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Abstract 

 
   

Some of our works on some permeability-near-zero structures will be reviewed. It is shown that when a source is 

surrounded by a dielectric split ring with a gap opened inside a permeability-near-zero shell the electromagnetic energy 

generated by the source is forced to propagate through the gap. When the gap is narrow, the energy stream density 

becomes very large and makes the magnetic field enhanced drastically in the gap. It is also shown that the radiation of a 

line current can be greatly enhanced by choosing appropriately the dimension of a dielectric domain (inside which the 

source is located) and the dimension of the permeability-near-zero shell. 

 
Summary 

 
 Near-zero permittivity/permeability is a singular material parameter. Any electromagnetic wave incident on 

such a material is totally reflected except nearly normal incidence. Based on this property, such a material can be used 

to enhance radiation directivity and spatial filtering [1−2]. It was also suggested that near zero permittivity/permeability 

can be used for squeezing electromagnetic energy [3], shaping the phase front [4], and transmitting subwavelength 

image [5]. Here, we will show that based on the special properties of permeability-near-zero materials, electromagnetic 

energy from a source can be highly squeezed, and the radiated power can also be strongly enhanced. In this paper, two-

dimensional electromagnetic propagation with the electric field perpendicular to the x-y plane (TE polarization) is 

considered. The time harmonic factor is exp(−iωt). 

 

Consider the configuration in Fig. 1(a). Domain 1 of zero permeability μ1 is surrounded by exterior domain 4 

of free space. Domains 2 and 3 of conventional dielectric material are positioned inside domain 1 (free space here). The 

shapes of domains 1−3 can be arbitrary. A current source propagating along the z axis is in domain 2. It can be shown 

that no electromagnetic energy can enter a conventional lossless dielectric material inside a material of zero 

permeability. Consequently, if this domain with a gap opened [like domain 3 of a broken ring shape shown in Fig. 1(a)] 

encloses a source region, the generated electromagnetic energy can go nowhere else but propagate through the gap. The 

case of a narrow gap is interesting. If the power generated by the source can be maintained at a similar level while 

narrowing the gap gradually, the energy stream density in the gap will increase to a very large value in the end, as 

shown below. Slight reduction of the width of the gap will change little the whole shape of domain 3.  Then, the power 

emitted into the exterior space changes little, and the power generated by the current source, which is equal to the 

former, also changes little. On the other hand, the slight reduction of the width can be relatively large with respect to the 

width of a narrow gap. This can cause the energy stream density increase quickly in the narrow gap. Because the 

electric field in the gap changes little, the magnetic field there must be enhanced greatly to increase the energy stream 

density. To illustrate the proposed energy squeezing mechanism, numerical simulation is carried out with a finite-

element-method software, Comsol [7]. The wavelength in free space is λ0=0.3a (a is the length unit). The widths of 

domains 1 and 2 are a1=a and a2=0.21a, respectively. The width and thickness of domain 3 are a3=0.75a and w=0.125a, 

respectively. Domain 2 can be arbitrarily positioned in the region surrounded by dielectric domain 3 of a split ring 

shape, whose center overlaps with those of domains 1 and 2 here. The current source is a line current at the center of 

domain 2. The permeability of domain 1 is set to μ1=10
-5

+10
-4

i. Figs. 2(a) and 2(b) show the distributions of normalized 

electric and magnetic amplitudes, respectively, when the width of the gap is g=0.06a. When we say that some quantity 

is normalized, the quantity is normalized by the corresponding one at the center of the gap when domain 1 is replaced 

by free space (i.e., when the line current is in free space). In Fig. 2, one can see that the electric field in domain 1 is 

rather uniform as expected, and the magnetic field in domain 1 is quite non-uniform strongly enhanced in the gap. In the 
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gap, the energy stream density arrows are nearly parallel to the side edges, which means that the y component of the 

magnetic field is enhanced greatly. As the width of the gap varies, Fig. 2(c) shows the normalized electric and magnetic 

amplitudes at the center of the gap, and Fig. 2(d) shows the normalized power generated by the line current and the 

normalized power emitted into the exterior space as well as the normalized energy stream density at the center of the 

gap. During this process, the energy stream density and magnetic amplitude at the center of the gap are approximately 

inversely proportional to the width of the gap as expected, whereas the electric amplitude does not change much. 

 
 

  
Fig. 1. (a) Schematic configuration for domains 2 and 3 positioned inside domain 1. (b) Configuration for only domain 

2 inside domain 1. 

 

    
Fig. 2. Distributions of (a) the normalized electric amplitude and (b) normalized magnetic amplitude. In (a), the field 

distribution in domain 2 is shown in the inset for clarity. In (b), the energy stream density is also shown in arrows. (c) 

Normalized electric and magnetic amplitudes at the center of the gap, and (d) normalized output power and energy 

stream density at the center of the gap, are also shown as the width of the gap varies. In (c), the dotted (red) and solid 

(black) lines are for the electric and magnetic amplitudes, respectively. In (d), the dotted (red) line is for the power 

generated by the line current, the solid (black) line is for the power emitted into the exterior space, and the solid (blue) 

line is for the energy stream density. 

 

When in Fig. 1(a) domain 3 is removed and domains 1 and 2 become circular, the corresponding configuration 

is shown in Fig. 1(b). Domains 1 and 2 are of radii r1 and r2, respectively, and the unit line current is at the center of 

domain 2. The electromagnetic field in each domain can be expanded by the Bessel and Hankel functions [6]. One can 

has electric field Ez  on the interface between domains 1 and 3 as follows, 
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where S1 is the area of domain 1. The ratio between the radiated power in the present case and that when the same 

source is positioned in infinite domain 1 is defined as power enhancement factor Pnorm, which is 

 2

0 0 1| / ( ) |norm zP E H k r .                           (2) 

The denominator of Eq. (1) (denoted as F). If |F| can be small, |Ez| and Pnorm will be large. There are three items in the 

expression of F whose real parts can cancel each other. When domains 2 and 3 are lossless, since there is only one 

complex item in the expression of F, imag(F) can not be zero, unlike real(F). However, if |imag(F)| can be small, large 

|Ez| and Pnorm can still be obtained. This condition can be fulfilled as shown in the following example. When r1=2λ0, Fig. 

3 shows the real and imaginary parts of F as well as the corresponding Pnorm as r2 varies. As shown in Fig. 3(a), real(F) 

is zero at some special values of r2. The appearance of several zero roots of real(F) is because the Bessel functions are 

oscillating functions. As shown in Fig. 3(b), Pnorm is locally maximal at these special values of r2, and the radiation is 

greatly enhanced. When r2=0.38775λ0, Pnorm is about 190. The whole structure behaves as a resonator to enhance the 

radiation. Because real(F) steeply passes through the zero points as shown in Fig. 3(a), the peaks of Pnorm in Fig. 3(b) 

are very narrow. This indicates that the enhanced radiation is sensitive to the dimension of domain 2. The radiation can 

also be influenced by the dimension of domain 1, which can be stronger enhanced as r1 increases. This may be in 

contrast to our common intuition. Based on the fact that the normal transmission through a permeability-zero slab is 

approximately inversely proportional to the thickness [2], one may think that the radiation will be weaker as domain 1 

becomes larger. 



 

  
Fig. 3. (a) real(F) and imag(F). The red (dotted) and blue (solid) curves correspond to real(F) and imag(F), respectively. 

(b) Pnorm as a function of r2 with r1=2λ0. 

 

It has been shown that a permeability-near-zero shell can be used to highly squeeze the electromagnetic energy 

radiated from a source and strongly enhance the radiation of the source. Here only the TE polarization is considered. 

Similar results can be obtained for the TM polarization (the magnetic field is perpendicular to the x-y plane). Some 

other interesting properties will also be discussed in the talk. 
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