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We propose and demonstrate experimentally an alternative approach for realizing subwavelength

photonic structures, exploiting the waveguiding properties of chains of high-index dielectric disks

with both electric and magnetic dipole resonances. We reveal that the electromagnetic energy can

be efficiently guided through sharp corners by means of the mode polarization conversion at

waveguide bends. We confirm experimentally the guidance through a 90� bend in the microwave

frequency range.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901264]

A design of highly efficient integrated photonic circuits

with combined optical and electronic components for the sub-

wavelength guiding of the electromagnetic energy is one of

the main trends of the modern nanophotonics.1–3 In order to

achieve high integration densities, optical waveguides with

subwavelength light localization have been proposed.

Conventional silicon wire waveguides have a minimal cross-

section size, and they can be manufactured with high qual-

ity.4–6 However, such waveguides do not provide low-loss

propagation of optical signals through sharp bends, and they

require rather large bending geometries thus increasing the

overall size of a photonic chip.7 Photonic crystals have been

viewed as a possible alternative, and it has already been dem-

onstrated that light can be guided by a waveguide composed

of defects, and such waveguides can have sharp bends.8–10

However, the property of photonic crystals to transmit light

through sharp bends was found to depend strongly on the

bend geometry being also linked to the strict resonant condi-

tions associated with the Fano resonance where the wave-

guide bend plays a role of a specific localized defect,10 thus

demonstrating narrowband limited functionalities.

Another candidate for the efficient propagation through

sharp bends is a coupled-resonator optical waveguide

(CROW).11 The adiabatic coupling, as suggested in Ref. 11,

between resonators requires relatively large sizes, which are

not suitable for chip integration. Similar waveguides can be

realized as chains of metallic nanoparticles guiding the elec-

tromagnetic energy via localized suface plasmon resonan-

ces.12–14 Theoretical studies in the quasistatic single-dipole

approximation suggested an efficient power transmission

through sharp bends in such waveguides.15,16 Small size of

nanoparticles (several tens of nanometers) made these

waveguides very attractive for nanophotonic applications.

However, later studies revealed that longitudinal and trans-

verse polarized modes split in the frequency domain pro-

vided nonquasistatic effects are included.13 Waveguiding

along the chain of gold nanoparticles with large bend radii

on a metal surface was considered in Ref. 17. Studies of

waveguiding on plasmonic metasurfaces was reviewed in

Ref. 18. Despite the benefit of deep subwavelength field

localization provided by plasmonic nanostructures, light

propagation in nanoparticle plasmonic waveguides is

strongly limited by high dissipative losses.14,19,20

The CROW-type structures with the subwavelength

guiding and low losses have been demonstrated with arrays

of dielectric nanoparticles with high values of the refractive

index.21–23 Such dielectric nanoparticles simultaneously sup-

port both magnetic dipole (MD) and electric dipole (ED)

resonances,24–26 which give an additional control parameter

over the light scattering.27–29 Recently, it was shown that

waveguides composed of such nanoparticles support several

different types of modes.23 In the case of spherical particles,

the transversely polarized modes (with both MD and ED ori-

ented perpendicular to the chain) and longitudinally polar-

ized modes (when the dipoles are oriented along the chain)

correspond to the same resonance frequencies, and they form

separate propagation bands in different spectral regions, due

to the different dipole-dipole interaction. For non-spherical

shapes, corresponding dipole resonances depend on the

orientation and aspect ratio of the particle. It allows to tune

spectral range of propagation bands by changing the nano-

particle parameters.30,31

In this letter, we study the transmission of the CROW-

type waveguides composed of one-dimensional (1D) arrays

of high-index dielectric nanodisks of various configurations,

as shown in Fig. 1. Such waveguides can be highly tuned

due to presence of several independent parameters: h and d

(height and diameter of the nanodisk, respectively) and a

(period of the chain). We consider dielectric disks with the

fixed aspect ratio 2h=d ¼ 1. For such ratio, the frequencies

of the MD resonance are well separated for different incident

angles. Furthermore, we choose the appropriate period of the

chain, so the longitudinal and transverse magnetic propaga-

tion bands spectrally overlap, which can not be achieved

with spherical particles. As it will be demonstrated below,

this is a key aspect allowing us efficiently transmit light

through sharp 90� bends. We support our theoretical conclu-

sions by presenting experimental results for the microwave

frequencies for an efficient guiding through 90� bend in a

microwave dielectric waveguide.

Waveguiding properties of CROW waveguides primar-

ily depend on the modal structure of a single particle.a)andrey.miroshnichenko@anu.edu.au
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Therefore, we simulate the multipole field expansion for a

single dielectric nanodisk with the fixed ratio 2h=d ¼ 1 and

Si permittivity �r¼ 16 with the help of CST Microwave

Studio, assuming that the disk is excited by a plane wave.

The excited multipole moments of a nanodisk strongly

depend on the incident wave direction and polarization. The

scattering spectra for side and top incidence are presented in

Figs. 2(a) and 2(b), respectively. In the case of the side inci-

dence, the wave vector is oriented along the nanodisk axis,

whereas for the top incidence, the wave vector is perpendicu-

lar to the nanodisk axis (see the insets). For the nanodisk

under consideration, the fundamental resonance is MD, and

the second resonance is the ED. For the side incidence [see

Fig. 2(a)], electromagnetic response of the nanodisk is simi-

lar to that of a sphere25 with diameter d: the MD resonance

is observed when wavelength inside the nanodisk matches its

diameter d
ffiffiffiffi

�r
p

=k � 1. Here, k is the wavelength in free

space. For the top incidence, the MD and ED resonances

approximately overlap when d=k � 0:31 [see Fig. 2(b)],

which is in full agreement with previous numerical calcula-

tions.30 The higher order multipole moments become signifi-

cant only for higher frequencies d=k� 0:45, and therefore,

we operate in the spectral range d=k � 0:2� 0:4. Under

those conditions, we can consider these dielectric nanodisks

as hybrid magnetic and electric dipoles.

Figure 2(c) summarizes the waveguide modes of an infi-

nite straight chain of nanodisks simulated by the eigenmode

solver in CST Microwave Studio. Periodic boundary condi-

tions have been applied in the x direction, the electric bound-

ary conditions have been used in both y and z directions.

From those results, we identify (i) longitudinal magnetic

(LM) mode that corresponds to the MD resonance in

Fig. 2(a), (ii) transverse magnetic (TM) mode that corre-

sponds to MD resonance in Fig. 2(b), and (iii) transverse

electric (TE) mode that corresponds to the ED resonance in

Fig. 2(b). Other modes fall out of the considered spectral

region, and they are not shown in Fig. 2(c). By choosing the

appropriate period of the chain (a ¼ 1:25h), we shift the LM
and TM modes in such a way that they completely overlap,

which provides an opportunity for efficient light transmit-

tance in a chain with sharp bends.

Since the fabrication and measurement of optical nano-

disk waveguides is rather complicated, here, we demonstrate

the proof-of-concept experiments in the microwave fre-

quency range, as has been done earlier for other dielectric

structures.32,33 To this end, we scale up all the dimensions

and perform, first, numerical simulations and, then, experi-

mental studies of the wave transmission efficiency in the

straight and sharp 90� bent waveguides. In the microwave

frequency range, Si nanoparticles are mimicked by MgO-

TiO2 ceramic disks characterized with permittivity �r¼ 16

and dielectric loss factor of 0.1 � 10�3, which can be meas-

ured at 10GHz.32 We consider both straight and bent chains

composed of 30 ceramic disks with diameter d¼ 8mm and

height h¼ 4mm, placed on the distance a¼ 5mm from each

other. We note that if one considers a chain of silicon nano-

disks in optical frequency range, the corresponding parame-

ters should be close to the following: d¼ 160 nm, h¼ 80 nm,

and a¼ 100 nm.

First, we numerically simulate the transmission effi-

ciency of straight waveguides composed of ceramic disks by

employing CST Microwave Studio. We use two magnetic

dipoles designed in CST Microwave Studio as a 2mm coper

loop with S-parameter port in 0.1mm gap. The transmitting

dipole is placed at 1mm distance in front of the first disk,

and the receiving dipole is placed 1mm behind the last

dielectric disk in such a way that the magnetic moments are

oriented along the chain direction. The transmission effi-

ciency of a straight waveguide simulated in the frequency

FIG. 1. Geometry of two types of all-dielectric waveguiding structures: (a)

straight waveguide and (b) waveguide with a sharp bend. A magnetic dipole

is employed as a source to excite the guided modes.

FIG. 2. (a) and (b) Multipole decomposition of the scattering spectra of a

dielectric disk irradiated by a plane wave. Orientations of external polariza-

tion are shown in the insets. The partial scattering scattering cross-sections

for two orientations r?;jj
s are normalized to the corresponding maximal value

r
?;jj
max;MD of the magnetic dipole contribution. (c) Dispersion diagram for an

infinite chain of side-located nanodisks. Here, d=k is the normalized fre-

quency; d is the diameter of a nanodisk, and k is the wavelength; ba=p is the

normalized Bloch wavenumber, a is the period of the chain.
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range of 7–14 GHz is shown in Fig. 3(a). We define the

transmission efficiency as jS21j2=jS21j2max, where jS21j2 is the

power transmitted from the first to second port normalized to

the maximum value jS21j2max. According to the numerical

results for a finite chain, the first pass-band is observed at

8–11.6GHz (normalized frequencies 0.21–0.3 d=k), which is

in the excellent agreement with our theoretical prediction

and the dispersion dependence [see Fig. 2(c)]. This propaga-

tion band can be explained by the presence of Fabry-Perot

resonances of both LM and TM modes in a finite chain. The

second pass-band corresponds to the TE mode of Fig. 2(c),

and it appears in the frequency range 12.6–13.6GHz

(normalized frequencies 0.33–0.36 d=k).
As a next step, we perform experimental study of

the transmission efficiency of the straight waveguide of 30

ceramic disks. The disks are placed in a holder made of a

styrofoam material with permittivity close to 1. The mag-

netic dipoles are realized as coper loops with the diameter of

2mm being connected to Agilent E8362C Vector Network

Analyzer via coaxial cables. Transmitting and receiving

loops are placed at 1mm distance in front and behind of the

first and last disks, respectively. The experimentally meas-

ured transmission efficiency is shown in Fig. 3(b), and it

matches quite well with the numerical results. The experi-

mentally measured pass-bands are observed at 8–11.4GHz

and 12.6–13.6GHz.

For a better understanding of the high-efficient transmis-

sion, we simulate numerically the magnetic field distribution

in the straight waveguide at two characteristic frequencies,

as shown in Figs. 3(c) and 3(d). Magnitude of the longitudi-

nal (Hx) and transverse (Hy) components of the magnetic

field at the lower edge of the first pass-band (8GHz) are neg-

ligibly small, and therefore, no transmission is observed. In

the pass-band where both LM and TM modes simultaneously

co-exist, the high-efficient transmission is observed. As an

example, both Hx and Hy components of the magnetic field

at 10GHz are strongly enhanced. The frequency range

11.6–12.6GHz corresponds to the stop-band, and therefore,

no transmission is observed. In the second pass-band where

only TE modes propagate, the magnitude of the longitudinal

component of the magnetic field is close to zero, and for the

demonstration, we show the fields at 12GHz.

Finally, we study both numerically and experimentally

the transmission efficiency of the waveguide with a 90�

bend. We consider again an all-dielectric waveguide com-

posed of 30 ceramic disks with a bend in the middle. To get

realistic efficiencies of the bent waveguides, we keep all the

geometrical parameters as in the case of the straight wave-

guide. The numerical analysis is performed in the same way,

assuming that the bent waveguide consists of two branches

(horizontal and vertical) with equal number of disks in each

of them. From the CST simulation, we obtain the jS21j2 pa-

rameter, and to estimate the transmission efficiency in this

case, we normalize the obtained jS21j2 values to the values of

jS21j2max calculated for the straight waveguide, see Fig. 4(a).

According to the numerical results and the measured data

[see Fig. 4(b)], the pass-bands are observed at the frequen-

cies 8–11.5 GHz and 12.5–13.5GHz. The maximum value

of the transmission efficiency of the bent waveguide is up to

0.6. The losses caused by the bend depend on the frequency,

and they do not exceed 2.2 dB. The efficient transmission

through the 90� bend is achieved due to an overlap of the

LM and TM modes. As we can observe from Figs. 4(c) and

4(d), the LM mode in the horizontal branch transforms into

the TM mode propagating in the vertical branch and vice

versa.

We have analyzed theoretically and demonstrated exper-

imentally the waveguiding properties of chains of high-index

dielectric disks which support both electric and magnetic

Mie-type dipole resonances. Our results indicate that the

electromagnetic energy can be guided very efficiently in

such all-dielectric structures even in the presence of sharp

bends. We have proposed an alternative approach for the ef-

ficient transmission of subwavelength waveguides employ-

ing the mode polarization conversion. We have confirmed

experimentally the guidance through a 90� bend in the

microwave waveguide and studied the structure of the

guided fields. We believe that our approach can be general-

ized for designing optical waveguide structures based on all-

dielectric nanoparticles.

FIG. 3. (a) Numerically simulated and

(b) experimentally measured transmit-

tance of a straight array composed of

30 ceramic disks, as shown in Fig. 1.

(c) and (d) Distribution of the x- and

y-components of the magnetic field for

different frequencies.
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