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Chapter 7

Gyrotropic Metamaterials
and Polarization Experiment
in the Millimeter Waveband

S.I. Tarapov, S. Yu Polevoy and N.N. Beletski

Abstract The paper deals with the analysis of modern situation in physics of
artificial gyrotropic media. Most widespread techniques of experimental and the-
oretical finding constitutive parameters are under analysis. Besides, the original
results obtained by authors while studying polarization features for some types of
magnetically controllable metamaterials, possessing the gyrotropic/chiral features in
the millimeter wavelength range are presented. The results of measurements are
under discussion.

7.1 Introduction

It is well known that the term “gyrotropy”, which was used for description of con-
densed media dozens years ago, can be applied successfully to the electrodynamics of
artificial media (metamaterials). Moreover, a lot of terms, which describe the ability

CLINNT3

of medium to rotate the polarization of linearly polarized wave (“chirality”, “mag-
netoactivity”, “bianisotropy”’) came from the condensed media physics. They are
used widely in physics of metamaterials today. Let consider them more detailed.

In most general case the constitutive parameters (¢ and jt) for the bianisotropic
medium [1, 2], represent themselves matrixes, where all components are not equal
to zero. The gyrotropic medium as the special case of bianisotropic medium, has
anti-symmetric tensor parameters ¢ and i [3] with non-zero nondiagonal compo-
nents (ajp = —ap; # 0). If the gyrotropic medium has nondiagonal components
alz(lz) = alz(—l_c)), aZI(%) = cm(—l?), where & is the propagation constant of the
media, it is a non-reciprocal medium. Note this medium is represented in our paper
by magnetoactive media. The chiral medium, as another special case of gyrotropic
medium is a reciprocal medium [4, 5] with nondiagonal components
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ap(k) = —an(—k), azi (k) = —az(—k). Note that the wave propagation in the
gyrotropic media for the condensed media were studied in details (for example,
[6, 7]), namely for the physics of crystals for the optical frequency band.

The paper presented should be considered as a next step in experimental research
of artificial gyrotropic media with electrical and magnetic activity in microwave
band. Namely main objectives of study are:

e the development of the experimental technique for determining the effective
constitutive parameters of chiral media in the millimeter waveband;

e learning the possibility of experimental control of the rotation angle of the
polarization plane of electromagnetic wave by changing the “specific density” of
the structure;

e to study both theoretically and experimentally the polarization properties of
one-layered and multilayered magnetoactive metamaterial depending on static
magnetic field;

e the experimental and numerical demonstration of the Faraday effect enhance-
ment for the case of gyrotropic magnetic layer inserted into special
one-dimensional (1D) photonic crystal.

The task of research of chiral metamaterials is interesting both for fundamental and
for applied physics. These structures can be used for design the compact magnetically
controllable microwave devices, (for inst. polarizers, using the Faraday effect).

Bulk chiral metamaterials are promising, because they can realize rotation of
polarization plane of the electromagnetic waves on large angles in the millimeter
wavelength range. For example, in [8, 9], the chiral metamaterials used for the
rotation of the polarization plane at angles up to several hundred degrees per
wavelength, which is several orders of magnitude larger than for the natural media
with optical activity. In spite a lot of studies are carrying out now (for example [10,
11]), a plenty of tasks for the millimeter waveband which is important today from
the application point of view, are unsolved yet.

Probably, Hetch and Barron [12], Arnaut and Davis [13] were the first who
introduced planar (2D) chiral structures into the electromagnetic research. However,
2D chirality does not lead to the same electromagnetic effects which are conven-
tional for 3D chirality so, it became a subject of special intense investigations [14]. It
is known, that bulk (3D) chiral artificial structures [1] manifest a reciprocal optical
activity [15]. The typical constructive object of 3D chiral media is a spirally con-
ducting cylinder. Besides, in some particular cases, quasi-2D planar chiral metallic
structures can be asymmetrically combined with isotropic substrates to distinguish a
reciprocal optical response inherent to true 3D chiral structures. In such metama-
terials, at normal incidence of the exciting wave, an optical activity appears only in
the case, when their constituent metallic elements have finite thickness, which
provides an asymmetric coupling of the fields at the air and substrate interfaces.

The planar chiral structure placed on a ferrite substrate [10, 15] (one layered
magnetoactive structure) and multilayered ferrite-dielectric structures [16] are even
more interesting objects from both fundamental and application points of view. The
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appearance of so-called Faraday Effect Enhancement (FEE) has significant application
perspectives. Namely, they can be used successfully to design non-reciprocal mag-
netically controllable microwave devices based on the Faraday effect.

A number of principal features of gyrotropy of magnetoactive medium can be
extracted while studying the bounded photonic crystal (PC) [17]. In particular, we
note the appearance of a sharp transparency peak (Tamm peak) in the band gap of
such a structure. This effect is based on the well-known Tamm state effect [18, 19].
This phenomenon is well studied experimentally for magnetoactive one-dimensional
and two-dimensional periodical media [20-23] (in non-gyrotropic approximation).
But the presence of gyrotropy is in such medium is of special interest. The wave
propagation in the photonic crystal substantially depends on the material which
includes into PC, and on the material placed as a boundary of the PC. For the
gyrotropic boundary medium we can obtain the Faraday Effect Enhancement
(FEE) [17] also. It reveals here as a strong rotation of the polarization plane by such
PC on the frequency of Tamm state. A significant Faraday Effect Enhancement
(FEE) in the case when magneto-optical PC, bounded by almost reflecting medium
was described theoretically in [16]. The FEE for microwave band was observed for
bounded PC, which is formed by magnetoactive elements [17]. So the FEE effect can
be considered as a resonance effect in gyrotropic resonator without intrinsic volume.

Note that in contrast to optical frequency range photonic crystals, in the
microwave band we are dealing with magnetic gyrotropy instead electric gyrotropy.
One of the most actual directions of the photonic and magnetophotonic crystals
study is searching ways to control the spectral properties of such structures in the
microwave frequency range. It allows to produce a novel generations of high-speed
electronically controlled devices that may find wide application in the area of
telecommunications, computing and physical electronics.

7.2 The Polarization Rotation Enhancement
in the Dielectric Bulk Chiral Metamaterial

7.2.1 The Experimental Setup

The experimental setup for the determination of effective constitutive parameters of
chiral media is shown on Fig. 7.1 [24]. Investigated bulk chiral structure is placed
between the transmitting and receiving rectangular horns which are fitted to the
Vector Network Analyzer Agilent N5230A by means of coaxial-waveguide junc-
tions and cables. The main functions of the Analyzer are measuring S-parameters,
its processing and transforming into the graphical form. Absorbing screen can be
placed in the vicinity of the structure under study to eliminate the influence of
diffraction on the edges.

The horns are located on the same axis passing perpendicularly to the structure
through its center at a distance larger than ten wavelengths. If necessary, the
phase-correction lenses can be placed close the horns that make the wavefront flat.
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Fig. 7.1 The experimental setup for study of gyrotropic/chiral metamaterials

Receiving horn can be rotated around its axis. With help of the analyzer the param-
eters Sp; and Sy in the frequency range of 22-40 GHz are registered. The calibrating
procedure for the measuring setup provides the reduction in the influence of parasitic
reflections occurred due to the non-ideality matching of the spatial elements.

The determination of the chirality parameter was carried out using the model
bulk dielectric chiral structure (Fig. 7.2). It consists of several subsequent layers of
planar chiral structures in the form of 2D array of chiral elements on the fiberglass
substrate. Planar chiral structures were etched on the foil side of the fiberglass by

Fig. 7.2 Model dielectric
bulk chiral structure under
study
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photolithography. Chiral elements are rotated around its axis by 15° relative to the
elements in each subsequent layer.

7.2.2 Determination of the Effective Constitutive Parameters
of Chiral Media

To obtain the comprehensive information about the gyrotropic medium it is neces-
sary to have technique of mathematical description of its constitutive parameters.
Since there are several forms of writing the constitutive equations for chiral media, so
first we must select a convenient form of the constitutive equations, such as [4, 25]:

D =iE +ikH, B=jH —iKE, (7.1)

where E", H are vectors of the electric and magnetic fields intensity; 5, B are vectors
of electric and magnetic induction, &, jt are the complex permittivity and perme-
ability; « is the complex chirality parameter.

To make the problem clearer let’s consider the task about the propagation of the
electromagnetic wave through the chiral layer of finite thickness L. Let’s consider
the case of normal incidence of the plane electromagnetic waves. In this case, the
chiral medium is a uniaxial medium in the direction of wave propagation (z axis).

Using the transfer matrix method, we can obtain the relations between the
components of the electric and magnetic fields intensities (E,, E,, H,, H,) on the
input and output boundary of the chiral layer (z = 0 and z = L) and its constitutive
parameters (&, ji, K):

V(L) = M¥(0), (7.2)
E(L) E.(0)
v i |- o= )
Hy(L) H,(0)

where M is the transfer matrix 4 x 4 with coefficients:
M11 = M22 = M33 = M44 = COS(/.CL) COS(k()fCL),

M12 — —MZI = M43 = *M34 = COS(/.{L) Sin(k()kL),

Mz = My, = —igsin(/'cL) sin(kokL),
n

My = —My = iﬁsin(icL) cos(kokL),
n
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M3, = My, = i—sin(kL) sin(koxL),
o
M41 = —M32 = ZESIH(kL) COS(kofCL),
I

where k = kon, n = \/2, and ko is the propagation constant of the vacuum.

Thus, using the relation (7.2) and setting the constitutive parameters, we can find
the transmission coefficients for the electric and magnetic fields intensity, and
polarization characteristics of chiral layer.

However, an inverse problem of determining the effective constitutive parame-
ters of such media using experimentally measured transmission and reflection
coefficients exists as well. It appears to be even more important from the experi-
mental point of view. There are several approaches of experimental determination
of the effective constitutive parameters of uniaxial chiral media [5, 25].

The first approach described in [9, 25], consists of measuring the transmission and
reflection coefficients of electromagnetic waves interacting with the metamaterial for
two mutual orientations of transmitting and receiving horns. This means—the
“parallel” (co-polarization) and “perpendicular” (cross-polarization) horns locations.
Measured transmission and reflection coefficients for co-polarization (TH, RH), and

for cross-polarization (T L, R 1) are associated with the transmission and reflection
coefficients of electromagnetic waves with right (RCP) and left (LCP) circular
polarizations [9]:

Ti = T” + iTJ_, Ri = RH = R (73)

Calculating the values of 7 and 7_ allows to calculate the chirality parameter i
and polarization characteristics: the rotation angle of the polarization plane of the
transmitted wave 6 and the ellipticity angle # [25].

Permittivity ¢, permeability jt and chirality parameter i for the chiral medium are
determined by the following relations [25]:

E=n/Z, p=nZ k=, —n)/2, (7.4)

where 72 = (i, +7n_)/2 = /&1 is the average refractive index for RCP and LCP
waves. The refraction coefficients 71, 71— of the RCP and LCP waves and impedance
Z are determined from transmission 7 and reflection R coefficients [25].

Thus, by measuring the transmission and reflection coefficients for the waves on
co-polarization and cross-polarization with the horns, we can calculate the effective
constitutive parameters of the structure, and its polarization characteristics.

There is also a second approach of determining the chirality parameter i and the
polarization characteristics of the transmitted wave for the chiral structure. It is
suggests the direct measurement of the angle 6 using the receiving horn, which can
be rotated around its longitudinal axis [5]. The angle @ is that rotation angle of the
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receiving horn at which the transmission coefficient of electromagnetic waves is
maximal (Tmax). If we measure the minimum transmission coefficient (Tmin) at a
rotation angle of the receiving horn @ + 90°, then we can determine the ellipticity
angle 7 of the transmitted wave by the following relation:

Tmin
n= arctg“. (7.5)
max

Let us find the relation between the polarization characteristics of the structure and
its chirality parameter. The rotation angle of the polarization plane is directly
proportional to the angular frequency o, the real part of the chirality parameter and
the chiral layer thickness [4, 26]:

L /
0 = koL’ = 27 (7.6)
C

The ellipticity angle of the transmitted wave depends on the imaginary part of the
chirality parameter [27] as:

n = arctg|th(koLx")]. (7.7)

Finally according to the experimental values 6 and # one can calculate the chirality
parameter:

. 0 .arcth(tgn)
=—+4+i—. 7.8
el kL (78)

7.2.3 Experimental Finding of Chirality Parameter
Features

In order to investigate the dependence of the polarization properties of the dielectric
bulk chiral structure on its “specific density” the experimental dependences of the
rotation angle of the polarization plane 0(f) on the frequency of the electromagnetic
wave f = w/(2n) for four values of the structure thickness L (Fig. 7.3a) were ana-
lyzed [28]. Structure thickness L was varied from 10.5 to 12.6 mm by increasing the
distance d between its layers from 1.5 to 1.8 mm. The “specific density” of the
structure/metamaterial has been varied thereby. According to the experimental
curves the frequency dependences of the chirality parameter real part «’(f) for several
values of the structure thickness L (Fig. 7.3b) were calculated using the relation (7.8).

For the frequency dependence of the angle 6(f) for the structure thickness
L = 10.5 mm (Fig. 7.3a, curve 1) near the frequency of 31.2 GHz the area of
maximal dispersion of the 6 = 90° at the ellipticity angle # = 20° was defined. Near
the frequency of 30 GHz the angle 8 = 50° at the # = 2°. As can be seen, the
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Fig. 7.3 Experimental frequency dependences: a 0(f) and b «’(f) for four values of the structure
thickness L (I—10.5; 2—11.2; 3—11.9; 4—12.6 mm)

frequency dependence of the chirality parameter x'(f) is resonant at the same
frequencies as for 0(f). The maximum for chirality parameter module reaches about
0.23. The dependence «'(f) is similar to the dependence 0(f) in accordance with
formula (7.8).

Figure 7.4a clearly shows a monotonic increasing of the frequency f;.s of the area
of the maximal dispersion of the angle 6 from 31.2 to 36.3 GHz with the structure
“specific density” increasing. Such behavior can be assigned to existence of
high-quality “magnetic” mode [8, 29], appeared in the given chiral medium. This
“magnetic mode” has anomalous frequency dependence, i.e., when the distance
between the layers of the chiral structure increases its frequency increases too. Such
dependence is typical for media with negative dispersion. Note that in this bulk
chiral structure, as well as structures in [8, 30] exists the “electric”’ mode, which has
a conventional frequency dependence, i.e., when the distance between the layers of
the chiral structure (the “specific density”) increases its frequency decreases.

Besides the decreasing of the maximum value of chirality parameter real part «/,
from 0.23 to 0.16 (Fig. 7.4b) is registered at the same frequencies. The most
probable reason for the decreasing of . is the exhausting of the structure with an

res

increasing of the distance between its layers.

a b
@, ),
36 . = P AN
35
CREY / 020 ™
) 8
g < 0.18 -
32 / .
2 0.16

105 11.0 115 120 125 105 110 115 120 125
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Fig. 7.4 Values of a fi.s(L) and b x[. (L) for the “magnetic” mode
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7.3 Faraday Effect Enhancement (FEE)
in the Magnetoactive Bulk Metamaterial

7.3.1 The Experimental Technique

For the studying of the magnetoactive metamaterials with longitudinal magneti-
zation another one experimental setup was design (Fig. 7.5). It is similar to the
experimental setup described above, however, the structure and horns in it are
located along the axis of the electromagnet that controlled by a computer. More
detailed technique of this experiment is described in [15, 17].

The magnetoactive metamaterial being under investigation is designed as a
single-layered structure, which consists of the planar chiral periodic structure placed
on the ferrite (L14H) plane-parallel slab. The chiral structure is made of fiberglass,
one side of which is covered with copper foil. The foil side of this structure is
patterned with the periodic array whose square unit cell consists of the planar chiral
rosette (see Fig. 7.2).

The polarization properties of the magnetoactive bulk metamaterial (Fig. 7.6),
represents a multilayered structure. It consists from the set of single-layered mag-
netoactive structures described above.

7.3.2 Experimental. Polarization Rotation

Let consider some experimental results to demonstrate the influence of the mag-
netodependent elements involved into chiral media on its gyrotropy features under
conditions of longitudinal magnetization:

Horn
- Structure under test

Fig. 7.5 The experimental setup for the study of magnetoactive structures with longitudinal
magnetization
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Fig. 7.6 The layered bulk magnetoactive metamaterial

e the polarization rotation angle 6 of linearly polarized wave, propagating through
a single ferrite slab (Fig. 7.7a);

o the polarization rotation angle 8 of linearly polarized wave propagating through
the magnetoactive bulk metamaterial consisting of planar chiral structure with
period d = 5 mm loaded with a ferrite slab (Fig. 7.7b).

One can see that the surface plotted for the ferrite slab (Fig. 7.7a) is much
smoother (colors variation is more weak) than that one for the one-layered mag-
netoactive metamaterial (Fig. 7.7b). Also, for the magnetoactive metamaterial, a
monotonic growth of & on the field strength takes place. Moreover, near the fre-
quency of the metamaterial resonance dip (f, = 25.5-26.5 GHz), this dependence
acquires a pronounced resonant character (dashed line), and for & — &, achieves
significantly higher values than that one for the ferrite slab (up to 8, = 45°).

It can be seen that the value 6, (Fig. 7.7b) also depends on the magnetic field
strength, and the maximum of 6, is observed at Hy ~ 4800 Oe (see arrow in

a b
(@ (b) f(H,)
6000 60001 45
30
5000 g 50001 s S
4000 4000 o
2 |
© 3000 3 3000 i
x x
2000 2000
1000 1000

22 24 26 28 30 32 34 36 38 40 22 24 26 28 30 32 34 36 38 40
/. GHz f, GHz

Fig. 7.7 Experimental dependencies of the polarization rotation angle O(f, H,) for: a the single
ferrite slab; b the one-layered magnetoactive metamaterial
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Fig. 7.8 The dependence of —2291 GHz

the rotation angle of the
polarization plane on the 0
static magnetic field for the \
layered bulk magnetoactive -20
metamaterial
o .40
S
-60 /
-80

0 1000 2000 3000 4000 5000 6000
H, Oe

Fig. 7.7b). In this region the real part of permeability has extreme value, that
explains the extreme in the dependency of 8,(H).

The distinct feature of the bulk 1-layered magnetoactive chiral metamaterial is
larger sensitivity of its polarization properties to the static magnetic field strength
compared with single ferrite slab. This phenomenon can be explained by the fact
that the resonant character of the magnetic permeability component of ferrite is
superimposed on the resonant character of oscillations in the planar chiral structure.

Note that a similar situation, which was called as the amplification of the
Faraday rotation has been detected by authors in the millimeter wave range earlier,
but in more simple resonant structures (the two-mirror resonator [31]).

The similar measurements of the polarization characteristics for the layered bulk
magnetoactive metamaterial (Fig. 7.6) were performed for the same values of the
static magnetic field and microwave frequencies. At the frequency of 22.91 GHz at
the static magnetic field of about 5000 Oe the rotation angle of the polarization
plane reaches 75° (Fig. 7.8), that is sufficiently higher than for a single-layer
magnetoactive chiral structure (Fig. 7.7b).

7.4 Faraday Effect Enhancement (FEE) in a Magnetoactive
Bounded Photonic Crystal

7.4.1 The Experimental Technique

To realize the Faraday effect enhancement in the PC, that is limited by negative
permittivity “boundary medium” described earlier experimental setup has been
upgraded. The magentoactive element (ferrite disk) is placed between PC and the
boundary medium (Fig. 7.9a). For the registration of the transmission coefficient of
PCs in a given frequency range under the static magnetic field the technique [17]
and the setup was used (Fig. 7.5). The electrodynamic cell (Fig. 7.9b) is a
single-mode circular waveguide (with fundamental mode TE,;) contained the
structure under research.
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() (b)
photonic crystal ferrite
N

boundary medium > ]

Fig. 7.9 a The model of investigated PC structure, loaded with magentoactive element and
boundary medium; b The appearance of the electrodynamic cell for research in the cylindrical
magnetophotonic structures; ¢ the appearance of copper wire medium as the boundary of the
photonic crystal

The investigated photonic crystal structures (Fig. 7.9b) consists of dielectric
disks of different thicknesses and materials, so that the band gaps of such PC are
located in the frequency range 22-40 GHz. As the boundary medium of PCs, the
copper wire medium (Fig. 7.9¢) and the copper thin film medium were used. The
static magnetic field Hy is directed along the axis of the cell.

7.4.2 Polarization Rotation in Magnetoactive Bounded
Photonic Crystal. Experiment

Let consider the structures with the boundary medium as a thin metal film. Analysis
of the transmission spectrum [17] of the unloaded PC (without boundary medium)
and for the PC, loaded with ferrite slab and metal layer, shows that in the latter case,
a surface state mode in the bandgap of PC (“surface peak” in Fig. 7.10) occurs. The
peak has a common origin with the known Tamm peak [22, 32], so it will be also
called as the Tamm peak.

L5 —PC " Tprc passband [/Z
n l//i 0° i '///// .
—y=90 % //// ’
1oy surface peak] 1%%if/"a‘-/»//ﬁ?/ /)"!5(}

NANNNNN

o
)
T

Transmittivity, a.u.

ANSSRIIRRRR

e
=}

24 28 32 36 40
Frequency, GHz

Fig. 7.10 The transmission spectrum of unloaded PC structure and PC structure loaded with
ferrite slab and metal film for two different polarization angles of the incident wave
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Fig. 7.11 a Tamm peak frequency versus: the static magnetic field; b the Tamm peak intensity
versus the angle

A detailed analysis allows to identify this peak as the peak associated with the
excitation of TE|; mode, which is excited due Faraday effect in the ferrite layer. It
can be seen (Fig. 7.10), when the angle between the polarization of the waveguide
sections (transmitting and receiving) is y = 90°, we can see more intense signal on
the Tamm peak frequency in comparison with the case w = 0°. Thus the Faraday
effect enhancement takes place.

To check the nature of Tamm peak, we analyzed the dependence of its position
on the static magnetic field, and the dependence of the peak intensity on the
polarization angle (Fig. 7.11). It can be see that if the peak associated with the
Faraday effect, while increasing the magnetic field shifts in the higher frequency
range. The numerical calculations [17] lead to the same conclusion. Really, in
Fig. 7.11a typical experimental and calculated frequency-field dependences of the
Tamm-peaks exhibit a similar behavior.

Polarization properties of the structure were studied experimentally by rotating
the transmitting and receiving sections relatively to each other. Figure 7.11b shows
the typical dependence of the surface state peak intensity on the angle y at some
certain magnetic field H = 8070 Oe. It can be seen that with the increasing of the
angle y the transmission coefficient is also increases. Its maximum is occurred at
w =90°. This means that the polarization of the wave at the output of the structure is
changed on 90° relative to the polarization at the input of the structure.

7.5 Conclusions

To conclude, let’s list some outcomes of the research performed. Thus in the
millimeter waveband:

1. Two experimental approaches for determining the effective constitutive
parameters of the bulk chiral media are realized. The frequency dependence of
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the real part of the chirality parameter of the bulk chiral metamaterial based on
array of planar chiral structures is defined.

2. The ability to control the resonant frequency of the rotation angle of the
polarization plane of electromagnetic wave by changing the “specific density” of
the bulk metamaterial is demonstrated experimentally. The existence of
left-handed “magnetic” mode is shown.

3. The transmission of electromagnetic waves through the multilayered and
one-layered magnetoactive chiral metamaterial has been studied. The range of
frequencies and magnetic field strength where the angle of polarization rotation
appears essentially higher than that one related to a single ferrite slab (Faraday
effect enhancement) is defined. The amplification of the polarization rotation for
multilayered structure in comparison with one-layered structure is shown.

4. The surface state peak (the Tamm peak) was detected in the spectrum of the
magnetoactive bounded photonic crystal. It was shown that the Tamm peak
frequency depends on the external magnetic field.
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