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Fig. 1. The system with gradient index 7 = 2 are implemented by varying the rod radius: (a) Schematic diagram presents the sys-
tem made up of 25 concentric layers with the layer thickness a = 12 mm , the radius of the absorbing core part r. = 5a, the radius
of the system R = 25a, and the relative permittivity of the ferrite rod e; = 25; (b) ferrite rod radius as well as (c) the effective
permittivity eefr , permeability s, and the corresponding effective index nep are plotted as the functions of the number of the
layer; (d) electric field pattern and (e) corresponding intensity pattern are simulated for the on-center incidence of a Gaussian beam
on the system. The bias magnetic field is Hp = 480 Oe and the operating frequency is f = 2.7 GHz. Two white circles denote the

boundaries of the system and the absorbing core part, respectively.
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Fig. 2. The effective permittivity eepr, permeability pegr ,
and the corresponding effective index neg retrieved with
the effective-medium theory are plotted as the functions of
the bias magnetic field Hp. The magnetic metamaterial is
considered as a square lattice with lattice separation
a =12mm and two different rod radii with (a) r; = 0.12a
and (b) 7rs =0.35a are investigated. The operating fre-
quency is f = 2.7 GHz.
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Fig. 3. The system with gradient index n = 2 are implemented by varying the distribution of bias magnetic field Hg: (a) Schematic
diagram presents the system made up of 25 concentric layers with the layer thickness a = 12 mm , the radius of the absorbing core
part 7, = 7a, the inner radius of the gradient index area is r1 = 20a, and the radius of the system R = 25a; (b) the bias magnetic
field Ho; (C) €eff, fetr, Mefr - The electric field patterns and the corresponding intensity patterns are simulated for the on-center
((d), (e)) and off-center ((f), (g)) incidence of a Gaussian beam on the system to illustrate the electromagnetic “black hole” effect.
The ferrite rod radii are rs = 0.35a¢ and 7, = 0.12a for the inner and outer areas, respectively, and the operating frequency is

f = 2.7 GHz. Three white circles denote the boundaries of different areas in the system.
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Fig. 4. The system with gradient index n = —1 are implemented by varying the distribution of bias magnetic field Hg . The schem-
atic diagram is the same as that in Fig. 3: (a) The distribution of bias magnetic field; (b) efr, fefr, Tefr - The electric field pat-
terns and the corresponding intensity patterns are simulated for the on-center ((c), (d)) and off-center ((e), (f)) incidence of a Gaus-
sian beam on the system. The ferrite rod radii are rs = 0.35a and r; = 0.12a for the inner and outer areas, respectively, and the

operating frequency is f = 2.7 GHz. Three white circles denote the boundaries of different areas in the system.
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Fig. 5. The system with gradient index n = 1 are implemented by varying the distribution of bias magnetic field Hg . The schemat-

ic diagram is the same as that in Fig.3: (a) The distribution of bias magnetic field; (b) &efr, fter, Ner- The electric field patterns
and the corresponding intensity patterns are simulated for the on-center ((c), (d)) and off-center ((e), (f)) incidence of a Gaussian
beam on the system. The ferrite rod radii are 7y = 0.35a and r; = 0.12a for the inner and outer areas, respectively, and the oper-

ating frequency is f = 2.7 GHz. Three white circles denote the boundaries of different areas in the system.
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Fig. 6. The system with gradient index n = 3 are implemented by varying the distribution of bias magnetic field Hg . The schemat-
ic diagram is the same as that in Fig. 3: (a) The distribution of bias magnetic field; (b) &efr , ftefr; Tefr - The electric field patterns
and the corresponding intensity patterns are simulated for the on-center ((c), (d)) and off-center ((e), (f)) incidence of a Gaussian
beam on the system. The ferrite rod radii are 7y = 0.35a¢ and r; = 0.12a for the inner and outer areas, respectively, and the oper-

ating frequency is f = 2.7 GHz. Three white circles denote the boundaries of different areas in the system.
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Abstract

In this work, a cylindrically symmetric gradient-refractivity two-dimensional electromagnetic system is
constructed by using the magnetic metamaterials consisting of an array of ferrite rods. With the change of the
bias magnetic field, the different gradient-refractivity systems can be obtained, based on which a tunable
flexible beam is demonstrated. Based on the effective-medium theory, the effective electric permittivity and the
effective magnetic permeability can be retrieved and thus the effective refractive index is obtained
straightforwardly. It is shown that with the variation of the ferrite rod radius, an effective refractivity profile
with particular gradient can be realized, which exhibits the electromagnetic “black-hole-like” effect. Especially,
the gradient refractivity profile is also designed by introducing the gradient bias magnetic field, which, in
principle, results in the refractivity profile with many different gradients. Finally, the propagation of a Gaussian
beam in the gradient-refractivity system is simulated by using the multiple scattering theory. A few different
phenomena are observed such as the “black-hole” effect, the interior beam deflection, the exterior beam
deflection, and the beam splitting. Furthermore, the functionalities can be switched between each other by

controlling the bias magnetic field and adding an additional degree of freedom for beam propagation.

Keywords: electromagnetic black hole, gradient index, effective-medium theory, multiple scattering theory
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