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We demonstrate experimentally Fano resonances in all-dielectric oligomers clusters of dielectric

particles. We study two structures consisting of a ring of six ceramic spheres with and without a

central particle and demonstrate that both structures exhibit resonant suppression of the forward

scattering associated with the Fano resonance originated from the excitation of magnetic dipole

modes. By employing the near-field measurement techniques, we establish the relation between

near- and far-field properties of the Fano resonances and identify directly their origin. We support

our findings by an analytical approach based on the discrete-dipole approximation and find an

excellent agreement with the experimental data. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4858969]

The physics of Fano resonance originates from wave in-

terference, and it is usually associated with interference of

broad (nonresonant) and narrow (resonant) spectra resulting

in characteristic asymmetric profiles. The asymmetry of the

Fano-resonance lineshape is due to the fact that both destruc-

tive and constructive interference phenomena take places in

the narrow spectral range.1

Fano resonance has been observed in various branches

of physics including photonics, plasmonics, and metamateri-

als.2 Recently, much effort has been devoted to the study of

Fano resonances in the so-called plasmonic oligomer struc-
tures consisting of a finite number of metallic nanoparticles

arranged in a symmetric fashion.3–11 The Fano resonance

manifests itself as a resonant suppression of the total scatter-

ing cross-section accompanied by an enhanced absorption.

This suppression can be understood as being a result of de-
structive interference of two excited plasmonic modes of the

structure, one of them being at resonance. One of the main

issues in the physics of Fano resonances is to identify cor-

rectly the interfering modes, especially in complex structures

of many particles. A difficulty comes from the fact that

usually we are dealing with supermodes of interacting

nanoparticles, and those modes crucially depend on the

particles arrangement and their geometry. There exist

many theoretical approaches, suggesting how to identify

the modes which contribute to interference in the vicinity

of the Fano resonances, e.g., plasmonic hybridization

approach,3,12–14 symmetry-adapted linear combinations of

dipole moments,3,4,9,15 and others.

Experimentally, real-space mapping of Fano interfer-

ence in plasmonic oligomers has been suggested to identify

intensity and phase of separate metallic nanoparticles, for

various geometric sizes and the illumination wavelength.7,16

All these approaches decompose rather complex near-field

profiles of plasmonic oligomers onto a superposition of reso-

nant (narrow) and nonresonant (broad) states. Although these

methods do provide a useful insight into the origin of Fano

resonances in plasmonic oligomers, they still do not provide

a complete picture, since they are not able to predict a priori
if a certain structure would exhibit a Fano resonance.

Recently, we have predicted theoretically that all-

dielectric oligomers, symmetric clusters of dielectric par-

ticles, do possess Fano resonances.17 The main feature of the

dielectric oligomers, in comparison with their metallic coun-

terparts, is that the electromagnetic field is localized inside

the dielectric particles. Another important property is that

the lower mode of a spherical high-refractive index dielectric

particle is a magnetic dipole mode18,19 recently observed

experimentally in microwave20 and visible regions.21,22 The

origin of this magnetic response is due to the excitation of a

circulating displacement current. It takes place when a par-

ticle’s diameter becomes comparable with the wavelength

inside the particle. Thus, the resonant wavelength of the

magnetic mode scales linearly with the size.21,23,24 It pro-

vides the great advantage of tuning the resonant response of

nanophotonic structures involving dielectric particles.25

Similar to the theory of plasmonic oligomers, we expect

that a heptamer structure consisting of six identical dielectric

particles located at the corners of a hexagon and a particle of

a different radius in the center, would demonstrate the Fano

resonance at the resonant frequency of the central particle.17

Indeed, due to a strong field localization inside dielectric par-

ticles, the resonant supermodes can be easily identified in

this case. One mode is associated with the field localized

around the central particle, whereas other six particles of dif-

ferent radii will be out of resonance, and they will form a

broad supermode. The near-field interference of these two

modes leads to the suppression of the total scattering associ-

ated with the Fano resonances.17

In this Letter, we confirm experimentally the existence

of the Fano resonances in dielectric oligomer structures.

Using the scalability of Maxwell’s equations, we use macro-

scopic ceramic spherical particles of the centimeter scale

(instead of silicon nanoparticles) which exhibit a similar
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response in the microwave region. The advantage of using

such large dielectric spheres is the ability to measure near-

field profiles with a high precision, including both phase and

intensity. It allows us to establish the relation between

near- and far-field properties in the vicinity of the Fano

resonances and identify their origins. We notice that the total

scattering cross-section of oligomer-like structures is polar-

ization independent,26 and so is the Fano resonance, which

allows to simplify the experimental setup. To support our

findings, we employ the analytical approach based on the

discrete-dipole approximation and observe an excellent

agreement with the experimental data.

To mimic the scattering properties of silicon nanopar-

ticles in the microwave frequency range, we use MgO-TiO2

ceramic spheres characterized by similar dielectric constant

of 16 and dielectric loss factor of ð1:12 – 1:17Þ � 10�4,

measured at 9–12 GHz frequency range.27 In Fig. 1, we show

an experimental setup with two types of dielectric oligomers.

The heptamer oligomer consists of a central dielectric sphere

of radius R1¼ 6 mm and a ring of dielectric spheres with ra-

dius R2¼ 7.5 mm. Distance between the centers of the par-

ticles is 15.9 mm. To fasten together the particles, we use a

special holder made of a styrofoam material with dielectric

permittivity of 1 (in the microwave frequency range). To

approximate the plane wave excitation, we employ a rectan-

gular horn antenna (TRIM 0:75–18 GHz; DR) connected to

the transmitting port of a vector network analyzer (Agilent

E8362C). The oligomer is located in the far-field of the

antenna (the distance approximately 2.5 m), and the second

FIG. 1. Schematic view of the experimental setup and images of two

structures under study (a) heptamer and (b) hexamer dielectric oligomers.

FIG. 2. (a) Experimentally measured

and (b) numerically calculated forward

scattering of a single central particle

(red), hexamer (green), and heptamer

(black) oligomers. Phase map of the

magnetic field along the central line of

(c) heptamer and (d) hexamer dielec-

tric oligomers.
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horn antenna (TRIM 0:75 – 18 GHz; DR) is used as a re-

ceiver. The experimentally measured and numerically calcu-

lated forward scattering of a single central particle (red line),

a hexamer (green line), and a heptamer (black line) are

shown in Figs. 2(a) and 2(b).

In Figs. 2(a) and 2(b), we observe that the heptamer

structure exhibits a resonant suppression of the forward scat-

tering around 6 GHz. In accordance with the optical theorem,

scattering in the forward direction is connected with the total

extinction cross-section. Since absorption by dielectric par-

ticles is very weak, the total extinction cross-section is equal

to the scattering cross-section, and therefore, we arrive at the

conclusion that such a resonant suppression should be also

observed in the total scattering cross-section.

To answer the question if this scattering suppression is

related to the Fano resonance, we should identify at least two

dissimilar modes which can interfere with each other. The

resonant mode in this case can be easily identified, and it is

attributed to the magnetic resonance of the central particle

[see Figs. 2(a) and 2(b)], as was predicted theoretically.17

The nonresonant mode is created by a collective response of

the ring of six particles. Since the particle’s radius is larger

and the magnetic resonance depends linearly on the size, this

resonance is red shifted with respect to that of the central

particle. Thus, in the case of heptamer oligomers, we can

always predict that the Fano resonance takes place near the

resonant frequency of the central particle.

To justify this physical picture of the mode interference,

next we employ the coupled-dipole approximation to

identify precisely the critical modes contributing to the Fano

resonance. We employ the method suggested in Ref. 28 and

represent each dielectric particle by a pair of electric and

magnetic dipoles with proper polarizabilities derived from

the exact Mie solutions. As a result (for details, see Ref. 29),

the system of coupled dipoles can be described by the corre-

sponding interaction matrix, whose eigenvectors give the

profiles of supermodes of the structure. By decomposing the

final solution into these modes, we extract the information

about excited collective modes. The results of this analysis

are presented in Fig. 3. Following some symmetry argu-

ments,29 we can prove that there exist only three independent

supermodes of the heptamer oligomer that can be excited by

the linearly polarized plane wave. From Figs. 3(c) and 3(e),

we observe that the resonance suppression of the forward

scattering takes place at the crossing of two out-of-phase

magnetic supermodes. As is expected, one of these magnetic

modes is localized around the central particle [see Fig. 3(e),

green] supporting directly our qualitative analysis above and

earlier theoretical predictions.17 Moreover, this supermode is

enhanced at the magnetic resonance of the central particle,

where its effective magnetic dipole exhibits the p-shift being

out-of-phase the ring mode, leading subsequently to the

Fano-like destructive interference.

To support these results experimentally, we perform the

near-field scanning for the frequencies within the 5–7 GHz

frequency band. We use an automatic mechanical near-field

scanning device and a shielded loop probe connected to the

receiving port of the Analyzer. The shielded loop had a

FIG. 3. Calculated forward scattering

for (a) heptamer and (b) hexamer

oligomers. Panels (c) and (d) show the

corresponding projection of the total

solution onto supermodes. Profiles of

the excited supermodes at the Fano

resonance are shown in panels (e) and

(f) for heptamer and hexamer oligom-

ers, respectively.
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6 mm diameter, and it could be approximated as an electri-

cally small current loop that measures the magnetic field in

the forward direction, without significant field averaging.

The probe was oriented normally with respect to the interfa-

ces of both oligomer and transmission horn antenna (meas-

ured dominantly H–component of the horn). The near-field

mapping is scanned at the distance of 2 mm away from the

back interface of the oligomer, in order to avoid touching of

the probe and sample. In order to demonstrate the existence

of the Fano resonance in all-dielectric oligomer, we measure

the phase with the dependence on the coordinate along the

black line in Fig. 1 as well as the frequency. The phase jump

up to p in the heptamer structure can be clearly observed in

Fig. 2(c), and it confirms that the induced magnetic moments

of the central and ring dielectric particles are out of phase,

which corresponds to the physics of the Fano resonance.

Another interesting point is the suppression of the for-

ward scattering for the hexamer oligomer. In this case, we

have only six identical particles placed on the ring without a

central particle. Remarkably, there exists no associated p
phase jump of the magnetic near-field around the resonant

frequency at 6.5 GHz [see Fig. 2(d)]. Therefore, a natural

question is, if such a structure may also support a Fano reso-

nance, where do the modes and destructive interference come

from? To answer this question, we employ again the coupled-

dipole approach developed in Ref. 29. By decomposing the

final solution into supermodes of the hexamer, we find that

there exist only two electric-type modes, which contribute to

the Fano lineshape in the overall extinction [see Figs. 3(b),

3(d), and 3(f)]. A principal difference between this case and

the case of heptamer is that the electric-type supermodes of

the hexamer are dominant, due to proximity to the electric

dipole resonance of individual dielectric particles. Thus, in

the vicinity of the resonant suppression of the forward scatter-

ing at 6.5 GHz, one supermode is resonantly enhanced [see

Fig. 3(d)]. We also notice that now there appear two intersec-

tion points of those modes at 6.4 GHz and 6.6 GHz, respec-

tively. One of them corresponds to destructive and the other

to constructive interference phenomena. As a result, the scat-

tering profile will be associated with the generic and fully

asymmetric Fano resonance.

In conclusion, we have demonstrated experimentally the

existence of Fano resonances in all-dielectric oligomer struc-

tures. We have verified the earlier theoretical prediction that

Fano resonances in heptamer structures are associated with

the magnetic dipole resonance of the central particle. We

have confirmed this result by both far- and near-field meas-

urements, including the studies of the forward scattering and

phase distribution across the structure. The resonant suppres-

sion of the scattering was observed to be accompanied by the

p phase jump at the central particle. We have performed the

modal analysis based on the coupled-dipole approximation,

which allows to clearly identify the particular supermodes

contributing to the resonant interference phenomena. In addi-

tion, we have also observed a unique type of Fano resonance

in hexamer oligomers without a central particle. By employ-

ing the modal analysis, we were able to identify that this

type of resonance originates from the interference of

electric-type supermodes, and it exhibits an asymmetric

profile due to the presence of both constructive and destruc-

tive interference phenomena.
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