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Abstract: Electromagnetic cloaking based on the scattering cancellation method have been reviewed. The possibility
of designing the tunable electromagnetic cloaking is analytically suggested with a single cloak composed of homoge-
neous materials, including semiconductor, superconductor, ferrite and ferroelectrics by using Mie scattering theo-
ry. The simulated results demonstrate that the cloaks with these homogeneous materials can drastically reduce the
total scattering cross sections of the cloaked system by using the finite element method. These cloaking frequencies
can be controlled by external field through tuning the permittivity or permeability of these materials by the applied

field, such as temperature, magnetic field and electric field. These may provide some potential ways to design tun-

able cloaking with considerable flexibility.
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1 Introduction

Cloaking has been gradually realized in the
laboratory by many research groups using two
theoretical methods, transformation optics'** and

7151 Transformation op-

scattering cancellation
tics based on form-invariant coordinate transfor-
mation of Maxwell's equations offers an uncon-
ventional approach for tailoring devices with un-
precedented electromagnetic behaviorst'. This
coordinate transformation-based cloaking tech-
nique offers the possibility to bend the incoming
electromagnetic wave around a specific region,
theoretically suppressing any scattering from
whatever is placed inside the cloak. Although the
cloaking approach is mathematically elegant and
would allow perfect cloaking in principle, it re-
quires inhomogeneous and anisotropic material
parameters for curving the isotropic space, rerou-
ting the impinging electromagnetic rays as if the
system is completely invisible to any outside ob-
server. This technique is usually designed to

work at a single operating frequency, and its cloa-
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king frequency (CF) remains unaltered once the
cloak has been fabricated.

In 2005, Ald and Engheta suggested a differ-
ent way to design cloaking with the technique
called scattering cancellation, which was based on
the well-known Mie scattering theory!™. A single
object will produce scattering by polarizing it in
the electromagnetic field, and it is covered by an-
other object with reversed polarization or scatter-
ing. In some special cases, the total scattering of
the two objects may be minimized and the two ob-
jects can be invisible for observer. Compared with
the transformation optics approach, the scattering
cancellation method shows the following advanta-
ges; first, it can be achieved with homogeneous
and isotropic materials and provide the conven-
ience to fabricate the cloaking structures; second,
the optical properties of the homogeneous covered
layer can be tuned by the electro-optic and mag-
netic-optic effect, and therefore the cloaking fre-
quency can be adjusted by external field.

Our researches on electromagnetic cloaking is

reviewed based on the scattering cancellation
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method. We have developed tunable electromag-
netic cloaking in two-dimensional system by ex-

ternal field!*'%,

field and electric field using Mie scattering theo-

such as temperature, magnetic

ry. The analytical results numerically demon-
strate that such cloak can drastically reduce the
total scattering cross section at these cloaking fre-
quencies by using the finite element method. Fur-
ther, actively changing the dielectric permittivity
and permeability of the cloaking shell can lead to

external control of the cloaking frequency.

2 Basic Cloaking Theory

Consider a time harmonic (the dependence
e “ is supposed) transverse magnetic ( TM)
monochromatic plane wave with unit amplitude,
which is normally incident from free space onto
the structure along the x axis positive direction on
the structure, as shown in Fig. 1. We assume

that the infinite long cylindrical inner circle radius

Fig.1 Cross section of two-dimensional cylindrical in-
visibility cloak

is a, with relative dielectric constant ¢ and perme-
ability u, which is covered by a single homogene-
ous shell with the outer radius is a,, and the rela-
tive permittivity and permeability of the material
is €. s p.» respectively. According to Mie scatter-
ing theory, various regions of the electric field:
the incident field (E. (r>a.)), the scattering
field (E(r=a.)), the field in the shell (E¢(a<C
r<<a.)), and the core (E2(r<Ca)) can be ex-
pressed as
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where 6™, ,and ¢™ are the unknown ex-

pansion coefficients. &=k, ey » k. = ko /e p. »
ko =wr/eopo 1s the wave number in three spaces,
J.,» Y, and H" are the nth order of Bessel, Neu-
mann and Hankel cylindrical function of the first
kind, respectively. Using the boundary condition
of the electric field and magnetic field are continu-
ous, the scattering coefficients CI™ can be deter-
mined

o UM

R ViR
where U™and V™ are obtained in Ref. [19]. The
total scattering cross section (SCS) Q, of the

5

structure is given by

Q=1 2—s.0lCH (6)

n=0

where § is the Kronecker delta.
In the case of a small cylindrical object coated
by a thin shell (i. e.

smaller than the wavelength of the incoming elec-

the outer radius is much

tromagnetic wave ), the n=0 order is the domi-
nant in Ref, [19] and the scattering coefficient
Ci™is minimum, which correspond to the mini-
mum value of SCS Q,. If the impinging wave is
transverse electric ( TE) monochromatic plane
wave, the scattering coefficients C'* can be readi-

ly obtained by electromagnetic duality.

3 Tunable Optical Properties of
Shell by Applied Field

3.1 Temperature tunability of permittivity for
semiconductor and superconductor

3.1.1

As well known, the plasma frequency is con-

Semiconductor

nected with the free carrier concentration n, the

relatively effective mass m and the static permit-

tivity e.. can be expressed as "

, _ dmne’
W, — (7)
Mmw ..

We chose semiconductor InSb, whose free carrier



No. 3 Liu Youwen, et al. Tunable Electromagnetic Cloaking by External Field 243

density is more sensitive to temperature for its
narrow band gap. When the frequency is less than
the phonon resonance frequency of the semicon-
ductor InSb, whose dielectric constant can be al-
tered by the temperature is given by’
w3 (T)

5 1w
o + 12
T

16]

elw,T) =e.. (1 — ) (8)

where ¢ is the scattering time. Using this model
for the semiconductor InSb, obviously by adjus-

ting the temperature T, we can change its plasma

frequency and then change its dielectric constant

2 [16]

Re(e), as shown in Fig.

Fig. 2 Variation of Re(e) of intrinsic InSb with T and f

3.1.2

According to the two-Fluid model, the com-

Superconductor

plex conductivity of a superconductor for nonzero

frequency can be denoted as 2V

oclw) = (%)[71,,2‘(1 —iw) /(1 +7w®) —in/w]

9
where 7 is the relaxation time of the ordinary
state electrons, ¢ and m are the charge and mass
of the electron, n, and n, are the electron number
density of the unpaired normal state and the
matching of the superconducting state, respec-
tively. By using the Hagen-Rubens limit and ap-
plying the London penetration depth, the com-
plex conductivity of a superconductor can be fur-
ther modified as™"™

o(w) =Le /AL (0) [ (r —it)(T/TH* —
ileoc® /2L (O ][1 —(T/TH"]/w (10)
where A; (0) is the London penetration depth at
absolute zero temperature, T and T, are the tem-
peratures of sample and phase transformation,

respectively. We select a typical high-temperture

superconductor Bi, g Pby 35 SryCa,Cu, ; Oy, thro-
ugh Eq. (10) in this model e, =&’ (1—is/w), a
more common dielectric response of this super-
conductor can be investigated'”’. Fig. 3 shows
the temperature-dependent performances of the

real Re(e) and imaginary Im(e) parts of its com-

plex dielectric constant e..

1.0 0.5

(a) Re(e,)

(b) Im(¢,)

Fig.3 Variation of Re(e) and Im(e) of dielectric con-

stant of superconductor with T and f

3.2 Magnetic tunability of permeability of ferrite

If the impinging wave is TE monochromatic
plane wave, the magnetic field of the TE mode is
perpendicular to the external magnetic field and
thus it induces a precession of magnetic dipoles
around this external field at this mode frequency.
Thus, for this TE mode, the permeability of the
ferrite p is a function of circular frequency w, the
saturation magnetization of ferrite M,, and the
applied magnetic field B., are [**
1= (wa +w,)" — o]/ [ox(ws + o) — o]

(1D
Lus 1 Big g Fe; Oy,
(LuBilG) ferrite film is elected in this work,

where we, = ¥Beos @wn = YoM,

whose material parameters have been suggested in
Ref. [23]. As shown in the Fig. 4, we can clearly

see that the magnetic field has a obvious effect on



244 Transactions of Nanjing University of Aeronautics and Astronautics

Fig.4 Variation of ferrite magnetic permeability with

changes of B, and f

permeability of this ferrite.

3.3 Electrical tunability of permittivity of ferro-

electrics

The main attraction of ferroelectric materials
is the intense change of their high permittivity on
the applied electric field. This strong dependence
can lead to tunable material application in our
cloaking model by the external field. For the typ-
ical ferroelectric material Ba,Sr, , TiO; (BST),

the dependence has an approximated form **

E%O.SXIO:’ «/n—l(%jrn) (12)
1— » e(0)*”?

where n=1¢(0) /e, defined as the ratio of the di-

electric constant of this material at zero electric
field to its permittivity at non-zero electric field.
In Ref. [18], we consider that the cloaking single
shell consists of ferroelectric BST with barium
density x=0.5, and ¢(0) =200. Fig. 5 obviously
shows that the permittivity decreases from 200 to

150 when the bias electric field varies from 0 to
200
190 +

180

170 ©

160

150 . L . )
0 20 40 60 80

E/(V*um")

Fig. 5 Dependence of dielectric constant of BST (x=

0.5) on applied electric field

77 V/pm.

4 Tunable Electromagnetic Cloaking
by External Field

4.1 Tuning effect of temperature on CF

4.1.1

As is shown in Ref. [16], we first define the
scattering gain G, (G, = 20logi, (Q,/Quiae )) s
which is the ratio of the SCS of the cloaked sys-
tem (Q,) to that of the bare cylinder (Q..).

When the scattering gain G, is below zero, the

Semiconductor

total SCS of this cloaked system is less than than
of the uncloaked object, which suggests that the
cloak provides a certain degree of stealth effect.
Fig. 6 reveals that this scattering gain G, of the
semiconductor InSb as a function at several dis-
tinct temperatures. Clearly, CF for the minimum
SCS Q. (i. e. the minimum value corresponding to
the frequency for the best CF) can be tuned by

changing the temperature of the cloak.

1.0 1.5 2.0 2.5 3.0
f/THz

Fig. 6 Variation of G, with f at three distinct tem-

peratures

4.1.2 Superconductor

The tuning temperature effect of the super-
conductor Bi, g Pby s SryCay,Cus, O, on CF has
been supposed in Ref. [17]. In Fig. 7, we also re-
port scattering gain G, of this case as a function
of frequency at some distinct temperatures, which
obviously indicates that SCSs of theses cloaked
systems are dramatically reduced at these cloa-
king frequencies. Compared with semiconductor
invisibility cloak, this superconductor cloak has a

better performance for their scattering gain G,
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which is far less than zero. To further prove the
performances, we simulate the propagation of the
plane electromagnetic wave in the cloak systems
by using the finite element method. From Fig. 8,

the frequency tuning effect is very clear when the

50
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Fig.7 Vatiation of total SCS with f at five distinct

temperatures
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Fig. 8 Modulus of axial electric field for three cases

with two frequencies

working temperature is changed in the single

shell.
4.2 Tuning effect of magnetic field on CF

In order to show the tuning CF with the fer-
rite through the applied magnetic field, we con-
sider a inner object (e=4,x=1) with a=5 mm,
and the external radius of the single shell consis-

ting of LuBilG is a, =8 mm (the choice of these

parameters is arbitrary in our calculation). Fig. 9
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indicates that the scattering gain G, is a function
of the magnetic field and frequency. Fig. 9 also
displays the scattering gain G, of this case as a
function of frequency at some distinct magnetic
fields, which obviously reveals that SCSs of the-
ses cloaked systems are dramatically reduced at
these multi CFs. It is obvious that these multi
CFs change with the external magnetic field.
4.3 Tuning effect of electric field on CF

In Ref. [18], we have proposed the results
for tuning cloaking frequencies of the cloak with
ferroelectric Ba, ; Sr, 5 TiO, shell through the bi-

ased electric field. Fig. 10 clealy shows that there

12r
i
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il e E=0V/pm
8 ! — E=70V/pm
------ No cover
<
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Q
ab VN N T
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0 i ! ! )
0.05 0.10 0.15 0.20
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Fig. 10  Total SCS Q, as a function of frequency for

three cases

are two CFs for the minimum SCS Q. at the two
cases: (a) E=0 V/um, a,/2=0.07 (f=2.1
THz) and a./A=0.14 (f=4.2 THz), (b) E=
70 V/pm, a./A=0.08 (f=2.4 THz) and a./
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A=0.16(f=4.8 THz), which are corresponding
to the conventional planar Fabry-Perot resonators
mi=2(a, —a)+Je. at m=1 and 2, respectively.
Fig. 11 further demonstrates simulated modulus
of the total magnetic field in the orthogonal plane
electromagnetic wave by the finite element meth-
od. It is obvious that these multi CFs change with

the variations of the external electric field.

H/
em')

(107 »

With cover No cover

E=70 V/ mm

With cover
E=0 V/ mm

(a) 4.2 THz

With cover No cover

E=70 V/ mm
(b) /~4.8 THz

With cover
E=0 V/ mm

Fig. 11  Modulus of total magnetic field in orthogonal

plane of polarization for three cases at two

frequencies

5 Conclusions

The possibility of designing tunable electro-
magnetic cloaking in two-dimensional system is
theoretically proposed with a single shell of the u-
niform materials, including semiconductor, su-
perconductor, ferrite and ferroelectrics. The pro-
posed schemes depend on the tuning of the per-
mittivity or permeability of these materials by the
applied field, such as temperature, magnetic field
and electric field. The calculated and simulated
results demonstrate that such cloak can drastical-
ly reduce the total SCS and these CFs can be con-

trolled by the external field.
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