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Topological magnetoelectric effects in microwave far-field radiation
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Similar to electromagnetism, described by the Maxwell equations, the physics of magnetoelectric
(ME) phenomena deals with the fundamental problem of the relationship between electric and
magnetic fields. Despite a formal resemblance between the two notions, they concern effects of
different natures. In general, ME-coupling effects manifest in numerous macroscopic phenomena
in solids with space and time symmetry breakings. Recently, it was shown that the near fields in the
proximity of a small ferrite particle with magnetic-dipolar-mode (MDM) oscillations have the
space and time symmetry breakings and the topological properties of these fields are different from
the topological properties of the free-space electromagnetic fields. Such MDM-originated fields—
called magnetoelectric (ME) fields—carry both spin and orbital angular momenta. They are charac-
terized by power-flow vortices and non-zero helicity. In this paper, we report on observation of the
topological ME effects in far-field microwave radiation based on a small microwave antenna with a
MDM ferrite resonator. We show that the microwave far-field radiation can be manifested with a
torsion structure where an angle between the electric and magnetic field vectors varies. We discuss
the question on observation of the regions of localized ME energy in far-field microwave radiation.
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I. INTRODUCTION

In a large variety of light-matter-interaction phenomena,
novel engineered fields are considered as very attractive instru-
ments for the study of different enantiometric structures.
Recently, significant interest has been aroused by a rediscov-
ered measure of helicity in optical radiation—commonly
termed optical chirality density—based on the Lipkin’s “zilch”
for the fields." The optical chirality density is defined as' ™

= U XE+ B VB (1)
T2 21

This is a time-even, parity-odd pseudoscalar parameter.
Lipkin showed' that the chirality density is zero for a linearly
polarized plane wave. However, for a circularly polarized
wave, Eq. (1) gives a nonvanishing quantity. Moreover, for
the right- and left-circularly polarized waves, one has oppo-
site signs of parameter y. The optical chirality density is re-
lated to the corresponding chirality flow via the differential
conservation law

8;( =
5tV =0 2)
where
N 80C2 N — — —
f:T[Ex(VxB)fo(VxE)] 3)

is the chirality flow. For time-harmonic fields (with the field
time dependence ¢'’), the time-averaged optical chirality
density is calculated as'™
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where vectors E and B are complex amplitudes of the elec-
tric and magnetic fields.

The effect of optical chirality was applied recently for
experimental detection and characterization of biomole-
cules.” The chiral fields were generated by the optical excita-
tion of plasmonic planar chiral structures. Excitation of
molecules is considered as a product of the parameter of op-
tical chirality with the inherent enantiometric properties of
the material. In experiments,5 the evanescent near-field
modes of plasmonic oscillations are involved. In continua-
tion of these studies, a detailed and systematic numerical
analysis of the near-field chirality in different plasmonic
nanostructures was made in Ref. 6. Importantly, the near-
field chiroptical properties shown in Refs. 5 and 6 are be-
yond the scope of the Lipkin’s analysis, which was made
based only on the plane wave consideration. So, an important
question arises: Whether, in general, the expressions (1) and
(4) obtained for propagating waves are applicable for de-
scription of the chiroptical near-field response?

In the case of Eq. (4), the electric field is parallel to the
magnetic field with a time-phase delay of 90°. In Ref. 7, it
was supposed that in an electromagnetic (EM) standing-wave
structure, designed by interference of two counter-propagating
circular polarized plane waves with the same amplitudes,
there are certain planes where the electric and magnetic fields
are collinear with each other and are not time-phase shifted.
The authors state that such a field structure results in the ap-
pearance of the energy density expressed as

|
wmmim@.m 5)

which is called as the magnetoelectric (ME) energy.” In the
vicinity of the electric nodes kz = n(n +1/2),n =0,1,2, ...,
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one has pronounced resonances which can be interpreted as
localized regions of the ME energy. Based on this analysis,
Bliokher al.” propose a method of ultrasensitive local prob-
ing of the ME effect which can be observed in natural and ar-
tificial structures. Intuitively, it was also assumed in Ref. 7
that this ME energy density of plane monochromatic waves
can be related to the reactive power flow density (or imagi-
nary Poynting vector)®

§(me)

x %Im(ﬁ* x B). (6)

For plane waves, Eq. (1) describes the local (in the sense
of subwavelength scales of electromagnetic radiation) rela-
tionships between the fields and space derivatives of these
fields. But the question arises for the regions of interaction
with small electric and/or magnetic dipoles. In these regions,
the near-field reactive energy should be taken into account,
and the coupling between the fields and space derivatives of
the fields (in other words, the coupling between the electric
and magnetic fields) appears as an effect of the first-order
quantity ka, where k is the EM wavenumber and a is the par-
ticle size. Certainly, this problem of nonlocality is not over-
come when we use superposition of multiple plane waves.”
The same question of locality arises when we are talking
about relations (5) and (6) introduced in Ref. 7.

Recently, in Refs. 9-13, it was shown that the ME proper-
ties can be observed in the vacuum-region fields in the proxim-
ity of a ferrite-disk particle with magnetic-dipolar-mode
(MDM) oscillations. Contrary to Refs. 2 and 7, there are not
the propagating-wave fields. In the case of the MDM oscilla-
tions in a small ferrite disk, we have the electric-magnetic cou-
pling effects—the ME effects—on scales of kypma, where
kypw 1s the MDM wavenumber and « is a characteristic size
of a ferrite particle. At the microwave frequencies, kypy < k.
Free-space microwave fields, originating from magnetization
dynamics in a quasi-2D ferrite disk, carry both spin and orbital
angular momenta and are characterized by power-flow vorti-
ces and non-zero helicity (chirality). The topological proper-
ties of these fields—called ME fields—are different from the
topological properties of the free-space EM fields. There are
localized quantized states of the near fields.””'® A time average
helicity (chirality) parameter for the near fields of the ferrite
disk with MDM oscillations is defined as”'*

F=2m{E. (¥

—\ K 1 — —%
. x E)'} = josonoRelE-H'Y. (1)

One can also introduce a normalized helicity parameter,
which shows a time-averaged space angle between rotating
vectors £ and H in vacuum

_ Im{ﬁ- (V x E)*} _ RelE - H'}

cos o = = —
[E]IV < E| |E]H|

®)

In the near-field regions where the helicity parameter is not
equal to zero, a space angle between the vectors E and H is
different from 7/2.

The parameter defined by Eq. (7) is different from the
time-averaged optical (electromagnetic) chirality density
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expressed by Eq. (4). Parameter y represents the optical chi-
rality density for electromagnetic waves described by both,
the electric and magnetic, curl fields. At the same time, pa-
rameter F represents the helicity (chirality) density for the
waves described by Maxwell equations with negligibly small
electric displacement currents (the curl of a magnetic field is
zero). Such waves, known as magnetostatic (MS) waves,
characterize magnetic-dipolar-mode oscillations in small fer-
rite samples at ferromagnetic-resonance frequencies. From
Eq. (7), one can see that the helicity density F' transforms as
a pseudo-scalar under space reflection P and it is odd under
time reversal 7. This is a time-odd, parity-odd pseudoscalar
parameter. At the MDM resonances, one observes macro-
scopically coherent vacuum states near a ferrite disk. These
vacuum states of the field experience broken mirror symme-
try and also broken time-reversal symmetry. Because of
time-reversal symmetry breaking, all the regions with posi-
tive helicity become the regions with negative helicity (and
vice versa), when one changes a direction of a bias magnetic
field. Evidently, for regular electromagnetic fields,
Re{ﬁ ‘H *} = 0. It was shown'’ that at the MDM resonan-
ces, the helicity densities of the near fields are related to an
imaginary part of the complex power-flow density defined as

S U
)

Sy =5ImE (H ©9)
The regions where the helicity density is non-zero are the
regions of non-zero ME energy.'’

In studies of the ME fields, a fundamental question
arises: Whether the ME-field topology observed in a subwa-
velength (near-field) region originated from a MDM ferrite
disk can form specific far fields with unique topological
characteristics? This is a very important question in a view
of some topical problems of the microwave far-field radia-
tion. As it was preliminarily discussed in Ref. 7, the propa-
gating fields with ME energy can be effectively used for
sensitive probing of molecular chirality. Recently, it was
shown that via microwave-radiation spectroscopy, one can
successfully determine the rotational energy levels of chiral
molecules in the gas phase. For this study, a special experi-
mental setup for microwave three-wave mixing was used.'®
A chiral particle is modeled as three mutually orthogonal
electric-dipole moments, and the handedness is identified by
a sign of a triple product of these dipole moments.'®
Rotational spectroscopy is a branch of fundamental science
to study the rotational spectra of molecules. Based on the ro-
tational properties of the fields originated from MDM reso-
nances, we can propose that novel engineered fields with ME
energy can be used for remote microwave detecting and
identifying the handedness of biological objects and meta-
material structures.

The near-field topological singularities originated from
a MDM ferrite particle can be transmitted to the far-field re-
gion. In this paper, we report on observation of topological
ME effects in the far-field microwave radiation. For the
study of the far-field topology, we use a small microwave an-
tenna with a MDM ferrite-disk resonator as a basic building
block. At the frequency far from the MDM resonance, a
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ferrite disk appears as a small obstacle in a waveguide and
our microwave structure behaves as a usual waveguide-hall
antenna. The situation is cardinally changed when we are at
the MDM resonance frequency. In such a case, we observe
the helicity density in the far-field structure. The helicity
densities of the far fields are related to an imaginary part of
the complex power-flow density. The observed effects of far-
field microwave transportation of ME energy allow better
understanding of the interaction between MDM magnons
and microwave radiation.

Our numerical studies are based on the HFSS electromag-
netic simulation program (the software based on the finite-
element method (FEM) produced by ANSYS Company).

Il. LOCALIZED REGIONS OF THE ME ENERGY: THE
ME FIELDS NEAR A FERRITE DISK WITH MDM
SPECTRA

Following an analysis in Ref. 7 on the localized regions
of the ME fields, let us suppose that the fields E(l),ﬁ(l> and
E ) H ) are two counterpropagating plane waves with the
same amplitudes and circular polarizations of the same
direction

)

(1)

E(l) :Eo():c’Jriai')e’ikz H :Ho(i'— ia)ic')e’ikz, 10)
E® = Eo(¥ +ioy)e™, H® = —Hy(y — iox)e™,

where ¢ = *1 determines the circular-polarization direction.
For a standing wave formed by these two fields, we have

E=EY 4+ B = B[(7 +ioy)e ™ + (¥ + ioy)e™],
A =0" 1A% = H[(§ — io¥)e ™ — (7 — io)e™).
(11)
From such a field configuration, we obtain
1 — —% .
5Re(E "H') = —26EyH, sin(2kz). (12)

In the vicinity of the electric nodes kz = m(n+ 1/2),
n=20,1,2,..., one has pronounced resonances which can be
interpreted as localized regions of the ME energy. Based on
this analysis, the authors of Ref. 7 propose a method of ultra-
sensitive local probing of the ME effect which can be ob-
served in natural and artificial structures.

The above statement that based on only two EM plane
waves in vacuum counterpropagating with the same circular
polarizations one can obtain localized regions of the ME en-
ergy raises, however, the questions of a fundamental charac-
ter. This assertion appears more as a mathematical, but not a
physically realizable concept. In observation of the ME phe-
nomena by pure EM means, the problem of nonlocality plays
the underlying role. In other words, for pure EM interactions,
“magnetoelectricity” appears only due to field nonlocality.
Optically active media, chiral biological materials, and biani-
sotropic metamaterials are spatially dispersive structures.
The ME properties are exhibited as the effect of the first-
order quantity ka, where k is the EM wavenumber and a is a
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characteristic size (the particle size or the distance between
particles).'®! Evidently, this problem of nonlocality cannot
be overcome when one uses superposition of multiple plane
waves.’

The electric field is parity-odd and time-reversal even.
At the same time, the magnetic field is parity-even and time-
reversal-odd.® These symmetry relationships show that the
ME energy, defined by Eq. (12), transforms as a pseudo-
scalar under space reflection P and it is odd under time re-
versal 7. When such a quadratic form exists, the Maxwell
electrodynamics should be extended to so-called axion-elec-
trodynamics.22 Axion electrodynamics, i.e., the standard
electrodynamics modified by an additional axion field, pro-
vides a theoretical framework for a possible violation of pari-
ty and Lorentz invariance. An axion-electrodynamics term,
added to the ordinary Maxwell Lagrangian®

Ly = kVE - B, (13)

where « is a coupling constant, results in modified electrody-
namics equations with the electric charge and current densi-

ties replaced byzz’23
P = p© £ VY. B, (14)
—(e -(e o - = ot
j()_>j<)_K(EB+V19><E). (15)

The form of these terms reflects the discrete symmetries of
¥: ¥ is P and 7 odd. A dynamical pseudoscalar field ¥,
called an axion field, which couples to E -B. The ¥ term is
topological in the sense that it does not depend on the space-
time metric. Whenever a pseudo-scalar axion-like field ¢ is
introduced in the theory, the dual symmetry between the
electric and magnetic fields is spontaneously and explicitly
broken. The form of the effective action implies that an elec-
tric field can induce a magnetic polarization, whereas a mag-
netic field can induce an electric polarization. This effect is
known as the topological ME effect and ¥ is related to the
ME polarization. Axion-like fields and their interaction with
the electromagnetic fields have been intensively studied, and
they have recently received attention due to their possible
role played in building topological insulators.”*® A topo-
logical insulator is characterized by additional parameter v
that couples the pseudo-scalar product of the electric and
magnetic fields in the effective topological action. For
¥ = =, the axion-electrodynamics Lagrangian describes the
unusual ME properties of the topological isolator. In some
materials, the axion field couples linearly to light, resulting
in the axionic polariton. Contrary to optically active media,
chiral biological materials, and bianisotropic metamaterials,
the topological ME is basically a surface effect rather than a
bulk one. Spin 1/2 particles exhibit the counterintuitive
property that their wave function acquires the m phase upon
27 rotation. If spin and orbital degrees of freedom are mixed
in a particular way, the momenta can feel important effects
of this m Berry’s phase, which can lead to a new phase of
waves whose description requires a fundamental redress of
the theory of electromagnetic radiation.
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In contrast to a formal representation of the “ME energy
density” in Ref. 7, expressed by Egs. (5) and (12), the helicity
parameter F for the near fields of a ferrite particle with MDM
oscillations [described by Eq. (7)] is justified physically as a
quantity related to an axion-electrodynamics term.”' 13715 A
ferrite material by itself is not a ME material. In the case of a
MDM ferrite disk, the ME coupling is the topological effect
which arises through the chiral edge states. For MDMs, the

magnetic field is a potential field: H = —V, where ) is the
magnetostatic-potential (MS-potential) wave function. In an
assumption of separation of variables, a magnetostatic-
potential (MS-potential) wave function in a ferrite disk is
represented in cylindrical coordinates z,7,0 as Y(r,0,z)
= C&(z)p(r,0), where ¢ is a dimensionless membrane MS-
potential wave function, £(z) is a dimensionless amplitude
factor, and C is a dimensional coefficient. On a lateral surface
of a quasi-2D ferrite disk of radius ¥, a MS-potential mem-
brane wave function is expressed as: (¢ ),_p- = 0=(77),_p»
7 is a single valued membrane function and ¢+ is a double-
valued edge wave function on contour £ = 2zR. Function -
changes its sign when the regular-coordinate angle 0 is rotated
by 27. As a result, one has the eigenstate spectrum of MDM
oscillations with topological phases accumulated by the edge
wave function . On a lateral surface of a quasi-2D ferrite
disk, one can distinguish two different functions J+, which
are the counterclockwise and clockwise rotating-wave edge
functions with respect to a membrane function 7. A line

integral around a singular contour £: &§, (i?—g)( 5.V dL
- 027I {(’ %ﬁ)(ét)*} __%dH is an observable quantity.

Because of the existing geometrical phase factor on a lateral
boundary of a ferrite disk, MDMs are characterized by a

pseudo-electric field (the gauge field) €. The pseudo-electric
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the Berry curvature. The corresponding flux of the gauge field
£ through a circle of radius R is obtained as: K [ (é): -dS

=K$, (Kém))i -dL = K(E®)). =2ng-, where (). are
quantized fluxes of pseudo-electric fields. Each MDM is
quantized to a quantum of an emergent electric flux. There
are the positive and negative eigenfluxes. These different-
sign fluxes should be nonequivalent to avoid the cancella-
tion. It is evident that while integration of the Berry curva-
ture over the regular-coordinate angle 6 is quantized in
units of 27, integration over the spin-coordinate angle 0’
(9' = %0) is quantized in units of n. The physical meaning
of coefficient K concerns the property of a flux of a pseudo-
electric field. The Berry mechanism provides a microscopic
basis for the surface magnetic current at the interface be-
tween gyrotropic and nongyrotropic media. Following the
spectrum analysis of MDMs in a quasi-2D ferrite disk, one
obtains pseudo-scalar axion-like fields and edge chiral mag-
netic currents. The topological properties of ME fields
(non-zero helicity factor) arise in the presence of geometric
phases on a border circle of a MDM ferrite disk.
In the near-field vacuum area of a quasi-2D ferrite disk
with MDM resonances, one has in-plane rotating electric-
and magnetic-field vectors localized at a center of a disk.*'
This field structure, shown schematically in Fig. 1, is charac-
terized by the helicity factor, which is related to the product
E - B. In a numerical analysis, we use the yttrium iron garnet
(YIG) disk of diameter of 3mm. The disk’s thickness is
0.05 mm. The disk is normally magnetized by a bias magnet-
ic field Hy = 4760 Oe; the saturation magnetization of a fer-
rite is 4nM; = 1880 G. For better understanding the field
structures, in a numerical analysis, we use a ferrite disk with
a very small linewidth of AH = 0.1 0Oe. The numerically
calculated helicity density for the main MDM is shown in
Fig. 1 for two opposite directions of a bias magnetic field.

FIG. 1. The topological eigen charac-

field € can be found as €. = —V x (Kém))i. The field € is
@ z
Hoﬁ E
i 7
d |
—H

(b) (©)

Helicity
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teristics of a ferrite disk for the main
MDM oscillation. (a) Spinning elec-
tric- and magnetic-field vectors in vac-
uum regions above and below a MDM-
resonance ferrite disk. (b) and (c) The
helicity factor. Evidently, we have a
topological “helicity dipole,” which is
aligned with the bias magnetic field. It
means that ME properties are non-
degenerate with respect to the direction
of the magnetic field. So, the MDM
ferrite disk, being placed in a normal
DC magnetic field, has a ME energy.
Also, a topological “helicity dipole” is
spatially anti-symmetric with respect
to the disk middle plane. The MDM
ferrite disk behaves as a P7 -symmet-
rical structure.

Negative helicity

Positive helicity
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FIG. 2. ME-field reactive power flow near a ferrite disk for the main MDM oscillation. (a) A view on a vacuum plane parallel to the ferrite-disk plane above a
disk and (b) a view on a cross-section plane perpendicular to the ferrite-disk plane.

While, for MDMs, the magnetic field in a vacuum region
near a ferrite disk is a potential field, H= —ﬁnp, the electric
field has two parts: the curl-field component E. and the

potential-field component E, p- We define the curl electric field

&l
—Ho r-

The potential electric field E, » in vacuum is calculated by inte-

gration over the ferrite-disk region, where the sources (mag-
(m)

E ¢ in vacuum from the Maxwell equation V xE, e =

netic currents f = %) are given. Here, ni is dynamical
magnetization in a ferrite disk. Eq. (7) for the helicity density

of the ME field is non-zero when one has non-zero scalar
product E| b (V x E.).>'13-15 with representation of the po-

tential electric field as E, »= —64), we can write for ME fields
in vacuum

__ WMpMED

- w &
; ) _ _ Wmpm 0 Mo Re

F Re(£ B HloRe|Tg - (F9)].

(16)

In Ref. 17, it was shown that the vacuum regions above and
below a quasi-2D ferrite disk, where the helicity density pa-
rameter F is nonzero, are also the regions where the imagi-
nary part of a vector E x H' exist as well. For the near-field
vacuum areas, localized at an axis of a quasi-2D ferrite disk,
this connection is represented by the following relationship
between two scalar quantities:

1 =4 —% 1 — —\
SRelE -1 |:§Im“E < (E#)L..

a7)

The right-hand side of this equation describes a projection of
the reactive power flow on the axis of a ferrite disk. Fig. 2

Ferrite-disk
region

-d/2

d/2

shows a reactive ME-field power flow near a ferrite disk for
the main MDM oscillation.

When a MDM ferrite disk is placed inside a microwave
structure, a time-averaged space angle between rotating vec-
tors E and H in vacuum [described by Eq. (8)] varies be-
cause of a role of the curl fields of a microwave structure.
This variation of an angle between spinning electric and
magnetic fields along the disk z-axis for the main MDM is
shown in Fig. 3. This angle gives evidence for a torsion
structure of the ME field above and below a ferrite disk. The
ME-energy density appears due to the torsion degree of free-
dom of the field.

lll. FAR-FIELD TOPOLOGICAL ME EFFECTS

Axion-like fields can interact with the EM fields, but
cannot be eliminated by the EM fields. It means that the tor-
sion degree of freedom observed due to an axion-
electrodynamics term in the near-field region of a MDM fer-
rite resonator cannot be removed ‘“electromagnetically” in
the far-field region of microwave radiation. To find the trans-
fer of the topological ME effects in the far-field region, a
microwave antenna should not have other resonant elements
except the MDM resonant structure. For this purpose, we use
a rectangular waveguide with a hole in a wide wall, and the
diameter of this hole is much less than a half wavelength of
microwave radiation. At the MDM resonance, the topologi-
cal singularities in the radiation field appear due to topologi-
cal singularities in the electric current distributions on the
external surface of a waveguide wall. These current singular-
ities are well distinguished in a microwave antenna with

<90

Ferrite-disk
region

(a (b)

FIG. 3. Variation of the angle between
spinning electric and magnetic fields
along the disk z-axis for the main
MDM. This angle gives evidence for a
torsion structure of the ME field above
and below a ferrite disk. The ME-
energy density appears due to the tor-
sion degree of freedom of the field. (a)
Angle o for an upward directed bias
magnetic field; (b) angle o for a down-
ward directed bias magnetic field.
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Port 2

Port 1

FIG. 4. MDM microwave antenna: a waveguide radiation structure with a
hole in a wide wall and a thin-film ferrite disk as a basic building block. A
ferrite disk is placed inside a TEjp-mode rectangular X-band waveguide
symmetrically to its walls so that a disk axis is perpendicular to a wide wall
of a waveguide. A hole diameter is much less than a half wavelength of
microwave radiation at the frequency regions used in the studies.

symmetrical geometry. For this reason, the hole in a wave-
guide wide wall is situated symmetrically.

A microwave antenna used in our studies is shown in
Fig. 4. This is a waveguide radiation structure with a hole in
a wide wall and a thin-film ferrite disk as a basic building
block. A ferrite disk is placed inside a TE;p-mode rectangu-
lar X-band waveguide symmetrically to its walls so that a
disk axis is perpendicular to a wide wall of a waveguide. For
numerical studies, the disk has the same parameters as dis-
cussed in Section II. The waveguide walls are made of a per-
fect electric conductor (PEC). A hole in a wide wall has a
diameter of 8 mm, which is much less than a half wavelength
of microwave radiation at the frequency regions from 8.0
GHz till 8.5 GHz, used in our studies.

Fig. 5 shows the numerical reflection characteristics for
the TE;y waveguide mode in our microwave antenna. The
spectrum is quite emasculated compared to a multiresonant
spectrum of MDM oscillations observed in non-radiating
microwave structures.” "% Because of the presence of a radia-
tion hole, high-order MDMs are not excited quite effectively.
Numerically, we primarily observe excitation of the first
(main) MDM oscillation. The forms of the resonance peaks
in Fig. 5 give evidence for the Fano-type interaction. The un-
derlying physics of the Fano resonances finds its origin in
wave interference which occurs in the systems characterized
by discrete energy states that interact with the continuum
spectrum (an entire continuum composed by the internal
waveguide and external free-space regions). The forward
and backward propagating modes within the waveguide are
coupled via the defects. This coupling becomes highly

J. Appl. Phys. 120, 033104 (2016)

sensitive to the resonant properties of the defect states. For
such a case, the coupling can be associated with the Fano
resonances. In the corresponding transmission dependencies,
the interference effect leads to either perfect transmission or
perfect reflection, producing a sharp asymmetric response.
We have a “bright” and a “dark” resonances, which produce
the Fano-resonance form in the reflection spectra. In our
study, we will use the first “bright” peak—the peak 1'—
where the most intensive radiation is observed. At the reso-
nance peak 1’ frequency, the field structure near a ferrite disk
is typical for the main MDM excited in a closed waveguide
system:'%!7 there are rotating electric and magnetic fields,
the active power flow vortex, and the reactive power flow.
The far-field topological properties of ME fields arise from
the presence of geometric phases in the radiation near-field
region. These geometric phases should have opposite signs
for the frequencies situated to the left and to the right from
the resonance frequency of peak 1’. The resonance frequency
of the peak 1’ in Fig. 5 is f=8.139 GHz. To show a role of
geometric phases in the far-field radiation, in the further
analysis, we will use the frequencies f=8.138 GHz and

f=8.140 GHz. There are, respectively, frequencies on the

left and right slopes of the resonance peak, very close to the
top of this resonance peak.

ME field topology in the near-field region strongly influ-
ences on distributions of the electric fields and electric cur-
rents on an external metal surface of a waveguide and so on
the far-field topology. To observe the far-field topological
ME effects originated from a MDM ferrite particle, we
should create the regions with localized intensities of the
electric and magnetic fields in vacuum. For this purpose, we
place a dielectric (¢, = 10) plate above the antenna. The
plate with sizes 40 x 40 x 1 mm is disposed parallel to the
waveguide surface at a distance of about 3.5/, where Ay is
the electromagnetic wavelength in vacuum. Fig. 6 shows a
normalized helicity parameter in a vacuum far-field region
calculated based on Eq. (8). At the frequency f=8.138 GHz,
one observes striations of the positive and negative quantities
of the normalized helicity parameter. Periodicity of the stria-
tions is associated with the standing-wave behavior of regu-
lar EM waves in vacuum. Since a sign of a dynamical
pseudoscalar field ¥ in Eq. (13) is correlated with a direction
of a bias magnetic field applied to a ferrite disk, the helicity-
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FIG. 6. A normalized helicity parameter in a vacuum far-field region calculated based on Eq. (8). (a) and (b) At the frequency f=8.138 GHz and opposite
directions of a bias magnetic field; (c) at the frequency far from the MDM resonance, f= 8.120 GHz. Periodicity of the helicity-parameter striations is associat-
ed with the standing-wave behavior of regular EM waves in vacuum. Since a sign of a dynamical pseudoscalar field ¢ in Eq. (13) is correlated with a direction
of a bias magnetic field applied to a ferrite disk, the striations change their signs, when a bias magnetic field is in an opposite direction. (c) At the frequency far
from the MDM resonance, f= 8.120 GHz, one does not observe any field helicity (cos o = 0).

parameter striations change their signs, when a bias magnetic
field is in an opposite direction.

Fig. 7 represents a detailed analysis of the helicity param-
eter distribution in a vacuum far-field region between an an-
tenna and a dielectric plate. Figs. 7(a) and 7(b) show the
regions of localization of the helicity parameter in different
vacuum horizontal planes. From Figs. 7(c) and 7(d), we can
see how the helicity parameter is correlated with the regions
of localized reactive power flows. As it was shown in Ref. 17
at the MDM resonances, the regions of localization of ME en-
ergy are correlated with the regions of the localized field in-
tensities and the regions of localized reactive power flows
near a ferrite disk. We have the similar situation in a far-field
region. Along the z-axis, the maxima of the helicity-parameter
modulus are at the same positions as the regions of maximal
gradient modulus of the reactive-power flow. Also, we can see
that the maxima of the helicity-parameter modulus are at the
regions of maximal gradient modulus of the field (both elec-
tric and magnetic) intensities. The positions of striations with
the positive and negative helicity parameters are correlated
with the EM standing-wave structure. For a given radiation
frequency (f=8.138 GHz), these positions remain the same
when one uses a dielectric plate with another permittivity
parameters, but the same sizes. The intensity of the striations
increases when the intensity of the electric and magnetic fields
in the EM standing-wave structure increases. Fig. 8 shows the
images of the helicity parameter distributions for two different
permittivity parameters of the dielectric plates.

Striations of the positive and negative quantities of the
normalized helicity parameter are regions of the positive and
negative ME energies. In these regions, the electric and mag-
netic fields have components that are mutually parallel (anti-
parallel) and are not time-phase shifted. At the same time,
small chiral particles being excited by an electromagnetic field
have the electric field parallel to the magnetic field but with a
time-phase delay of 90°.? Since the ME field originated from

a MDM ferrite disk and the field originated from a chiral par-
ticle are fundamentally different, no strong perturbation of
the ME-field structure by chiral particles should be observed.
Fig. 9 illustrates this situation. In this figure, an array of small
metallic helices, oriented along the z axis, is placed in space
between an antenna and a dielectric plate (¢, = 10). The helix
diameter is 1.5 mm, and the height is 2.0 mm. The helices are
made of a PEC wire with diameter of 0.1 mm. The number of
helix turns is five. One can see that the helices do not change
positions of the helicity-parameter striations. However, the
regions inside every helix become green colored. It means
that the electric and magnetic fields inside helices become
time-phase shifted with 90°. So, inside helices we have resto-
ration of a regular EM-field behavior.

As we discussed above, the topological properties of
ME fields arise from the presence of geometric phases in
MDM oscillations. If it is so, the change of a sign of a dy-
namical pseudoscalar field in Eq. (13) will simultaneously
change a sign of a scalar product E - B. All the above results
were obtained for the frequency f= 8.138 GHz, which on the
left slope of the resonance peak. When we go to the frequen-
cy f=8.140 GHz, situated on right slope of the resonance
peak, we will have an opposite sign of a geometric phase
leading to change a sign of a helicity factor—a sign of a sca-
lar product E-B. Fig. 10 shows far-field helicity-factor dis-
tributions for the frequency f=8.138 GHz (the left slope of
the resonance peak) and the frequency f=8.140 GHz (the
right slope of the resonance peak). The selected regions
show the helicity-factor distributions near a ferrite disk and
near an antenna aperture. Near a ferrite disk, the ME field is
very strong compared to the EM field in a waveguide. In this
region, no ME-EM field interaction takes place, and a sign of
a helicity factor is determined only by a direction of a bias
magnetic field. However, near an antenna aperture one
observes the ME-EM field interaction. In this near-field re-
gion, the helicity-factor distributions are different for the
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FIG. 7. A detailed analysis of the hel-
icity parameter distribution in a vacu-
um far-field region at the frequency
f=8.138 GHz and a bias magnetic
field directed along the z axis. (a) and
(b) The regions of localization of the
helicity parameter on vacuum horizon-
tal planes A—A and B-B for opposite
directions of a bias magnetic field. (c)
Along the z-axis, the helicity parameter

o is correlated with the regions of local-
ized reactive power flows. The maxima

of the helicity-parameter modulus are
at the same positions as the regions of
maximal gradient modulus of the
reactive-power flow. (d) The maxima
of the helicity-parameter modulus are
at the regions of maximal gradient
modulus of the field (both electric and
magnetic) intensities. Ay is the electro-
magnetic wavelength in vacuum.
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frequencies f=8.138 GHz and f=8.140 GHz. Different
helicity-factor distributions in the radiation near-field region
are origins of different helicity-factor distributions in the far-
field region.

For the optical chirality y, expressed by Eq. (1), it is evi-
dent that for monochromatic electromagnetic waves, we have

Im;(—Img4 (VxE) —l—'lZOH (VxH)

:%R E - H) =0 (18)

£ 100 mem)

Let us denote, formally, the terms in this equation as
follows:

FH) — Im [@ﬁ (¥ x H)*]. (19)
For monochromatic EM waves, we have, evidently

FE =0 and F =o. (20)
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FIG. 8. The pictures of the helicity pa-
rameter distributions for two dielectric
plates with different permittivity param-
eters and the same sizes: (a) ¢ = 10
and (b) ¢, = 20.

At the same time, for the ME near fields, we have’ If we suppose that for the ME far fields both F(*) £ 0 and

. FU) 2£0, we will have
FE = = %()Im{E (Y xE)'}

_ Wéolly

— —k & — =\ * — — %
= A—l‘a)so,uORe{E "H}#0 and F® =0. (@1 FlE) = ZOIIH[E (VxE)] = RelE-H), (22)
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4

FIG. 9. An array of small metallic heli-
ces is placed in a space between an anten-
na and a dielectric plate (¢, = 10). The
helices do not change positions of the
helicity-parameter striations. However,
the regions inside every helix become
green. It means that inside helices we
have restoration of a regular EM-field be-
havior: (a) and (b) Side views; (c) and (d)
views on a vacuum horizontal plane; (a)
and (c) left-handed helices; and (b) and
(d) right-handed helices.
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FIG. 10. Far-field helicity-factor distri-
butions for the frequency f=8.138
GHz (the left slope of the resonance
peak) and the frequency f=8.140 GHz
(the right slope of the resonance peak).
The selected regions show the helicity-
factor distributions near a ferrite disk
and near an antenna aperture. Near an
antenna aperture, the helicity-factor dis-
tributions are different for the frequen-
cies f=28.138 GHz and f=8.140 GHz.
Different helicity-factor distributions in
the radiation near-field region are ori-
gins of different helicity-factor distribu-
tions in the far-field region. (a)
Frequency f=8.138GHz and (b) fre-
quency f=8.140 GHz.
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FHO =B (v« /)] = - a’gz"o Re(d - E)
:_f“?%Raﬁ.ﬁﬂ. (23)
So,
FE = ), (24)
This gives
FE L pHE) _ . (25)

The above formal consideration can be verified by the
following analysis of transfer of the topological ME effects
in the far-field region. As we can see from Eq. (16), in the
near-field region, both the electric and magnetic fields are
potential fields. There are the topological-nature fields. If we
assume that such potential (topological) fields also exists in
the far-field radiation, we should consider the total fields as
the composite fields containing both the curl and potential
(topological) field components

—

E,=E.+E, and H =H.+H,. (26)

For these fields components, we have the equations

—

-~ o OH - o
V XE.=—[ L V xE,=0,
ot
OF, @7
ﬁxﬁczsoytt, ﬁxﬁp:O.

The curl fields, E, - and H ¢, are the Maxwellian fields and the
potential fields, E, p and H p are the topological fields originat-
ed from a MDM particle. For time harmonic fields in the far-
field region, we can write

PO =2 |(E+E,) v xE]

— i (£, +E,) - (Ho+H,). @8

100 (mm)

(A.+A,) (E.+E). @

4
— COORe(E, H] 4 Ey-H), G0)
FW:@WWWXMW
_ “’840”0 Re( 1,-E. +H, Ep)
- wsXHORe(: H,+ *p-ﬁ;). G1)
Assuming Eq. (25), we have
Re(E, H,) = —Re(E. - H). (32)

This analysis of the topological ME effect shows that in
the far-field region we have two kinds of the torsion fields:
the “electric-torsion” fields characterizing by the helicity pa-
rameter F(£) and the “magnetic-torsion” fields characterizing
by the helicity parameter F!). For a given sign of a dynami-
cal pseudoscalar field ¥, an axion-electrodynamics term,
expressed by Eq. (13), has different signs for the “electric”
and “magnetic” helicities. Fig. 11 shows normalized helicity
parameters in a vacuum far-field region at the frequency
f=28.138 GHz, calculated based on the following equations:

_ Im{ﬁ~ (V x E)*}

o BV E
|_'|| _'X |_’ . (33)
mifd- (¥ x i)}
os ff = - - .
\H||V x H|

Despite that both the “electric” and “magnetic” helicities ex-
ist, they annihilate one another. Fig. 12 illustrates this situa-
tion. In the far-field region, the turn of a total electric field
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FIG. 11. Normalized “electric” (a) and
“magnetic” (b) helicity parameters in a
vacuum far-field region at the frequen-
cy f=8.138GHz, calculated based on
Equation (33).
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E = EC +E, » With respect to a curl magnetic field H ¢ 1s com-
pensated by the turn of a total magnetic field H =H.+H »
with respect to a curl electric field E.. This results in mutual
perpendicularity between E, and H,. In a local point in the
far-field region, the “red” and “blue” helicity factors, being
superposed one to another, give the “green” (zero) helicity
factor. In other words, the negative ME energy is compensat-
ed by the positive ME energy. These local properties of the
“helicity neutrality” mean that in the far-field region, the field
structure, being composed with the “electric-torsion” and
“magnetic-torsion” components, becomes non-distinguishable
from the regular EM-field structure.

The standard means do not give possibility to observe
the ME-field structure in the far-field region. The only possi-
bility is to use another MDM ferrite disk as an indicator.
This ferrite disk will, definitely, distinguish the “electric”
helicity from the “magnetic” helicity.
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FIG. 12. In the far-field region, the turn of a total electric field E = E o+ E »
with respect to a curl magnetic field H,is compensated by the turn of a total
magnetic field H = H o+ H » Wwith respect to a curl electric field EC. This
results in mutual perpendicularity between E, and H,. In a local point in the
far-field region, the “red” and “blue” helicity factors being superposed one
to another give the “green” (zero) helicity factor. In other words, the nega-
tive ME energy is compensated by the positive ME energy.
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IV. CONCLUSION

In this paper, we analyzed the interaction between
MDM magnons and far-field microwave radiation. We
showed that the near-field topological singularities originated
from a MDM ferrite particle can be transmitted to the far-
field region. For the study of the far-field topology, we used
a small microwave antenna with a MDM ferrite-disk resona-
tor as a basic building block. At the frequency far from the
MDM resonance, a ferrite disk appears as a small obstacle in
a waveguide and our microwave structure behaves as a usual
waveguide-hall antenna. The situation is cardinally changed
when we are at the MDM resonance frequency.

The microwave far-field radiation can be manifested
with a torsion structure where an angle between the electric
and magnetic field vectors varies. We discussed the question
on the observation of the regions of localized ME energy in
far-field microwave radiation. The standard means do not
give possibility to observe the ME-field structure in the far-
field region.

Our statement contradicts to the assertion in Ref. 7 that
one can observe the ME-field regions for propagating EM
plane waves. We conclude that the only way to observe the
ME-field structure in the far-field region is to use another
MDM ferrite disk as an indicator. In Ref. 11, we showed that
interactions between two MDM disks are manifested at dis-
tances much larger than the EM wavelength. The frequency
region of these interactions is within the scales of the MDM
resonance peak width. Our future studies are aimed to use a
MDM ferrite antenna together with a MDM indicator to
show experimentally the ME-field structure in the far-field
region of microwave radiation.
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