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 With the increasing requirements of device miniaturization 
and the need for on-chip optical components, single-particle 
or single-layer subwavelength devices are highly sought after, 
especially those which can avoid complicated mechanisms 
such as diffraction in bulk structural media. However, most 
existing research on particle-based light control has focused on 
the utilization of single particle [ 28,29 ]  or multiparticle nanoan-
tenna. [ 30 ]  In these cases, the ratio of the modulated wavelength 
( λ ) to the particles size ( l ) is about 4, i.e.,  λ / l  ≈ 4, thus hindering 
device miniaturization. One method of realizing smaller com-
ponents is to weaken the coherence effect between the mag-
netic and electric dipoles by increasing the ratio of wavelength 
to the particle size ( Figure    1  ). The long-wavelength approxi-
mation can be satisfi ed and novel phenomenon such as an 
isotropic near-zero index, achieved through near-zero perme-
ability (MNZ), can be observed. These near-zero index mate-
rials possess many interesting wave manipulation features 
and have been demonstrated using different mechanisms [ 31–35 ]  
such as epsilon-near-zero materials based on metallic struc-
tures, [ 32,33 ]  Dirac cones in photonic crystals, [ 34 ]  and hyperbolic 
materials. [ 35 ]  Importantly, the media employed to achieve these 
phenomena are not necessarily preferred, as photonic crystals 
have dimensions on the same order of the targeted wavelength 
and hyperbolic materials exhibit an anisotropic zero-index, 
inside which the wave vibrates with the phase, just like in the 
air. So far, near-zero isotropic media resulting from an MNZ 
has yet to be realized. In addition, equiphase propagation for a 
cylindrical source in a sample, especially for a subwavelength-
layered structure, has not been experimentally demonstrated. 
Furthermore, these Mie resonant, dielectric particles possess 
tunability under external stimuli that can lead to the possi-
bility of interesting adjustable wave-control devices. [ 36 ]  In this 
work, an isotropic zero-index medium with subwavelength 
dimensions and no phase delay will be studied for its poten-
tial applications in the miniaturization of wave-manipulating 
components. 

  Light scattering by small (relative to the incident light wave-
length) spherical particles is a fundamental topic in classical 
electrodynamics and is based upon the exact Mie solution of 
the diffraction problem. [ 37 ]  The scattered fi eld of a single iso-
lated dielectric sphere with radius  r  0  and refractive index  n  can 
be decomposed into a multipole series with the 2  m  -pole term of 
the scattered electric fi eld proportional to 
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  Precise and tunable manipulation of light propagation, though 
diffi cult to realize by conventional optical elements based on the 
uniform medium, has long been pursued. [ 1–4 ]  As a major break-
through in controlling the propagation of electromagnetic (EM) 
waves, metamaterials have overcome the limitations of natural 
materials by manipulating their chemical composition and phys-
ical properties in order to exhibit extraordinary EM phenomena, 
such as negative refraction, [ 5–9 ]  near-zero-refraction, [ 10–12 ]  sub-
wavelength-focusing, [ 13–15 ]  invisible cloaking, [ 16–18 ]  and metasur-
faces. [ 19 ]  However, to date, these subwavelength scatterers rely 
mostly on anisotropic metallic patterns. An alternative approach 
is to use high-permittivity dielectric particles based on Mie reso-
nances as isotropic subwavelength unit cells, which are easy 
to fabricate, free of Ohmic loss, and polarization independent 
for a broad range of angles. [ 20–22 ]  Signifi cant progress has been 
achieved using these subwavelength dielectric particles for wave 
manipulation. [ 23–29 ]  In order to obtain these properties, the mag-
netic dipole responses of dielectric particles from microwave to 
visible frequencies were experimentally investigated. [ 23–26 ]  The 
discovered resonances have been applied in order to observe 
controllable scattering effects from a single particle, such as the 
zero-backward and almost zero-forward scatterings. [ 27–29 ]  
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 whereas the 2  m  -pole term of the scattered magnetic fi eld is pro-
portional to 

     

ψ ψ ψ ψ
ψ ξ ξ ψ

=
′ − ′
′ − ′

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
b

nx x n x nx

nx x n x nx
m

m m m m

m m m m   
(2)

 

 Here  x  =  k  0  r  0 ,  k  0  is the free-space wavenumber,  ψ m  ( x ) and 
 ξ m  ( x ) are the Riccati–Bessel functions, and the primes indi-
cate derivatives with respect to the arguments. The scattering 
coeffi cients  a  1  and  b  1  are related to the electric and magnetic 
dipolar responses of the sphere, respectively. And the coher-
ence effect, referring to the coupling interaction between the 
electric and magnetic dipole resonances, mainly depends on 
the geometrical dimensions and permittivity of the particles 
(Figure  1 ). The weakened coherence effect implies that the 
electric and magnetic resonances happen at frequencies far 
from each other. Such coherence is governed by the proximity 
of the lowest-frequency dispersion peaks of  a  1  and  b  1 , and can 
be enhanced by decreasing the dielectric constant, e.g., from 
120 to 16.5 and increasing the radius of the particle, e.g., from 
1.0 to 9.0 mm as illustrated in Figure  1 . Analytical solutions 
for the scattering coeffi cients of the coherent and noncoherent 
cases are plotted in Figure  1 a,b, respectively. The insets in 
these respective diagrams demonstrate the EM fi eld distribu-
tion within the particle for these two distinct cases. The non-
coherent case exhibits a localized resonance of the EM fi eld 
whereas the coherent case is less confi ned as seen in the insets 
of Figure  1 . The pure magnetic dipole response is denoted by 
points B and E in Figure  1 , while points D and F show the 
pure electric dipole response. For the coherent case, points A 
and C exhibit a special circumstance where the scattering coef-
fi cients are  a  1  =  b  1  and  a  1  =  b  1 *. At these points, the hybrid 
electric and magnetic dipole responses at the same frequency 
(insets A and C) provide both electric and magnetic responses 
baring a strong resemblance to the metamaterial-based fi shnet 
structure. Such coherence effects have resulted in several exotic 
scattering phenomena, [ 27–29 ]  including zero-backward scat-
tering at  a  1  =  b  1 , and nearly zero-forward scattering at  a  1  =  b  1 *. 
In these cases, however, the wavelength is on the same order 

of the particle size. The increase of the per-
mittivity and the decrease of the size of the 
particles weaken the coherence effect, i.e., 
the frequency separation between the electric 
and magnetic resonances enlarges, and purer 
magnetic resonance can be observed. There-
fore, as shown in Figure  1 b, the diameter of 
particle is much smaller than the fi rst reso-
nance wavelength of  b  1  ( λ /2 r  0  ≈ 10), making 
the long wavelength approximation satisfi ed. 
The EM responses of the dielectric cubes 
with different dimensions but with the fi xed 
dielectric constant (Figure S1, Supporting 
Information) further confi rm that the permit-
tivity of particle plays a signifi cant role in the 
coherence effect. 

 Mie resonance appears for any geom-
etry, but only Mie scattering for regular 
geometries (such as spheres and cylin-
ders) can be analytically calculated. For 

other geometries like cubes, numerical method rather than 
analytical calculation is used to identify the magnetic dipole 
responsible for the resonance. To simplify the fabrication 
process, dielectric CaTiO 3  cubes (permittivity  ε  = 120+0.1 i  
and sidelength  l  = 2.00 mm) rather than spheres were used 
as subwavelength-resonant particles to interact with the EM 
wave. These interactions are characterized by measuring the 
electric fi eld distribution using a 2D electric fi eld mapping 
system [ 17 ]  ( Figure    2  a) that provides detailed wave transmis-
sion and direct phase control information compared to the 
directional radiation measurement commonly employed in 
recent studies. [ 35 ]  The cross sections of E and H fi eld within 
the dielectric cube indicate the nature of responses at A and 
B points are magnetic and electric resonances, respectively 
(Figure  2 b). Interactions between cylindrical waves gener-
ated by a monopole and the single or several dielectric par-
ticles are studied near their fi rst Mie resonance and shown 
in Figure  2 . For the single-particle case (Figure  2 c), the cylin-
drical wavefront is broken at the magnetic resonance (approx-
imately 11.55 GHz in experiment and 11.60 GHz in simula-
tion) and becomes an ellipse with the prolate and short axes 
along the  x-  and  y -axes, respectively. The wave mainly propa-
gates outward along the short axis, akin to the zero-backward 
scattering case. However, the cylindrical wavefront will not 
be infl uenced for frequencies far from resonance (Figure S2, 
Supporting Information). In order to study how the fi eld map 
is affected by a nonsymmetric particle arrangement along 
the  x -and  y -axes, particles were placed laterally from the 
propagation direction (along the  x -axis). Figure  2  shows that 
as the number of particles increases, the wavefront gradu-
ally changes to an ellipse with a much higher aspect ratio, 
providing a longer linear wavefront and better directional 
emission. At the same time, the working frequency has a 
small redshift compared to that of a single particle. This is 
because each particle can be seen as a magnetic dipole with 
the moment along the  x -direction; increasing the number of 
particles along the  x -direction enhances the attractive interac-
tion and results in a decrease of the restoring force of the 
magnetic resonator and thus the decrease of the resonance 
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 Figure 1.    Scattering coeffi cients  a  1  and  b  1  with different size and permittivity of spherical par-
ticles. a) Coherent:  r  0  = 9.00 mm,  ε  = 16.5; b) Noncoherent:  r  0  = 1.00 mm,  ε  = 120+0.1 i . Insets 
(A–F) show the electric or magnetic fi elds corresponding to points (A–F) in the frequency 
spectra, and inset (G) shows the schematic of interaction between dielectric particle and inci-
dent wave.
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frequency. According to Figure  2 , the experiments show good 
consistency with the simulations. It shows that with the weak 
coherence, these subwavelength particles can also control the 
wave propagation near the fi rst Mie resonance. The particle 
arrays exhibit the dipole radiation effect, where the array is 
excited by a monopole source and then reradiates as a mag-
netic dipole, seen from the fact that this wavefront modula-
tion occurs at the magnetic resonance. 

  Having demonstrated effi cient wave modulation with a 
single dielectric particle, the next step is to consider how linear 
particle arrays may impact the performance and provide novel 
EM mechanisms. The experimental and simulated electric fi eld 
maps of the different layers of particle arrays (Figure S3c, Sup-
porting Information) are shown in  Figure    3  . The EM fi eld at a 
nonworking frequency of 8.00 GHz (Figure  3 a) shows a typical 
concentric circular wavefront distribution like the cylindrical 
wave excited by a monopole source, that is to say, the sample 
has no infl uence on the EM wave at all. While at the working 
frequency of 12.03 GHz, the circular wavefront of the emitted 
cylindrical wave is broken and translates into a plane wave, 
indicating how a single layer of dielectric subwavelength par-
ticles provides effi cient control to modify the directionality of 
the emission (Figure  3 b). For each particle in the linear array, 

the distances between the monopole source and the particles 
are different, so the phase along the linear array should not be 
the same for a conventional medium. However at the working 
frequency, we see that nearly the same phase occurs along the 
entire linear array, except for some minor differences near 
the monopole and a phase delay outside the samples. This 
equiphase effect is exactly a typical characteristics of the zero-
index effect. 

  For a single-layered particle array, the effective parameters 
were retrieved using the method described in ref. [ 38 ]  and 
shown in  Figure    4  a. It shows that the permeability becomes 
negative or zero at frequencies above the fi rst Mie resonance 
and thus the refractive index is also zero for even only one 
layer of particle array. The clearly visible antiresonance and 
negative imaginary part of permittivity near the fi rst Mie 
magnetic resonance are artifacts and arise from the perio-
dicity of the unit cells, which could be reduced or eliminated 
by moving the magnetic resonance to suffi ciently low fre-
quency. [ 39 ]  It may not seem reasonable to treat a single layer 
of subwavelength particle array as an effective medium due 
to the ratio of the sample’s size compared to the wavelength. 
In order to demonstrate the validity of the effective medium 
assumption, we further retrieved the effective parameters 
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 Figure 2.    Interaction between single/several dielectric particles and EM wave. a) Schematic of the electric fi eld measurement system; b) The S-param-
eters and corresponding electromagnetic fi eld distribution within the particle; c) one-pair particles; d) two-pair particles; e) three-pair particles. Left 
and right fi gures correspond to the experiments and simulations. The separation between the cubes is 2.70 mm in the  x -direction, and the separation 
between the monopolesource and particle lines is 2.70 mm in the  y -direction.



6190 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

for 2 and 3-layer particle arrays (see Figure  4 b). The results 
show that the effective index can be zero and maintain con-
sistency while increasing the number of layers. It should be 
noted that though the dispersion of the effective permittivity 
becomes abnormal at the magnetic resonance, that of the 
magnetic resonance remains causal. In our case, the working 
frequency in concern is off and higher than the magnetic 
resonance. 

  We also substituted the particles by an equivalent medium 
with these extracted effective parameters ( ε  = 4.315 + 0.003 i , 
 µ  = −0.003 + 0.007 i ,  n  = 0.103 + 0.153 i ) from Figure  4  at 
12.48 GHz and calculated the fi eld distribution (Figure S4, 
Supporting Information). Compared with the simulation and 
experiment results in Figure  3 , this equivalent medium shows 
a highly similar fi eld distribution. Therefore, in principle, a 
single layer of particle array, with thickness  d  ≈  λ /10, can be 
seen as an effective medium with zero refractive index, since 
the particle array is still not atomically thin and it is reason-
able to apply the effective parameters in order to describe such 

subwavelength layers. In addition, the experiments agree well 
with the simulations (Figure  3 ). The slight deviation of the 
wavefront from an absolutely parallel wavefront in the experi-
ments may be considered due to the nonuniformity in the size 
and dielectric constant of the cubes and the lattice constant. 
We note that the distance between particles, i.e. the fi lling 
ratio, can modify the value of the effective permeability but 
has less infl uence on the response frequency (Figure S5, Sup-
porting Information). 

 Since the unit cell of the array has a regular cube struc-
ture, the fabricated zero-index medium is isotropic in all 
three dimensions. This medium demonstrates an invariant 
phase throughout, which cannot be realized in hyperbolic 
anisotropic zero-index materials. According to Snell’s Law, 
the emergent wave will be perpendicular to the surface after 
propagating through the isotropic zero-index medium. With 
an increase in the number of layers along the propagation 
direction (Figure  3 c), the control of wave directionality and the 
zero-index-effect are still observed, though not signifi cantly 
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 Figure 3.    Electric fi eld mapping of different layers of linear array samples. a) A single layer at nonworking frequency; b) a single layer at working fre-
quency; c) three layers at working frequency. Top, middle, and bottom fi gures correspond to the experiment, simulation, and the phase distributions 
at the cross section of the particle array.
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enhanced. At the same time, we fi nd that the transmittance 
decreases with the increase in the number of layers along the 
propagation direction. This effect can be understood through 
the following transmission calculation in the near-zero-index 
medium. The inherent loss of the cube material is also studied, 
but found not dominant here. 

 For a TE polarized wave, the transmission coeffi cient  t  of one 
layer of homogenous medium 2 is 
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are the relative permittivity and permeability 
of the second medium,  d  is the thickness 
of the second medium,  θ j   ( j  = 1, 2, 3) is the 
angle between the light and the normal of 
the interface, and  λ  0  is the vacuum wave-
length. When media 1 and 3 are vacuum 
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   Substituting Equations  ( 4)   and  ( 5)   into Equa-
tion  ( 3)  , the transmittances  T  where  ε  2 →0 
and  µ  2 →0 are 
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   Considering a case of normal incidence, 
 θ  1  =  θ  2  = 0, Equations  ( 6)   and  ( 7)   become 
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 According to Equation  ( 8)  , the permittivity 
 ε  and permeability  µ  are highly symmetric. 
When either of these parameters approaches 
zero, the transmittance  T  decreases mono-
tonically while the thickness of the near-
zero-index medium increases. This explains 
why the transmittance of a single-layer par-
ticle array is larger than that of a three-layer 
array. This further verifi es that the EM wave 

controlling mechanism based on the Mie resonance has more 
potential applications for miniaturizing devices. 

 As previously shown, the subwavelength particle array 
exhibits a near-zero-index near the fi rst Mie resonance and 
is capable of modulating a wave with the outgoing wavefront 
perpendicular to the interface. This directional modulation 
depends entirely on the shape of the medium interface. This 
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 Figure 4.    Retrieved electromagnetic parameters for different layers, which indicates that even 
only one layer particle (subwavelength thickness) can be described successfully by effective 
medium theory. a) Permitivity, permeablity, and refractive index for one layer cube; b) refraction 
index for different layer cubes.

 Figure 5.    Electric fi eld mapping of the circular array samples. a) Experiments and b) simula-
tions at the nonworking frequency; c) experiments and d) simulations at the working frquency. 
Where “×” indicates the position of the monopole source.
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cisely control the wavefront to take on arbi-
trary shapes by changing the interface of the 
proposed EM device. The circular sample 
(Figure S3d, Supporting Information) is fab-
ricated by assembling the particles into a cir-
cular array, and a monopole source is eccen-
trically placed inside the sample. At the non-
working frequency, the circular sample has 
no infl uence on the emission of the mono-
pole and exhibits a concentric wavefront cen-
tered at the monopole ( Figure    5  a). However, 
at the working frequency of 10.88 GHz, the 
equiphase surface of the wave becomes a 
series of concentric circles centered at the 
sample’s center instead of the monopole 
source (named as the “eccentric effect”) near 
the fi rst Mie resonance (Figure  5 b). 

  The nonzero refl ectance leads to the inter-
ference inside the circle and thus the ampli-
tude of the wave inside the sample forms a 
concentric circular wavefront with the cir-
cular array. The refl ection and interference 
effects in experiment are more obvious than 
those observed in simulations, which may 
arise from the fabrication errors of the sam-
ples, such as the nonuniformity of geometry 
dimensions and dielectric constant of the 
cubes. And the round shaped array of cubes 
has stronger infl uence on the wavefront than 
that of the rectangular shaped ones, which 
makes the effect of nonuniformity more 
obvious. The particle array sample can be 
used as a spatial power combiner for omni-
directional radiation to obtain high-effi ciency 
spatial power and improve the directionality 
of wave emission. At the same time, it can 
be applied to optical camoufl age, i.e., the vir-
tual source (the geometric center of the circle 
sample) is produced while the real source is 
concealed. 

 In addition, active control of EM wave prop-
agation has a wide range of applications. It is 
relatively complicated to tune the constituting 
structures of metamaterials because the geo-
metrical dimension or surrounding medium 
has to be varied. Fortunately, the dielectric 
subwavelength particles have an intrinsic 
temperature-dependent permittivity and thus the fi rst Mie reso-
nance of the dielectric sphere is a function of radius and permit-
tivity of the sphere, ω π ε≈ /( )0c r . [ 36 ]  Therefore, a variation in 
the spectral location of the Mie resonance can be easily realized 
by changing the sample temperature and thus the wavefront can 
be adjusted. The electric fi eld distributions in a linear array of 
particles are measured and shown in  Figure    6  . The transmis-
sion dip corresponding to the fi rst Mie resonance experiences 
a blueshift (12 MHz °C −1 ) and the wavefront translates from 
planar (Figure  6 b) to irregular (Figure  6 d) with the temperature 
variation from 15 to 25 °C at a frequency of 12.03 GHz. The 

wavefront becomes planar (Figure  6 e) again at a temperature of 
25 °C and a frequency of 12.12 GHz. This result provides the 
possibility to adjust the working band of the zero-index device 
and realize multiband tunable control in the future. 

  The localized resonance in the high index dielectric sub-
wavelength particles, arising from the magnetic Mie resonance, 
is responsible for phase and wavefront control of the particle 
layers. A decrease in the particle size and an increase in the 
permittivity make the effective medium theory appropriate for 
application in the theoretical analysis of the subwavelength 
particle arrays. Differing from the zero-backward and almost 
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 Figure 6.    Temperature controllable near-zero-index effect in a linear array of particles. a) Tran-
simission spectra of a dielectric cube with different temperatures; electric fi eld distribution of 
12.03 GHz at temperatures of b) 15 °C, d) 25 °C; electric fi eld distribution of 12.12 GHz at 
temperatures of c) 15 °C, e) 25 °C.
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zero-forward scattering phenomena, which are related to the 
interference coupled between electric and magnetic dipolar 
responses, we fi nd another novel isotropic equiphase control 
behavior. This equiphase control can be seen in even one layer 
of a particle array interacting with a cylindrical wave and origi-
nates from the MNZ excited by a single magnetic response. The 
underlying physics is different from the zero-index attained in 
photonic crystals or hyperbolic materials. For photonic crys-
tals, Bragg diffraction and Dirac cone are responsible for the 
zero index. Although the all-dielectric photonic crystal is used 
instead of metallic structures, the response is still anisotropic 
only for the TM mode. Furthermore, the lattice constant of pho-
tonic crystal is about the same scale as the optical wavelength, 
not subwavelength. And photonic crystal consists of many peri-
odic-arrayed unit cells along the wave propagation direction, 
that is, only one layer cannot realize this special effect. But for 
our case, only one layer of particle array can exhibit isotropic 
μ-near-zero effect and control ten-times-longer wavelength 
light. For hyperbolic materials, it is anisotropic zero-index-like 
effect. It can control the wave trasmission direction, but the 
wave phase inside the medium cannot be kept the same. Our 
material may even resemble metasurfaces, which also exhibit 
wavefront control with one layer of unit cells. But there are 
some distinct differences. In our case, the layer of particles 
essentially operates as an isotropic effective medium sheet and 
the observed equiphase effect is due to the near-zero index. 
The study of equiphase in the cross section of the particle array 
further provides a method to judge whether a medium can be 
seen as an effective medium. Particle arrays with higher per-
mittivity can also control the wavefront (Figure S6, Supporting 
Information). Similar functionality can be extended to THz and 
optical frequency ranges where higher index particles are also 
available. [ 40–42 ]  In summary, we show a single layer of subwave-
length dielectric particles that merges and utilizes the localized 
Mie resonance, effective medium theory, and wavefront control 
science and technology, which opens new avenues in manipu-
lating waves and developing more compact optical devices from 
the microwave to THz regime in unprecedented ways.  

  Experimental Section 
  Device and Sample Fabrication : Samples were prepared by assemblying 

dielectric cubes in specially designed templates. Here the CaTiO 3  cubes 
were fabricated by an inner circle slicer and a dicing cutter widely used in 
IC manufacturing. The templates were fabricated using a laser cutter. To 
decrease the surrounding permittivity of the dielectric cubes, the tefl on 
templates with 0.5 mm thickness were chosen to construct the hollow 
3D samples (Figure S3, Supporting Information). 

  Measurements : The 2D electric fi eld mapping system (Figure S7, 
Supporting Information) was designed and used to measure the electric 
fi eld as it propagated in and around the samples. Combined with a 
vector network analyzer (Agilent E5071C), the electric fi eld distribution 
in an area of 400 mm × 400 mm could be automatically measured 
point-by-point.  

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