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Abstract

2D isotropic metamaterial with equal permittivity and pérmeability and compensated chirality was
created by the original method of 3D nanostructure formation. Metamaterial consists of optimal
helical elements. It is shown that this artificial stricture ean have the advantage over other meta-
materials, for example, the ones based on straight wires and split-ring resonators.

1. Introduction

In the previous work [1], we focused on the characteristics of an individual optimal helix. It was dem-
onstrated that this helix has equal dielectric, magnetic, and chiral susceptibilities. This property pro-
vides wide application of theoptimal helices. The main frequency resonance arises when the helix
length is equal to half of the incident radiation wavelength. For radiation of the circularly polarized
wave in the direction perpendicular to the helix axis (Ox axis), the main role is played by the electric
dipole and magnetic moment components p, and m,. The helix parameters are adjusted so that the cir-
cularly polarized wave'is ‘formed only by radiation of the p, and m, components. In this case, the mo-
ment components along'the Oy and Oz axes can only distort radiation of the circularly polarized wave,
and their influénce must be minimized. Since the current distribution over the helix is symmetric about
its center, the prand m, components vanish, when the helix axis and ends are in xOy plane.
The condition of circular wave emission has the following form [1-3]

1
|px|=_|mx| (1)
C

Here c 1s the velocity of light in free space.

In this case, the electric dipole moment components p, and p. and the magnetic moment com-
ponents m, and m., which are orthogonal to the helix axis, do not contribute to the radiated wave. This
condition can be fulfilled for an odd number of helix turns. For this configuration, p, = 0 and m, = 0
due to the symmetric current distribution along the helix. The components p, and m, do not vanish;
however, these components of the electric and magnetic moments do not radiate in the direction of the
Oy axis and hence, do not distort the circularly polarized wave. In [1-3], the optimal parameters of
helices were calculated from the universal relationship [3]

2i

orlg

Px = my (2)
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Here r is the radius of the helix, ¢ is the specific helix torsion related to the helix pitch /4 by the for-
mula h =271/ |q| , w is the cyclic frequency of wave, i is the imaginary unit, all values depend on time
as follows: exp(-iwt). Formula (2) is valid for arbitrary current distribution along the helix, and the
current can be induced by an incident wave or fields created by other helices. Therefore, the optimal
properties are characteristic not only for individual helices but also for artificial structures in which the

helix concentration can be high. Using the condition of main resonance A/2=L and relationship be-
tween the geometrical parameters of helix [3]

Lcosa=2mrN,, 3)
where L is the length of a helix, we can obtain the equation for pitch angle o of helix:
4N,igo=cosa O sin’a +4N, sino. —1=0 “4)
The optimal helix angle calculated in the main frequency resonance can be written as\1=3)

a:arcsin(—2Nt+1/4Nf+1) (5)

where N, is the number of the helix turns.
Table 1. Optimum values of the helix pitch angle o that correspond to radiation of a circularly polar-
ized wave for different values of the number of turns N,

N; 1 2 3 4

o, degrees | 13.65 | 7.1 475 N3.6

Obtained results allow to optimize the geometry parametets of helix for manufacture of 2D isotropic
metamaterial with equal permittivity and permeability.in\THz range. Each helix is characterized simul-
taneously by the dielectric, magnetic, and chiral suseeptibilities. Hence, its behavior in an electromag-
netic field can be described by the coupling equations [4,5]

&
ngoaeeE—i_i 8OHOO('emH, mza’mmH_i _OameE- (6)
\ Ko

Here a,, and a,,, are the dielectric,and ‘magnetic susceptibility tensors, 0., and o, are the pseudoten-
sors describing the chiral propérties ‘of the helix, and gy and p, are the electric and magnetic constants,
respectively. From the principle of symmetry of the kinetic coefficients it follows that the relationship
[4]
(x’em = al’z;le

is fulfilled, where 7 denotes tensor transposition, and the imaginary unit i is in an explicit form in ma-
terial equations (6). Hence, the pseudotensor a.,, has only real components for the nonabsorbing helix.
From Egs. (2) and (6) we obtain near the main frequency resonance

ag) =ag,!, af) =taf) (7)

mm >

whete a*kate the components of the examined tensors and pseudotensors, the plus sign corresponds to
the tight-handed helix, and the minus sign corresponds to the left-handed helix. Equations (7) demon-
strate that the helices with the optimal parameters are characterized by three equal susceptibilities: di-
electric, magnetic, and chiral.

The equality of all the three susceptibilities for the optimal helices is confirmed by the avail-
able experimental data, in particular, by observation of a circularly polarized wave radiated by the op-
timal helix in the direction perpendicular to the helix axis.

The isotropic metamaterial with equal permittivity and permeability on the basis of optimal
helices for THz range was made by the method of precise 3D nanostructure formation from strained
heterofilms [6-8]. Chirality of the metamaterial was compensated with pairs of helices of opposite
handedness. The fabricated samples are shown in Fig.1.
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Fig.1 Scanning electron microscopy 1mages of arrays of InGaAs / GaAs / Ti/ Au smgle -turn helices:
a) top view and b) oblique view

4. Conclusion

The optimal helices can find wide application, for example, for the development of reflectionless coat-
ings and metamaterials with negative electromagnetic wave refraction. The examined helices have
optimal characteristics upon exposure to both electric and magnetic'fields, that is, for arbitrary orienta-
tion of the incident wave polarization plane. This is the advantage of the optimal helices over other
possible metamaterial elements, for example, straight wires.and split-ring resonators.

5. Acknowledgement

This work was supported by Belarusian Academy of Science and Siberian Branch of Russian Acad-
emy of Science (Project Ne28).

References

[1] L. V. Semchenko, S. A. Khakhomov, and A. L. Samofalov, Optimal helix shape: equality of dielectric, mag-
netic, and chiral susceptibilities, Russian Physics Journal, Vol. 52, p.472-479, No. 5, 2009.

[2] I. V. Semchenko, S. A. Khakhomov, and A. L. Samofalov, Radiation of circularly polarized electromagnetic
waves by the artificial*flat lattice with two-turns helical elements, in: Proc. 10th Int. Conf. Complex Media and
Metamaterials Bianisotropics’2004, Het Pand, Chent, pp. 236-239, 2004.

[3] L. V. Semchenko, S:*A. Khakhomov, and A. L. Samofalov, Transformation of the polarization of electromag-
netic waves bythelical radiators, Journal of Communications Technology and Electronics, Vol. 52, No. 8, pp.
850-85, 2007.

[4] A. N. Serdyukov, 1. V. Semchenko, S. A. Tretyakov, A. H. Sihvola, Electromagnetics of Bi-Anisotropic Ma-
terials"(Gordon and Breach Science, 2001), p. 337.

[5] LV. Semchenko, S.A. Khakhomov, E.V. Naumova, V.Ya. Prinz, S.V. Golod, V.V. Kubarev, Study of the
properties of artificial anisotropic structures with high chirality, Crystallography Reports, Vol. 56, No. 3, p. 366-
373,2011.

[6] V.Ya. Prinz, V.A. Seleznev, A K. Gutakovsky et al. Free-standing and overgrowth InGaAs/GaAs nanotubes,
nanohelicies and their arrays, Physica E, Vol.6, p.828-831, 2000.

[7] E.V. Naumova, V.Ya. Prinz , V.A. Seleznev et. al., Fabrication of metamaterials on the basis of precise micro
and nanoshells, in Proc. Metamaterials 2007, Rome, Italy. 2007. P. 74.

[8] E.V. Naumova, V.Ya. Prinz. Patent of Russian Federation Ne 2317942. 2008.

ISBN 978-952-67611-2-1 -573 - © 2012 Metamorphose VI





