4(a) (blue color), has its maximum within the xz-plane
and no radiation along the y-axis. In the same way, the electric
dipole excited in the dimer [shown in red color in Fig. 4(a)]
produces no radiation along the x-axis. Consequently, the can-
cellation of the magnetic dipole can be observed with far-field
measurements and this configuration can be used as a switch
where the “on/off” states are controlled by the interparticle
distance. Actually, such a polarization controlled switch was
realized in the microwave in Ref. [62], where the intensity
control in the lateral direction was performed by illuminat-
ing Si-Si dimers with different interparticle distances. The
observation of such an effect in the optical range is more
challenging, but could be potentially implemented with the
modified dark-field setup discussed in Ref. [83].

IV. STANDING WAVE

Let us now discuss the origin of the previously
observed magnetic dipole suppression. In Fig. 5(a)
we plot the distribution of the normalized electric
we/we(inc) = E(r)E*(r)/[Einc(r)Einc*(r)] and magnetic
Wi/ Wm(ne) = H(r)H*(r)/[Hine (r)Hinc*(r)] energy densities
as a function of coordinate for isolated Ag sphere having
radius 50 nm illuminated with a plane wave propagating from
left to right. Here “inc” stands for the fields generated by
the incident wave, Einc(r) = Ege™ and Hine(r) = £9CEinc(r).
This graph is plotted in the dipolar approximation where the
electric field along the x-axis is defined by

sz(Z)pAg(isol) . k?

E(z) = Einc(r) + ——————— +i—B(@magison, (3)
1N &oC

and the magnetic field as
H(2) = Hine(r) + ick®B(z) pagisol) + K A@Magison.  (4)

Here, A(z) =[1+i/kz — 1/(kz)*1e**/4mz, B(z)=1[i—1/
(kz)]e™*? /4mz. The Ag particle is placed at z = 0 nm.

From Fig. 5(a) it becomes clear that the magnitude of the
magnetic energy reaches the first node at & —130 nm. Conse-
quently, one would expect that placing another nanoparticle
at this position would not cause any magnetic response in
it. This can also be understood from the inset presented in
Fig. 5(a) where a nanoparticle is illuminated first with a single
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FIG. 4. (a) Sketch of the hybrid system illuminated with a plane wave, together with the radiation patterns of the excited electric (in red)
and magnetic (in blue) dipoles. The intensity detector is shown as the blue cylinder. (b) Intensities registered with the detector for isolated TiO,
and hybrid TiO,-Ag structures. The intensities are normalized with respect to the intensity of the incident wave.
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FIG. 5. Distributions of the total electric and magnetic intensities for (a) 50 nm and (c) 25 nm Ag spheres at the corresponding resonance
wavelengths. Inset: The envelope of the electric field amplitude is shown as black solid lines. The instantaneous spatial distribution of the
incident electric field at an arbitrary instance of time shown is green. White arrows represent the distribution of the induced current inside the
particle. (b) Scattering cross sections for Ag spheres with the radii of 25 and 50 nm. (d) Magnitude of the magnetic dipole in TiO, for TiO,-Ag
hybrid systems as a function of the interparticle distance g. The magnitude is normalized with respect to the maximum of |n1io,son | Obtained

in Fig. 2(c).

plane wave and the instantaneous electric field distribution
is shown with green color. The retardation effect causes the
current to flow in opposite directions at both extremities of
the nanoparticle (top inset), thus leading to a strong magnetic
response. For the standing wave case, when two plane waves
illuminate from opposite directions, the magnetic field has the
node at the position of the particle whereas the electric field
has its maximum. Thus, the particle cannot acquire any circu-
lating current and no magnetic response is observed (bottom
inset).

It also turns out that the size of the metallic particle plays
a major role in the magnetic suppression effect. In Fig. 5(b)
the scattering cross section for Ag particles with 50 nm and
25 nm radii are shown. The maximum of the scattering cross
section is approximately six times enhanced and red-shifted
for the 50-nm sphere as compared to the 25-nm one. For a
25-nm sphere, the scattered field is much weaker and unable
to produce a full standing wave, as can be seen from Fig. 5(c).
Consequently, a sufficiently large sphere is required to achieve
the effect. We also studied this effect with other plasmonic
materials (Al, Cu [84], Au [76], W, Pt [85]). Our results show
that only Al has a sufficiently strong scattered field to reach
the same effect as Ag at a wavelength close to 400 nm. How-
ever, the electric quadrupole has also a significant contribution
in this case, which makes the application of the CEMD model
inappropriate.

Finally, let us study the influence of the interparticle dis-
tance g on the magnitude of the magnetic dipole excited in
TiO, for the TiO,-Ag dimer considered previously, Fig. 5(d).
As can be seen, the magnetic dipole is reduced only for small

interparticle distances below 30 nm, which is consistent with
the results obtained in Fig. 5(a).

V. CONTROL OF INDIVIDUAL DIPOLES

In this section we show that the electric dipole can also be
controlled in the considered dimer. As stems from Fig. 5(a),
the electric and magnetic energy densities exhibit oscillating
behaviors as a function of the z-coordinate. Consequently, by
placing the dielectric particle at the position where the mag-
netic energy reaches a local maximum, we can increase the
magnetic response from the dielectric particle. Note that this
position corresponds to the minimum of the electric energy
density, as follows from Fig. 5(a), and the electric dipole
response in the dielectric particle will be consequently re-
duced. This is demonstrated in Fig. 6, where the magnitudes
of the electric and magnetic dipoles are plotted as a func-
tion of wavelength for the interparticle distance g = 92 nm,
corresponding to the local maximum of the magnetic energy
observed at z = —230 nm in Fig. 5(a). As can be seen from
Fig. 6 this interparticle distance indeed leads to a reduction of
the electric dipole and the enhancement of the magnetic dipole
in TiO,. Hence, the radiative coupling between the electric
dipolar and magnetic dipolar modes can enhance the magnetic
response in TiO;.

In the previous discussion the materials and sizes of metal-
lic and dielectric nanoparticles were optimized to achieve the
most prominent effect. One could wonder what would have
happened if different parameters for the interacting nanoparti-
cles had originally been chosen or the particles were swapped
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maximum of the corresponding magnitude in the isolated TiO,.

in the considered geometry. From the previous analysis we
can conclude that the multipole reduction effect must also take
place, although less prominently.

VI. CONCLUSION

We showed that the multipolar response of a TiO,
subwavelength dielectric sphere that is expected to have si-
multaneously strong electric and magnetic dipole responses
in the visible range can be significantly modified by bringing
an Ag sphere in a close proximity. In particular, the magnetic

response can be either enhanced or completely suppressed.
The observed effect is explained by the formation of a stand-
ing wave resulting from the interference between the incident
field and the light scattered by the Ag sphere. This effect
can be used to manipulate both the near- and the far-field
distributions.
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