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Chiral states of electromagnetic fields originated from ferrite-based

microwave vortices
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Electromagnetic vortices in a microwave cavity with an inserted piece of a magnetized ferrite appear
due to the time-reversal symmetry breaking effect. We reveal numerically that the Poynting-vector
vortices are possible in open resonant microwave structures with ferrite inclusions. We demonstrate
a pair of resonances which have opposite vortex rotations at the same direction of time given by the
direction of the magnetization precession. There are two coalescent resonances with different
chirality. We show that the structures of the radiating near and far fields are intimately related to the
ferrite-induced topological singularities. The observed far-field polarization structures represent a
doublet of chiral vortices in space originated from a doublet of resonant chiral states in a patch
resonator with an enclosed ferrite disk. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.3040008]

I. INTRODUCTION

Vortices can be easily observed in water. They are a
common occurrence in plasma science. In recent years, there
has been a considerable interest in vortices of electromag-
netic fields. There are electromagnetic processes with broken
symmetry characterized by different topological effects.
Study of vortices with optical phase singularities has opened
up a new frontier in optics.1 In microwaves, there is a special
interest in electromagnetic vortices created by ferrite par-
ticles with the ferromagnetic resonance (FMR) conditions.

A ferrite is a magnetic dielectric with low losses. This
may allow for electromagnetic waves to penetrate the ferrite
and results in an effective interaction between the electro-
magnetic waves and the magnetization within the ferrite.
Such an interaction can demonstrate very interesting physical
features. Due to the nonzero purely imaginary off-diagonal
component of the permeability tensor in the proximity of the
FMR, the phase of the wave reflected from the ferrite-
dielectric interface depends on the direction of the incident
wave.” This time-reversal symmetry (TRS) breaking effect is
the cause why in a resonant structure with an enclosed ferrite
sample the electromagnetic-field eigenfunctions are com-
plex, even in the absence of dissipative losses. This means
that fields of eigenoscillations are not the fields of standing
waves in spite of the fact that eigenfrequencies of a cavity
with a ferrite sample are real.’ An insertion of a piece of a
magnetized ferrite into the resonator domain causes a micro-
wave resonator to behave under odd TRS. In this case a
ferrite sample may act as a topological defect causing in-
duced electromagnetic vortices. Based on numerical simula-
tion described in Ref. 4 it has been shown that the power-
flow lines of the microwave-cavity field interacting with the
ferrite sample in the proximity of its FMR form whirlpool-
like electromagnetic vortices. We found that in such nonin-
tegrable structures, magnetic gyrotropy and geometrical fac-
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tors lead to the effect of symmetry breaking resulting in
effective chiral magnetic currents and topological magnetic
charges.s’6

One of the main features of microwave vortices shown
in Refs. 4—6 is the fact that such “swirling entities” appear
only when a ferrite sample is placed in a resonant system.
While our previous numerical experiments with ferrite-based
vortices were aimed to analyze the microwave fields in
closed resonant systems (cavities) with low losses, studies of
ferrite-based vortices in open microwave resonators could
also be a very attractive problem. In this paper we find that in
such resonant structures one can observe pairs of coalescent
resonance modes. Recent experiments7 demonstrate the ef-
fects of lifting the degeneracy of resonances in a microwave
resonator with an enclosed ferrite sample. On the other hand,
the two-energy-level resonant system exhibiting different
chiralities is known from experimental studies of a dissipa-
tive microwave resonator with a special topological
structure.® In the present numerical studies we show that the
observed pairs of resonances in open resonant systems with
ferrite samples have different directions of the Poynting-
vector vortex rotation at the same direction of time. There
are, in fact, the coalescent resonant states with different
chirality.

Open resonators are radiating systems. A special interest
in our problem concerns possible correlation of the electro-
magnetic vortex phase singularities and chiral states with the
near-field and far-field properties of the electromagnetic
fields radiating from open resonant structures with enclosed
ferrites. Regarding this aspect, it is relevant to note an inter-
esting phenomenon of relationships between the vortex-type
phase singularities and the far-field radiation pattern which
has been shown recently in a slit-metal-plate structure.” On
the other hand, in Ref. 10 the authors observed handedness-
sensitive rotations of the far-field polarization states for vis-
ible light diffracted from an artificial planar-chirality me-
dium. These experimental results unambiguously show that
polarization changes in light diffracted from a chiral struc-
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ture demonstrate a true signature of the medium chirality.
Theoretical studies of this effect are represented in Ref. 11.
Here we show that the Poynting-vector phase singulari-
ties and the electromagnetic chiral states of the microwave
resonator with ferrite-based vortices are intimately connected
with the near-field structure and the far-field pattern of the
electromagnetic fields. For present investigations, we use a
radiating patch resonator with an enclosed small ferrite disk.
Since the nonintegrable nature of the problem precludes ex-
act analytical results for the eigenvalues and eigenfunctions,
numerical approaches are required. The analysis is made
with use of the HFSS (the software based on FEM method
produced by ANSOFT Co.) Computer-aided design simula-
tion programs for three-dimensional numerical modeling of
Maxwell equations. In our numerical experiments, both the
modulus and the phase of the fields are determined.

Il. MAGNETIC GYROTROPY AND CHIRALITY

The effects of chirality shown in this paper are inti-
mately connected with magnetic gyrotropy properties of a
ferrite. The question of magnetic gyrotropy and chirality ap-
pears as a fundamental problem in electromagnetism con-
cerning relationships between the TRS breaking and parity
nonconservation properties. Our studies should be started
with a brief analysis of this important question.

The electron spins within a magnetized ferrite precess
with their Larmor frequency about the static magnetic field
and magnetic gyrotropy is observed due to the magnetization
precession dynamics. This is the TRS breaking phenomenon

om

which 1s described by the Landau- LlfShltZ equation %"=

—ym ><H where m is the magnetization, H is the magnetic
field, and 7 is the gyromagnetic ratio. In the continual rep-
resentation, one has eigenoscillations of magnetization for a
saturated ferrite. This eigenprocess is characterized by the
right-hand direction of the magnetization precession. For a
saturated ferrite, the rf magnetization is caused only by trans-
versal (with respect to a direction of a bias dc magnetic field)
components of the rf magnetic field. The magnetic suscepti-
bility tensor Y becomes nonsymmetrical with antisymmetric
off-diagonal components iy, and —iy,. This property of a
ferromagnetic medium is called magnetic gyrotropy. In ma-
terials with magnetic gyrotropy, one has a local constitutive
relation: é:ﬁ-I:I, where = 1+4my (Ref. 3). The perme-
ability tensor is transposed if the dc magnetic field is re-
versed. This can be regarded as the TRS breaking phenom-
enon. Due to magnetic gyrotropy, for plane electromagnetic
waves propagating in a ferrite medium one has such effects
as the Faraday rotation and birefringence. In microwaves, a
ferrite is usually described by the scalar electric susceptibil-
ity. So no electric gyrotropy is assumed in such a phenom-
enon characterization.

Another possibility to obtain the electromagnetic field
rotation is due to the so-called effects of chirality. In natural
crystals, chirality (or optical activity) takes place because of
spatial dispersion.12 " The signs of the antisymmetric com-
ponents of the electric susceptibility are reversed when a
wave vector of a propagating wave changes from k to —k.
Recently, some artificial chiral materials with nonlocal struc-
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FIG. 1. Arbitrary cyclic processes illustrating difference between chirality
and magnetic gyrotropy: (a) chirality; (b) magnetic gyrotropy. P means par-
ity transformation and 7 means time reversal.

tural elements have been suggested for microwave'® and
opticallo’ll applications. In fact, there are composites with
nonlocal structural elements.'>'® The electromagnetic prop-
erties of chiral materials are different from materials with
magnetic gyrotropy. For a plane wave propagating in a ho-

mogeneous chiral medlum one has a constitutive

relation:'>'® D=¢E+iG X E where G is the gyration vector

which is parallel to the wave vector k. The gyration vector is
a time-even pseudoscalar observable. One can rewrite the

constltutlve relation for a chiral medium as D= seth where

eff—s+tG is the effective permeability tensor and G is an
antisymmetrical tensor. It is evident that for components of
the tensor &, in a lossless medium one has (seff),«j(lg)
= (aeff);,'(_lz)-

The hallmark of chirality is that it is exhibited by sys-
tems existing in two distinct enantiometric states that are
time-invariant and interconverted by space inversion.'” In
general, it can be assumed that the effect of chirality has no
evident correlation with magnetic gyrotropy. To illustrate this
statement let us consider arbitrary cyclic processes in space
shown in Fig. 1. In a case of chirality one has time-invariant
states with the parity nonconservation [see Fig. 1(a)], but in
a case of magnetic gyrotropy one has the parity conservation
with the TRS breaking [see Fig. 1(b)]. This allows making
the following important conclusion: to be able to discrimi-
nate between the states with different chirality in dynamical
systems one should be able to realize a situation with a con-
crete direction of time. The cyclic processes in Fig. 1 may
represent, in particular, the Poynting-vector vortices. In Ref.
4 it has been shown that in a ferrite-originated vortex, the
direction of the Poynting-vector rotation changes when the
dc magnetic field is reversed. This is the case of the TRS
breaking shown in Fig. 1(b). In this paper we show that in a
ferrite-originated vortex one can also observe the time-
invariant Poynting-vector chiral states corresponding to the
case of Fig. 1(a). For these chiral states, a certain direction of
time is given by the direction of magnetization precession.
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lll. TIME REVERSAL SYMMETRY BREAKING AND
TOPOLOGICAL RESONANT STATES IN RESONATORS
WITH FERRITE SAMPLES

If the conjugate states {t} and {—} are macroscopically
distinctive, the TRS (T symmetry) is broken. In dynamical
processes, there can be implications of the combined time-
reversal and spatial symmetries. Combination of the time-
reversal and spatial symmetries determines the properties of
reciprocity and transmission of electromagnetic waves.'®

A ferrite destroys rotational symmetry. For a microwave
resonator with an enclosed ferrite sample, the fact that the
resonant fields are not the fields of standing waves® may give
very specific topological-phase characteristics. The approach
using a random superposition of plane waves may give a
good qualitative picture for such topological effects. A spe-
cial character of the Poynting-vector distribution in a reso-
nant system with a small ferrite sample appears due to the
frequency dependence of the electromagnetic ray trajectories
from a combination of three parameters: a bias magnetic
field, frequency, and geometry. When a ferrite sample is
placed in a certain waveguide structure, the points on the
ferrite-dielectric interfaces become the symmetry breaking
places. For the TE (or TM) propagating electromagnetic

J. Appl. Phys. 104, 113921 (2008)

modes, one may use an interpretation which allows viewing
the modes as pairs of two bouncing electromagnetic plane
waves. This interpretation clearly shows that for a structure
with an enclosed magnetized ferrite sample given, for ex-
ample, in Fig. 2 there can be no identity between the rays
1—-F—1" and 1<F« 1’ in the sense that these rays can
acquire different phases when are reflected by the ferrite.%"
The refraction angle for the ray inside the ferrite depends on
the position of the ferrite-dielectric interface. Moreover, for a
given bias magnetic field and different frequencies, there are
different refraction angles for the rays inside the ferrite. To
clarify these statements on the refraction rays inside a ferrite
we should refer to the well known analysis of the plane wave
propagation in an infinite ferrite medium.

Let a bias magnetic field be directed along z axis and the
ferrite material is described by the permeability tensor

Mg, 0
w=po| —ika o 0. (1)
0 0 1

The wave propagation in an infinite ferrite medium is char-
acterized by the following scalar effective permeability
parameter:’

2 +sin G(u, - 1) = Vsin* Ol — 1) +4 cos? G/ u®

6,) =
Mesi( 6c) 2(sin? 6 + cos® 6/ )

where 6, is the angle between directions of the wave vector
k and the bias magnetic field H,, and
W=

o

M= (3)
Two limit cases have to be taken into account: for 6,=0 one
has pep=pu = u, and for 6,=7/2 one has p=p . In a case
of negligible losses in a ferrite material, it is evident that for
an arbitrary angle 6, u.;(6;) >0 when there are positive
quantities of w.g in the two limit cases: 6,=0 and 6,=m/2.

For a given incident angle ¢ (for the wave incident from
a dielectric to a ferrite), the refraction angle i is defined as

sin i/ _ [ & @)
sin @ exterr( )

where €; and &, are, respectively, the dielectric and ferrite
permittivity parameters. The angles ¢ and 6 are in mutual
correlation. This depends on a position of a ferrite-dielectric
surface. For example, in the case shown in Fig. 3(a) one has
6,=75 -, while for the case shown in Fig. 3(b) one has 6;

=¢_

A simple calculation shows that for the ferrite param-
eters used in our numerical experiments, one has positive
quantities of real parts of parameters u and u, as well as
positive quantities of real parts of parameters p, and u=* w,

; (2)

at these frequencies. So for negligible losses in a ferrite ma-
terial one has u.(6;) >0 for any angle 6, and, therefore, the
propagating wave behavior inside a ferrite. The frequency
dependence of the ray trajectories gives evidence for possible
creation of resonant states with different topological struc-
tures.

The TRS breaking effect can lead to creation of the
Poynting-vector vortices. In quasi-two-dimensional micro-
wave systems with enclosed ferrite samples, in a vacuum
region of the TE polarized microwave resonators (with the
electric field component E,), the time-averaged part of the
Poynting vector can be written as

_— F?e sample 7 & F?e sample
1 1

R »/ = K /

ta, fF ta,

(@ ®

FIG. 2. (Color online) The rays in a dielectric | = F—1’ (a) and 1+F
1’ (b) acquire different phases when are reflected by the ferrite.
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FIG. 3. Examples of two cases of relations between the angle 6, and refrac-
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and approximated by a scalar wave function.” The presence
of a vortex means that the line integral of the spatial gradient
of the phase ® of a scalar wave function taken around the
vortex center is some multiple of 2, i.e.,

f}g V&di =2n, (6)

in which n==*1,%*2,... This integral is proportional to
what has become known as a topological charge. Such a
topological charge corresponds to a phase singularity at a
point where the wave amplitude is zero and hence the wave
phase is undefined. There can be found a one-to-one relation
of this representation with the current density

- A R
j= Im( V) (7)

for the electron wave function W in the corresponding
quantum-mechanical system. The fact that vortices of the
free-space Poynting vector in flat electromagnetic resonators
appear as a consequence of the nontrivial topological struc-
ture makes this relevant for modeling quantum vortices.” In a
wider point of view, a current-density-like quantity of mutual
coherence was introduced in Ref. 20 as a quantity associated
with a vortex state.

As it was shown in Refs. 4—6, for a closed microwave
resonator with a ferrite inclusion the power flow lines may
form the vortex structure not only outside, but also inside a
ferrite region. Inside a ferrite, no analytical relations like Eq.
(6) are possible. Nevertheless, a numerical analysis of the
field structures inside a ferrite clearly shows that a center of
the two-dimensional Poynting-vector vortex corresponds to
the point of the phase singularity.s’6
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FIG. 4. A typical patch resonator excited by a microstrip line: (a) perspec-
tive view; (b) side view.

For open resonators with ferrite inclusions, two main
aspects become evident in an analysis of TRS breaking prop-
erties and topological structures. The first one follows from
the fact that due to the TRS breaking one may not observe
single isolated resonances, but two coalescent resonances.
There exists the 7" violating matrix element of the effective
Hamiltonian which describes the coalescent resonances in a
cavity with a ferrite inclusion.” On the other hand, the coa-
lescence of two bound states may take place in a dissipative
microwave resonator which exhibits a singularity—the so-
called exceptional point—in its eigenvalue and eigenvector
spectrum.g’21 One of the key features of the coalescence is
appearance of a geometric phase. In such non-Hermitian mi-
crowave cavity systems one observes distinctive chiral states
as two different energy states.*?' The eigenfunction of the
complex Hamiltonian of a two-level system at the excep-
tional point is expressed as

W) e [1) = i[2), (8)

where the basis states |1) and |2) correspond to the electric
field distributions of two coalescent modes of the resonator.
The positive or negative sign of chirality can be defined via
the direction of time. In Refs. 8 and 21 the positive direction
of time was given by the decay of the eigenstates.

The above two aspects of mode coalescence in the TRS-
breaking systems and mode coalescence in chiral-state dissi-
pative resonators become very important in our consider-
ation. As we will show, in an open resonator with a ferrite
inclusion there are the eigenmode coalescence and chiral
states corresponding to the Poynting-vector vortex structures.

IV. EVIDENCE FOR TWO CHIRAL STATES IN THE
VORTEX FIELD STRUCTURES ORIGINATED FROM
FERRITE-DISK TOPOLOGICAL DEFECTS

To study the vortex field structures originated from the
ferrite-disk topological defects in an open microwave reso-
nance system we use a patch resonator. This is a typical
microwave resonator which consists of a cylindrical metal
patch suspended over a ground plane. The patch is printed on
a dielectric (g,=2.62) substrate backed by a ground plate.
The patch diameter is 34 mm and the thickness of the dielec-
tric substrate is 3.23 mm. The resonator is excited by a mi-
crostrip line through electromagnetic coupling as shown in
Fig. 4. Figure 5 describes the frequency dependency of the
return loss (parameter S;; of a scattering matrix). Figure 6
shows the fields (at a certain time phase) and the Poynting-
vector distribution inside the dielectric substrate at the reso-
nant frequency f=2.99 GHz.
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FIG. 5. A frequency characteristic of the return loss (parameter S;; of a
scattering matrix) of a patch resonator.

To create microwave vortices we use a normally magne-
tized ferrite (yttrium iron garnet) disk. The disk parameters

are as follows: diameter D=8 mm, thickness r=1 mm, satu-

ration magnetization 47M=1880 G, AH=1 Oe, and per-
mittivity &,=15. The bias magnetic field is H,=2927 Oe. A
ferrite disk is placed in a center of a patch resonator in the
gap (1.64 mm) between the feeding microstrip line and the
patch. A bias magnetic field is directed along z axis. Figure 7
shows the disk position. In this position a disk is in a maxi-
mal rf magnetic field of a patch resonator. The frequency
characteristic of the return loss (parameter S;; of a scattering
matrix) of a patch resonator with an enclosed ferrite disk
shown in Fig. 8 clearly demonstrates the existence of two
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FIG. 7. (Color online) The ferrite disk position in a center of a patch reso-
nator: (a) perspective view; (b) side view.

resonances. We will conventionally call these resonances as
the upper (corresponding to the upper resonant frequency)
and the lower (corresponding to the lower resonant fre-
quency) resonances.

We start our studies of the ferrite-based vortices in a

patch resonator at the frequency of the upper resonance f
=2.93 GHz. In Fig. 9 one can observe the vortex-type Poyn-
ting vector distribution in a dielectric plate of a patch reso-
nator corresponding to this frequency. The time dependen-
cies of the magnetic and electric field structures inside a
dielectric substrate are shown, respectively, in Figs. 10 and
11. The field vectors have a clockwise rotation. These field
rotations result in appearance of a clockwise rotating electric
dipole due to the induced electric charges on opposite sides
of a cylindrical metal patch (see Fig. 11).

At the frequency corresponding to the lower resonance

we obtain another picture of the vortex structure. In this case
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FIG. 6. (Color online) The magnetic (a) and the electric (b) field structures, and the Poynting vector distribution in a patch resonator at a resonant frequency
f=2.99 GHz (top view).
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FIG. 8. A frequency characteristic of the return loss (parameter S}, of a
scattering matrix) of a patch resonator with an enclosed ferrite disk.

the Poynting vector rotates in opposite direction with respect
to the direction of the Poynting-vector rotation for the upper
resonance. Figure 12 shows the vortex-type Poynting vector
distribution at frequency f=2.72 GHz in the vicinity of the
lower resonance. The cause for the Poynting vector rotation
reversal becomes evident from the pictures of the time de-
pendence of the magnetic and electric field vectors in the
dielectric substrate as shown in Figs. 13 and 14, respectively.
Contrary to the pictures shown in Figs. 10 and 11, at fre-
quency f=2.72 GHz the magnetic and electric fields have
the counterclockwise rotation. At this frequency the electric
dipole has also the counterclockwise rotation. The reason
why we have chosen the lower frequency f=2.72 GHz in
the vicinity of the lower resonance, but not exactly at the
frequency of the lower resonance (corresponding to fre-
quency f=2.8 GHz in Fig. 8) is caused by the feature that
for f=2.72 GHz we obtain essentially better characteristics
of the circularly polarized radiated field. The fact that the
frequency with the better characteristics of the circularly po-
larized field may not coincide exactly with the minimum of

the S§;; parameter is typical to circularly polarized
antennas.”
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FIG. 9. (Color online) The Poynting vector distribution inside a patch reso-
nator with a ferrite disk at the upper-resonance frequency f=2.93 GHz (top
view). This is the left-hand chiral state. The Poynting vector can be repre-
sented as a certain current-density-like quantity f, which acquires a phase of
—2r after a full circle rotation. An insertion shows that a ferrite disk behaves
as a topological defect with a negative topological charge.
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FIG. 10. (Color online) The magnetic field structure at different time phases
inside a patch resonator with a ferrite disk at the upper-resonance frequency
f=2.93 GHz (top view).

The observed field rotations in a resonator should be
correlated with the direction of the magnetization precession
in a ferrite. In the continual representation, one has eigenos-
cillations of magnetization for a saturated ferrite. This pro-
cess is characterized by the right-hand direction of the mag-
netization precession.3 As it was shown in Ref. 6, creation of
the Poynting-vector vortices in a microwave cavity with a
ferrite disk placed at the maximal cavity magnetic field takes
place for the left-hand direction of the magnetic field rota-
tion. This fact has a clear explanation. Energetically, creation
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FIG. 11. (Color online) The electric field structure at different time phases
inside a patch resonator with a ferrite disk at the upper-resonance frequency
f=2.93 GHz (perspective view). There is a clockwise rotating electric di-
pole which appears due to electric charges on an edge of a patch.
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FIG. 12. (Color online) The Poynting vector distribution inside a patch
resonator with a ferrite disk at the lower-resonance frequency f
=2.72 GHz (top view). This is the right-hand chiral state. The Poynting

vector can be represented as a certain current-density-like quantity f, which
acquires a phase of +2 after a full circle rotation. An insertion shows that
a ferrite disk behaves as a topological defect with a positive topological
charge.

of the Poynting-vector vortices inside the cavity is due to the
fact that there is the cavity magnetic field rotating in the
opposite direction with respect to the direction of the mag-
netization precession. Contrary to a cavity, a patch resonator
is a radiating system. For both (the upper-resonance and
lower-resonance) vortices in a patch resonator shown in Fig.
8 we have the same static magnetic field. This presumes the
same direction of spin precession and so the same direction
of time. There are, however, different directions of the
Poynting-vector rotation for two coalescent resonance
modes. It means that these resonant modes have different

LAARENV L 5o 00N . ¥ LA
Ay Cappgeinds oy
AR 5 5 2 RN - p&
WOHA NNV a b pph2 e -
WDl A p fAA LN -
4 4 - -
- - -
. - -
PSS SpACITINNRS 12
PYYVVYOVEL LA A AN 'R
Py %% b B
ryyyJ ~ “\‘ \\
YYYY I IR QA
wt=0°
[ SAL L LTS
: ““ e - & & @ o | HField [A/m]
DN 12437“0
S 11661
= 1.0884

1.0107
0.9330
0.8554
0.7001

0.6224
0.5447
10.3894
0.3118

0.2341
0.1564
0.0788
0.0016

FIG. 13. (Color online) The magnetic field structure at different time phases
inside a patch resonator with a ferrite disk at the lower-resonance frequency
f=2.72 GHz (top view).
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FIG. 14. (Color online) The electric field structure at different time phases
inside a patch resonator with a ferrite disk at the lower-resonance frequency
f=2.72 GHz (perspective view). There is a counterclockwise rotating elec-
tric dipole which appears due to electric charges on an edge of a patch.

chiralities: the left-hand chirality (with respect to the positive
direction of z axis) for the upper resonance and the right-
hand chirality for the lower resonance. We can call the upper
resonance as the left-hand (LH) resonance of the doublet,
while the lower resonance as the right-hand (RH) resonance
of the doublet. The fact that for the observed two resonances
there are different directions of the magnetic field rotation
with respect to the same direction of the magnetization pre-
cession gives clear evidence for two different energies cor-
responding to these resonances. Contrary to experiments in
Refs. 8 and 21, where the positive direction of time was
given by the decay of the eigenstates in a dissipative system,
in the present numerical experiment we discovered chiral
states for the ferrite-induced topological singularities with
the positive direction of time given by the direction of mag-
netization precession.

We observe distinctive chiral states as two different en-
ergy states in an open resonator. A geometric phase appears
due to the nonzero circulation around the line where the
wave function vanishes. In a TE polarized patch resonator, a
circulation along the lines in space which surround a ferrite
disk is described by Eq. (7) and can be represented as a
circulation of a certain current-density-like quantity f From
Figs. 9 and 12 it is evident that for the left-hand chiral state
a ferrite disk behaves as a topological defect with a negative
topological charge, while for the right-hand chiral state a
ferrite disk behaves as a topological defect with a positive
topological charge. The electric field distributions shown in
Figs. 11 and 14 can be considered as the basis states |1) and
|2) of two coalescent modes of the resonator. For the clock-
wise and counterclockwise rotations of these states (for the
positive direction of time given by the direction of magneti-
zation precession), a doublet is expressed as |1)+i]2) simi-
larly to Eq. (9).%* The appearance of chiral phases in achiral
system is one of the challenging problems in modern phys-
ics. We show that due to microwave-vortex topological de-
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FIG. 15. (Color online) The top and perspective views of the electric field structure at different time phases inside a ferrite disk at the upper-resonance
frequency f=2.93 GHz. An electric field inside a ferrite disk has a clockwise precession.

fects originated by small ferrite particles, magnetic gyrotropy
can stipulate chirality in achiral electromagnetic structures.
For the time invariance (because of a given direction of a
bias magnetic field), one has clear discrimination of the chi-
ral states [see Fig. 1(a)].

For further understanding physics of the observed chiral
states, a deeper analysis of the fields inside a ferrite disk is
required. In Sec. II of the paper we discussed that the effect
of the electromagnetic field chiral rotation in media can be
described by the gyration vector and the effective permeabil-
ity tensor. Following our recent results in Ref. 5, inside a
ferrite disk with the microwave vortex there is not only the
magnetization precession, but also the precessing behavior of
the electric-dipole polarization. In Figs. 15 and 16, we give
the top and perspective views of the electric fields inside a
ferrite disk for the upper-resonance and lower-resonance

states at the same time phases. One can notice that for dif-
ferent resonant states, the directions of the electric field pre-
cession inside a ferrite are different. This effect of the elec-
tric field precession inside a ferrite disk underlies the
physical mechanism of the observed chiral vortices in a
patch resonator.

V. NEAR-FIELD CHIRAL VORTICES AND A FAR-FIELD
SIGNATURE OF THE VORTEX CHIRAL STATES

The vortex chiral states originated from ferrite-disk to-
pological defects become evident also in the radiating field
structures of the patch. It is well known from Maxwell’s
theory that electromagnetic radiation carries both energy and

23 .
momentum.” The momentum may have both linear and an-
gular contributions. In free space, the angular momentum
density is calculated as
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FIG. 16. (Color online) The top and perspective views of the electric field structure at different time phases inside a ferrite disk at the lower-resonance
frequency f=2.72 GHz. An electric field inside a ferrite disk has a counter clockwise precession.

R 1 . .
J=—7rX (EXB) 9)
4rc

and is related in a simple way to the Poynting vector as
1o
J=—=rxs. (10)
c

In its turn, an angular momentum has a “spin” part associ-
ated with the field circular polarization in a given point and
an “orbital” part associated with the spatial distribution of
the linear momentum.” Only the total angular momentum,
containing spin and orbital contributions, is a physical ob-
servable. In optical beams with a phase singularity on an
axis, the orbital state rotates around the beam axis, whereas

the spin state rotates around every given point.24 This clearly
corresponds to a mathematical concept of vorticity used in
fluid dynamics. Recent interest in angular momentums of
light beams has led to intensive studies of Laguerre-Gaussian
beams which have helical wave fronts. On the other hand,
correlation between an angular momentum of radiation and
the Poynting-vector vortex structures was found in an elec-
tromagnetic field analysis of a rotating electric dipole.25
The vortex chiral states observed in a dielectric plate of
a patch resonator with an enclosed ferrite disk are character-
ized by oppositely rotating electric dipoles which appear due
to electric charges on the edge of the patch (see Figs. 11 and
14). The fields above the patch can be considered as origi-
nated from electric dipoles rotating above the ground plane.
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FIG. 17. (Color online) The Poynting vector distribution above the patch: (a) left-hand chiral state (f=2.93 GHz); (b) right-hand chiral state (f

=2.72 GHz).

There are the left-handed circular polarized (LHCP) fields
originated from the clockwise rotating electric dipole shown
in Fig. 11 and the right-handed circular polarized (RHCP)
fields originated from the counterclockwise rotating electric
dipole shown in Fig. 14. In the near-field region, the lines of
the Poynting vector circulate around the z axis with the same
direction as the rotation of the electric dipole moment (see

Ferrite disk

A aaadaaa

E, (ot = -270%)

I o

Fig. 17). The space-time evolution of a wave is governed by
its phase front topology. In vacuum, the Poynting vector has
the same direction as a linear momentum of the field. The
radiating fields of two coalescent chiral modes have the left-
handed and right-handed helical wave fronts. In a certain
near-field cross-sectional (perpendicular to z axis) region
above a patch one has a correlation between the direction of
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FIG. 18. (Color online) Evidence for the field vortex structure above the patch for the left-hand chiral state (f=2.93 GHz). (a) The transverse electric field
has the LH circular polarization in every point; (b) the transverse component of Poynting vector associated with the electric field distribution.
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FIG. 19. (Color online) Evidence for the field vortex structure above the patch for the right-hand chiral state (f=2.72 GHz). (a) The transverse electric field
has RH circular polarization in every point; (b) the transverse component of Poynting vector associated with the electric field distribution.

the Poynting vector (linear momentum) rotation and a direc-
tion of a field polarization rotation. Figures 18 and 19 give
evidence of the field vortex structures above the patch at a
cross-sectional [for certain z > 0; see Fig. 7(b)] region for the
left-hand and right-hand chiral states, respectively. One can
see the transverse electric field circular polarization and the
transverse component of Poynting vector (linear momentum)
associated with the electric field distribution. There is an
orbital momentum rotation around the axis directed along the
normal of the ferrite disk together with the field spin rotation.

In the far-field region there are no vortices. Nevertheless,
as a signature of the vortex chiral states inside the patch
resonator and in a near-field region, one can distinguish the
polarization chiral states of electromagnetic fields in a far-
field region. To characterize the field polarization properties
of the far-field radiation we analyze the axial ratio. The axial
ratio is defined as the ratio of the major to minor axes of the
polarization ellipse. Figure 20 shows the frequency depen-
dence of the axial ratio. One can see that at frequencies cor-
responding to the left-hand (f=2.93 GHz) and right-hand
(f=2.72 GHz) resonances there are minimums of the axial
ratio. The effectiveness of the radiation field pattern is char-
acterized by a parameter of directivity. The directivity is
equal to the ratio of the maximum power density in polar
coordinates P(6, @), to its average value over a sphere sur-
rounding the antenna.”> One can define the directivities for
the LHCP and RHCP radiation fields. Figure 21 shows the

frequency dependency of the directivities for two types of
circularly polarized radiations. It is evident that a maximal
directivity for the left-hand circularly polarized radiation is
at frequency f=2.93 GHz, while for the right-hand circu-
larly polarized radiation one has a maximal gain at frequency
f=2.72 GHz. So there is clear correspondence between the
near-field chiral topology and the far-field polarization struc-
ture. The observed LHCP and RHCP far-field polarization
structures represent a doublet of chiral vortices in space
originated from a doublet of resonant chiral states in the
patch.

AR [dB]

%.7 28 29 3 34 3.2 33
Frequency [GHZz]

FIG. 20. An axial ratio for the far-field structure of a patch resonator with a
ferrite disk.
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FIG. 21. (Color online) Directivities for the RHCP and LHCP far-field
structures of a patch resonator with a ferrite disk.

VI. CONCLUSION AND DISCUSSION

Based on numerical experiments, we have shown that in
open resonant microwave structures with ferrite inclusions
there exist vortex-type fields and Poynting-vector phase sin-
gularities. In such structures one can observe a pair of reso-
nances which have different directions of the vortex rotation
at the same direction of time. Such ferrite-induced topologi-
cal singularities are chiral states. There is a clear difference
between the effects of chirality and magnetic gyrotropy. In a
case of chirality one has time-invariant states with parity
nonconservation, while in a case of magnetic gyrotropy one
has parity conservation with the TRS breaking. To be able to
discriminate the states with different chirality in dynamical
systems one should be able to realize a situation with a con-
crete direction of time. Contrary to the chirality characteriza-
tion in a dissipative microwave resonator via the direction of
time given by the decay process,8 in the present numerical
experiment we characterize the chiral states via the direction
of time given by the direction of the magnetization preces-
sion. The observed chiralities in a patch resonator with an
enclosed ferrite disk are strongly correlated with the type of
the radiating fields: for the LH chirality one has the LHCP
radiating field and for the RH chirality one has the RHCP
radiating field.

A structure of the considered patch resonator with an
enclosed ferrite disk resembles, to a certain extent, a cylin-
drical resonator with ferrites used for so-called
Y-circulators.® The circulator devices, however, have nothing
in common with the observed chiral-state behaviors. For a
given direction of the normal dc magnetic field, in
Y-circulators one has a certain azimuth distribution of the
field amplitudes at frequency w_ < wy< w,, where w_ and w,
are the frequencies of the counterclockwise and clockwise
field rotations. The circulator works due to the standing wave
behavior giving the azimuth distribution of energy in micro-
wave ports. The opposite circularity of the standing wave
energy can be obtained when one reverse a direction of the

J. Appl. Phys. 104, 113921 (2008)

dc magnetic field. There are no azimuthally running power
flows leading to the vortex creation.

Vortices are topological defects which appear due to dy-
namical symmetry breaking. While electromagnetic scatter-
ing from chiral objects is a well known problem,'o’” there
are no effects originated from the chiral-state topological de-
fects. Following our results, one comes to a rather unex-
pected and interesting conclusion: a circularly polarized EM
radiation obtained from a chiral-state vortex antenna with a
small ferrite inclusion can be considered as being originated
from a vortex topological defect in space. Two coalescent
resonances are the states with chiral symmetry.
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