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Microwave magnetoelectric particles: An experimental study of oscillating spectrums
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One of the ways to uncover the nature of the microwave magnetoel@dtet effect, recently observed in
small ferrite resonators with special-form surface metallizations, is a comparative analysis of oscillating spec-
trums excited by different type rf external fields. Experimental results of the ME coupling in different types of
ferrite resonators and different types of surface electrodes are reported and some important conclusions are
drawn observing the oscillating spectrums of those particles. A special interest in spectral properties of point
ME particles should be found in the field of microwave artificial composite materials-bianisotropic materials.
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[. INTRODUCTION spectrum of ME oscillations excited by the external uniform
rf electric and magnetic field¥—9]. The multiresonance os-
The fact that, due to constitutive relations in a medium,cillating spectrum demonstrates that ME modes may actually
one has an additionéWith respect to macroscopic Maxwell diagonalize the total electric and magnetic energies of the
equations coupling between the electric and magnetic fields,external fields. Such point ME particléshich one may con-
promises, it seems, to give very attractive fundamental probsider, in some cases, by a simple model of “glued” electric
lems and applicationgL,2]. Artificial chiral media were de- and magnetic dipolgsbeing artificial particles, do not have
veloped to demonstrate the phenomenon of electromagnet®y analogs in nature. _
activity at microwave frequencies, analogous to optical ac- An analysis of oscillating spectrums of local ME particles
tivity. As a further generalization of such media, artificial Plays @ very important role for future problems of artificial-
bianisotropic media based on a composition of helices oPianisotropic-material composed structures. In this paper, we
omega particles were introduced as wg|3]. Up to now, Jdive a comparat!ve analysis of exper_|mental ME_ oscillating
however, the notion “condensed bianisotropic media” bearssPectrums for different types of ferrite ME particles. One
a formal character. Nobody has defined constitutive param_s,hould distinguish the cases of regular and |rre.gular oscillat-
eters of these media from microscopic analysis similar td"d SPectrums. For regular spectrums, certain parameters
quantum-mechanical analysis and laws of quantum statistid$uch. for example, as polarizability coefficientsay be in-
used to obtain constitutive parameters of nonbianisotropiéroduced to characterize a particle. The main purpose of the
condensed media. For this reason, the main aspects of eld@@Per is to trace the spectrum transformations when configu-
trodynamics of bianisotropic media are far from completion.fations of fer.nte resonators and surfgce metaII|_zat|ons are
In many problems, one can meet a strong divergence gihanged. It ywll be shown that, for certain cases, simple mod-
views [4]. els to describe the particle properties may be introduced.
Fundamental principles of macroscopic electrodynamics
of bianisotropic media should arise from the microscopic). POLARIZATION PROPERTIES OF SMALL FERRITE
point of view. It means that such media should be composed RESONATORS
by point magnetoelectric(ME) particles with energy-
eigenstate spectrum of ME oscillations. In this case, one may Because of essential temporal dispersion of permeability,
use the Hamiltonian formalism and consider an interactiorfhe so-called magnetostatip1S) oscillations take place in
with the external rf quasistatic fields by the interaction ferromagnetic bodies with sizes much less than the electro-
Hamiltonian (the perturbation of energy eigenstates by themagnetic wavelength in a microwave region but much more
external fields [4]. Recently, an idea that small ferromag- than the characteristic length of the exchange interaction
netic (quasimagnetostaficesonators with special-form sur- [10]. The MS oscillations are well described by the Maxwell
face metallizations may exhibit in microwaves the propertiesquations in neglect of the electric displacement current. In
of a local (point) particle with an internal ME coupling, was this case, the magnetic field is characterized by a MS poten-
put forth[5,6]. Experimental investigations have verified the tial function : H=—V¢. The second-order differential
quasistatic microwave ME effect that is characterized by aquation—the Walker equatidi1]—describes the MS po-
tential function ¢ inside a ferrite resonator, while the
Laplace equation is used for the MS potential distribution
*Email address: saha@emlab.eee.yamaguchi-u.ac.jp outside a ferrite. Effect of excitation of MS oscillations in
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ferrite resonators by the external rf magnetic fields is a subthe MS potential function may be considered as a probability
ject of many publications over more than the last 40 yearsdistribution function. The averagen the rf periogl MS en-
Necessary conditions for the excitation of multiple oscillat-ergy of a normally magnetized ferrite disk of thickness
ing MS modes in a small ferritephereare those that the may be defined a22]

exciting rf magnetic field at the sample be essentially non- o .
unlform: In this case, however, one mallyljust see only a few W= MJ X(D)( f z,/u,/f*derf l//l!/*dz)
absorption peaks in a spectrdi®]. A striking difference in 4 Jq — h

the picture of absorption spectrums can be observed in a case h

of small ferritedisks[13,14]. There is really a surprising fact +X(F)f yyrdz
that in these spectrunfas it was shown by Dillofi13]), the 0
experimental oscillating modes were distinguishable out to

number 55 in a very Simplé‘]omogeneoug:onfiguration of where X(D) and X(F) are coefficients CharaCteriZing wave
the external rf magnetic field. The transition from a sphericaProcesses in dielectritD) and ferrite (F) regions,Q is a

to a disk form of a ferrite resonator leads to absolutely ansquare of an “in-plane” cross section of an open ferrite disk.

dQ, (2.2

other physical picture of the observed oscillations. CoefficientsX are found from the equations

In a ferrite spheroid, an analytical solution for MS modes .
was obtained11]. It was shown that these modes are mutu- _ '_Vz _ ‘9_¢ 2.2
ally orthogonal11,15. Based on this orthogonality relation, X at’ '

the electromagnetic theory of excitation of MS oscillations 5. o
was developefil5,16]. This theory, may certainly be applied Here,V{ is the longitudinal part of the Laplace operator. In a
for the observed two-, three-resonance spectrums in a ferrif@isk ferrite resonator with a small thickness/diameter ratio,
sphere but cannot be accepted, however, as an adequate bdBg MS potentiaky is represented as
for a proper explanation of experimentaiultiresonance
spectrums one may observe in a ferrite disk. Really, in a _ F AT
general linear theory of excitation of electromagnetic resona- ¢ ;:] Ap.atp(2) ealp.), @3
tors, the field distribution of an excited resonance mode is
assumed to be practically the same as the field distribution akhereA, , is a MS mode amplitudég"-;p(z) and"géq(p,a) are
an eigenmode and the role of a source is merely to suppodimensionless functions describing, respectivey;thick-
an amplitude of an eigenoscillatiqi7]. So such a theory ness” andq “in-plane” MS mode. The “in-plane” mode
may hardly be applicable to explain excitation of, for ex-index q is composed, in its turn, by the azimuth number
ample, the 10th or, moreover, the 50th resonance mode. Cefind the radial mode index For resonance frequenayy,,
tain attempts to explain the reason of the “illegalvith one hagd22]
almost zero quantity of the excitation integrddigh-order
peaks in the spectrum with use of the coupled-mode theory o (BE)? . (B2
[16] do not clarify the question. In some papé¢tst, 18,19, XD =—— X =—pup, : (2.4

w w
the main accent was made to show that the multiresonance pd pd

MS oscillations could chiefly be observed due to the nonuniywhere , is a diagonal component of the permeability tensor
form DC magnetic field in disk-shaped s_amples. This faCtand,B is the propagation constant for MS waves. Here, we
however, cannot be accepted as the main reason to explaioted (D.F) =

, u=wu(wyg) and Byy~'=pBPF(w,g). MS oscilla-
the multiresonance nature of the spectrum. In NUMEroUg,,g in 4 ferrite disk resonator are characterized by a nor-
spectral problems—quantum mechanical or integrated-optics, 5jizeq spectrum of energy eigenstates. The energy ortho-
(see, for exampld20] and[21])—one cannot reveal the fact

- X normality is described as

that nonhomogeneity of a potential weélh quantum me-
chanicg or nonhomogeneity of refractive indegin opticy o
lead to astriking differencein a picture of oscillating spec- (Epg— qu’)j goq(,D;,dQ=O. (2.9
trums. Q

Are there any factors that can be used to explain these
experimental results? Reach oscillating spectruoisarly
distinguishable out to the number of tgnene may see in
the atomic dynamical structures, but not in electromagnetic A~ ~
resonators. Concerning this problem, it is important to keep F1Leq=Epgea. (2.6
in mind the fact that when in classical electrodynamics struc- . ) ) ) ) )
tures, the spectral problems are characterizedvaye num-  WhereF  is a two-dimensional“in-plane”) differential op-
bers and frequenciesas spectral parameters, in quantum-erator: F, =(guo/4)V?, containing V2 as the two-
mechanical structures there aneergy eigenstatess spectral  dimensional (“in-plane”) Laplace operator,uq is the
parameters. So the question inevitably comes to mind: Couldacuum permeability, ang is the unit-dimensiongwith the
MS oscillations in a ferrite resonator be characterized bydimension of the square of MS potenjiabefficient. For a
energy eigenstat@sA positive answer to this question was disk resonator with a unit characteristic volume, the normal-
given in[22]. It was shown that in a ferrite disk resonator, ized energy of MS oscillations is defined [&2]

The normalized energy of MS oscillatios,, is an ei-
genvalue of a differential equation
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(F) ferrite resonator

2
_gMO (D) 2__9:”’0 (qu)
qu_ 4 (,qu) - 4 Mpq . (27)

These results show that MS oscillations may actually di- .
agonalize the magnetic energy in a ferrite disk resonator. We
have adiscrete absorption spectrum of quasistatic magnetic
energy Excitation of these oscillations by the RF magnetic
field should be considered as a time-dependent perturbation (2) ®) (©
[22]. Experimental results ifl13,14] clearly verify this fact
and demonstrate that a small ferrite disk resonatorpsira
ticle, an “artificial atom,” or, in other words, a lumped os-
cillating elementguasistaticallyinteracting with the external
rf magnetic fields.

A process of MS oscillations_is characterized by a strong IIl. TYPES OF FERRITE ME PARTICLES
predominance of the rf magnetic energy over the rf electric
energy(the last one takes place due to a small curl electric With the use of different forms of ferromagnetic resonant
field that accompanies the MS-wave progess our experi- bodies and surface metallic electrodes, one may create dif-
ments[7-9] with ferrite ME particles—small ferrite resona- ferent types of ferrite ME particles. We will distinguish
tors with surface electrodes—we observed the multiresostraight-edge(square- or rectangular-fopmand disk-form
nance absorption spectrum in the external rf electric field. Ithin-film ferromagnetic resonators. The straight-edge ferrite
was proven experimentally that in the region much less thamesonators have evident technological advantage compared
the free-space electromagnetic wavelength, the quasielectrts disk-form samples. At the same time, disk-form resonators
static energy absorbed by a small specimen is effectiveljpave regular multiresonance absorbing spectriimserms
transformed to the magnetostatic energy of this specimen. laf magnitude and mutual spacinfl3,14 while the spec-
other words, in a smallin comparison with the free-space trums of straight-edge samples are irregyl28]. Surface
electromagnetic wavelengthfree-space region, we have metallic electrodes are separated as one-dimensiovieg
some object that effectively transforms the energy of thgorm) and two-dimensional ones. In the latter case, we will
electric polarization to the energy of magnetizatimf a  distinguish different configurations of the continuous type
whole ferrite body. At the same time, we know that in ac- (C-type) and hollow type H-type) surface metallizations.
cordance with the Maxwell theory, the space scale of electric In our first experiments, the straight-edge ferrite resona-
energy—magnetic energy transformation is about a freetors with one-dimensionalwire form) surface electrodes
space wavelength. A metal electrode in our specimen is notwere used7,8]. These types of ME particles are shown in
free-space dipolar antenna. Also, a ferrite specimen is not kigs. 2a) and 2b). Some of the experimental results of
free-space reradiating element. We have discrete absorptionorks [7,8] will be used in this paper for comparison with
spectrums of quasistatic electric energy and quasistatic magscillating spectrums obtained for types of ME particles.
netic energy. The quasistatic electric energy absorbed by @ome of these particles are shown in Fig(s&aight-edge
ME particle in the external rf electric field, is going partially ferrite resonators witlC-type elliptic metallization and two
to increase a quasistatic magnetic energy of a ferrite body. Inonfigurations oH-type elliptic metallizationsand in Fig. 4
other words, to magnetize the whole ferrite resonator. It carfdisk-form ferrite resonator with a wire-fornG-type, and
be dipole, or quadrupole or, in general, multipole magnetidi-type elliptic and twoH-type rectangular/square metalliza-
polarization of a sample. On the other hand, the quasistatittons). Other types of ME particles used in our study, are
magnetic energy absorbed by a ME patrticle in the external rhown as insertions to the corresponding spectral pictures.
magnetic field may go partially to electric polarizati¢afi- YIG film (47Mg=1780 G, film thickness0.10 mm)
pole, quadrupole, or, in general, multipplef the surface specimens had “in-plane” sizes: 5.0 mm for square-
metallization region. One of the ways to uncover the naturdorm straight-edge resonators, 468.0 mm for rectangular-
of the observed microwave ME effect is a comparativeform straight-edge resonators and diameter 5.0 mm for disk-
analysis of oscillating spectrums exciting in different typeform resonators. Wire-form surface electrodes had diameter
RF external fields. We will classify the observed oscillationsof a wire 0.1 mm. The length was 7.0 mm for a rectangular-
in ferrite resonators with surface electrodes as ME oscilla-
tions and MS oscillations. In a case of ME oscillations, we surface metallization
have linear surface electric currents terminated with electric
charges on the border of the metallization. Figurés and /
1(b) illustrate such current distributions on a two-
dimensional electrode for dipole and quadrupole electric po-
larizations, re;pectively. Oscillatic_ms with “closed-loop” | ferromagnetic film —
surface electric current on a two-dimensional electriddg. (a) (b)
1(c)] we will call as modified MS oscillationfcompared to
“pure” MS oscillations in a ferrite resonator without surface  FIG. 2. ME particles as straight-edge ferrite resonators with
metallization. one-dimensionafwire-form) electrodes.

surface metallization

FIG. 1. Possible induced surface current distributions in the
two-dimensional surface electrode of a disk-type ME patrticle. Cur-
rent distributions for(a) dipole electric polarization(b) quadrupole
electric polarization, anéc) closed-loop surface current.
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FIG. 3. ME particles as straight-edge ferrite resonators with / :
two-dimensional electrodes. - 12
form ferrite resonator and 5.0 mm for square-and disk-form (a) (b)
ferrite resonators. The sizes of the two-dimensional surface . .
metallizations are the following. Major axis4 mm and mi- FIG. 5. Experimental arrangemef@ Rough Sketching(b) top

nor axis=2 mm for elliptic electrode, diamete4 mm for ~ View.
circular electrode, length4 mm, and widthk=2 mm for
rectangular electrode and lengtiwidth=4 mm for square
electrode.

the cavity, are shown in Fig. 6. Types of ME particles and
orientation of the rf electric field are depicted in insertions. It
is clear that one has these spectrums dusutéace-electric-
charge resonancesen metallic electrodes excited by the rf
external electric field. But the question arises about the na-

ent structures of the exciting rf fields are ensured by placingh® Structure cannot be considered just as a section of an
the normally magnetized ferrite ME particles at three posi-electric line based on a substrate with a frequency-dependent
tions in a rectangular cavity resonant in the,JEmode at Permeability. In magnetostatic-wave YIG-film devices, the
4.02 GHz. Position 1 corresponds to the maximum of théinear electric-current transducers are used. There are, how-
exciting rf electric-fieldE,. Position 3 corresponds to the €ver, no data of a multiresonance spectrum of a
maximum of the exciting rf magnetic-fiel,. In a case of magnetostatic-wave radiation resistance due to longitudinal
position 2, we have a combined excitation due to mutually/ariations of a linear electric currefit3,14. The only ex-
perpendicular electri&, and magnetidd, fields. Because of planation of the spectrums shown in Fig. 6 can be based on
sizes of ferrite specimens used in our experiments, the ol @ssumption that we have spectrums of KBmbined
served oscillations may be described based on th@scillations. These oscillations should be characterized by a
magnetostatic-wave assumption. We do not have pure ele@/0Cess when variations of magnetostatic potential in a fer-

tromagnetic oscillations and do not have exchange oscillait€ Pody are accompanied with the surface-electric-charge
tions as wel[11—16. variations on a special-form metallic electrode. These oscil-

lations of a combined nature cannot, however, be considered
as a coupled process of “magnetic-subsystem oscillations”
and “electric-subsystem oscillations.” In other words, the
A physical phenomenon of quasielectrostatic to quasiparticle cannot be considered just as a mechanical combina-
magnetostatic energy transformation discussed in Sec. 1l dfon of two resonant structures: a ferrite body and a surface
the paper, becomes evident in a case of the rf electric fiel@lectrode. These aspects were preliminarily discussed in the
excitation. For all types of ME particles, we observed strongheoretical worK4]. Now we have experimental results that
responses when the particles were placed in the uniform mhay uncover the nature of ME oscillations.
electric field. These responses are characterized by multi- The oscillations shown in Fig. 6 are responses of the
resonancéregular or irregularspectrums or by high-quality ‘“electric parts” of ME spectrums in the external rf electric
single-resonance spectrums. A large variety of these spefield. Certain regularities may be revealed in these pictures of
trums for different types of particles, placed in position 1 of spectrums. First of all, we have to note that for any type of
ferrite resonatorgrectangular and square straight edge or

disk form) we have regular multiresonance spectrums for

wire-form surface electroddsee Figs. @), 6(b), and &c)].

Evidently, these resonances excited by an external rf electric
(b) (c)

IV. EXPERIMENTAL ARRANGEMENT

V. ELECTRIC-FIELD EXCITATION

field, should be correlated with oscillations of linear electric
current in a surface wire-form electrode. In other words, such

(a)
ferrite ME particles, being placed in the rf electric field,
clearly exhibit properties of a smallvith sizes essentially
much less than the external-field electromagnetic wave-
(d) (e

length electric dipole with a multiresonance spectrum.

When particles were oriented so that the exciting electric

FIG. 4. ME particles as disk-form ferrite resonators with one-field was perpendicular to a wire-form electrode, no re-
dimensionalwire-form) and two-dimensional electrodes. sponses were observed.
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FIG. 6. Absorption spectrums of different types of ME particles when excited with only an electric field.

In a case ofC-type surface electrodes we have chiefly pole terms with multipole(quadrupole, etg.terms. At the
one-resonance responses in the external rf electric[figld same time, in the homogeneous rf electric field we can excite
Figs. @d), 6(e), and &f)]. It is clear that for two-dimensional only electric-dipole terms. The one-resonance responses
surface metallizations, we have a combination of electric dishown in Figs. &), 6(e), and &f) characterize the one-
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resonance properties of an electric dipole that one has for
C-type metallizations.

For different variants oH-type surface electrodes, shown
in Fig. 6, one can see rich but irregular spectrums in the
external rf electric field. Such complex-form surface metal-
lizations give complex spectrums of responses. At the same
time, as we discussed above, these should be electric-dipole-
term responses. For this reason, we may advance a supposi-
tion that forH-type surface electrodes, shown in Fig. 6, we
have compositions of two parallel electric dipoles mutually
connected in lower and upper poirfteese points are placed
on an axis of symmetry of a region of metallization that is
oriented in the direction of the exciting electric figldn
these lower and upper points, surface electric current is equal
to zero. To prove this two-parallel-dipole modérPD
mode) we slightly changed forms dfl-type electrodes mak-
ing small gaps inH metallizations in the lower and upper
points. Since we suppose that in these points electric current
should be equal to zero, we should obtain the same picture of
absorption peaks foH-type electrodegof the same geom-
etry) with and without gaps. Our experiments give a good
confirmation that the proposed TPD-model really works. In
Figs. Ta), 7(b), 7(c), 7(d), and Te), one may see absorption
spectrums foH-type electrodes with gaps that are very simi-
lar to pictures of spectrums shown fel-metallizations of
the same geometry without gapsee, respectively, spec-
trums in Figs. €g), 6(h), 6(i), 6(j), and &k)]. The main as-
pect of this similarity should be envisaged from the peak
positions in the spectrums.

VI. MAGNETIC AND COMBINED (ELECTRIC- AND
MAGNETIC-FIELD ) EXCITATIONS

Our initial supposition(adduced in preceding sectioihat
oscillating spectrums of ferrite resonators with special-form
surface metallization observed in exciting electric field are
spectrums of ME(combined oscillations, may find further
development when magnetic or combinetectric and mag-
netic) excitations take place. One should understand, how-
ever, that together with ME oscillations, usual magnetostatic
(MS) oscillations may also exist. These MS oscillations in
ME particles are not accompanied with surface-electric-
charge resonances, but are, certainly, transformed with re-
spect to MS oscillations in “pure”(without surface elec-
trodes ferrite resonators.

In position 3(see Fig. 5, the particles are excited by the
uniform rf magnetic field. Spectrums of straight-edge and
disk-form ferrite resonators without surface electrodes ex-
cited by uniform magnetic field are well knowt3,14,23.
In our case of ferrite resonators with surface electrodes, one

Absorption (dB) Absorption (dB) Absorption (dB) Absorption (dB)
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FIG. 7. Absorption spectrums of different types of ME particles
with TPD-type surface electrodes when excited with electric field.

has a specific interest to compare absorption spectrums oblinal axes of surface electrodes. Types of particles are shown
tained in external rf magnetic field with such spectrums asn insertions. One may compare spectrums in Fig. 8 with
those excited by rf electric fieltsee Fig. 6. This compari- corresponding(for the same type of a ME partiglespec-

son shows that almost for all types of ME particles, the spectrums in Fig. 6.

trums in the magnetic field are strongly different from those It becomes clear that for particles shown in insertions of
that were observed in the electric field. In Fig. 8, one can se€igs. 8 we have strong peaks of “new” responses together
some examples of pictures obtained for particles excited byith some “old” responses for the electric-field excitation.
uniform magnetic field. Two kinds of excitations were used:These “new” peaks should correspond to the MS oscilla-
the rf magnetic field is perpendicular or parallel to longitu-tions excited by the uniform rf magnetic field. So for these
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FIG. 8. Absorption spectrums of different types of ME particles when subjected to magnetic-field excitation.

particles, the entire spectral picture cannot be classified asne may, certainly, conclude that for a diswire particle,

the responses of magnetic dipoles coupled with correspongve have a set of unified ME oscillating modes, but for other
ing electric dipoles. In other words, in these cases, we do na{pes of particles, there are mainly superpositions of MS
have an excitation of the spectrum of the unified system obscillations and ME oscillations (MSME oscillations. It is

ME eigenoscillating modes. Completely another situationclear that electric-field and the magnetic-field components of
one can see in a case of a ME particle based on a disk-forihe combined exciting field should be in a certain phase cor-
ferrite resonator with a wire-form surface electrode. The correlation to provide a maximum of potential energy of a

responding spectrum$or two orientations of magnetic field
with respect to a surface electrgdare shown in Fig. 9.

) L] ) 1
Evidently, positions of main resonance peaks are regular and - 10|.— ! ! ! __I
are the same as in a case of the electric-field excit48er S E @ T 3
Fig. 6(c)]. Some small parasitic peaks do not alter the entire & SE Hye =
spectral picture. The only difference is in amplitudes of the §~ B | | I | 7
main peaks. This takes place because of the different effec- ﬁ I | I I =
1 1 1 1 1 [] [ [ [}
tiveness of peak excitations by differdieixternal rf electric- 21800 =900 3000 3100 3200

field or external rf magnetic-fiejdsources. . N External bias field (G)
In a case of combinedelectric and magnetjcexciting (a)
fields, we may have an excitation of combined (MSBE)
oscillations or pure ME oscillations. To obtain such a type of
excitation, we placed our particle in position 2 in the cavity
(see Fig. 5. Figure 10 shows the absorption spectrums for
some particles excited by combined fields. Almost for all
types of ME particles, the pictures of spectrums are strongly
different in comparison with the pictures shown in Figs. 6 1 1 ] 1 ] 1 ] 1
and 8. The only exception, again, is for a particle based on a 2800 2900 3000 3100 3200
disk-form ferrite resonator with a wire-form surface elec- E’“em‘"’lbz‘"’b‘i field (G)
trode. We see that positions of main resonance peaks are
regular and are the same as in cases of the electric-field ex- FIG. 9. Absorption spectrums of diskwire ME particles when
citation[Fig. 6(c)] and the magnetic-field excitatidfig. 9). subjected to magnetic-field excitation.
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Absorption (dB)

056611-7



ARUN KUMAR SAHA, EUGENE O. KAMENETSKII, AND IKUO AWAI PHYSICAL REVIEW E 64 056611

only for ME particles based on disk-form ferrite resonators
with wire-form surface electrodes, one has a spectrum of the
unified ME oscillating modes. One may note that all the

v S
L L |
L v
| 1 &

=
S —

)
§ l‘“’ I spectrums shown in Figs(@, 9(a), and 9b), and 1Qb) have
5‘ o 4 the same positions of main oscillation peaks with the only
< | N T T | distinction of magnitudes. It should mean that different types
2800 2900 3000 3100 00 of fields (E H, andE+H fields) excite the same spectrum
External bias field (G) of ME oscillation modes. However, effectiveness of excita-

@ tion of different ME modes in the spectrutmode ampli-

tudes depends on the type of exciting fields. Since different

types of the exciting fields produce the same oscillation spec-
trum, a system is characterized by a set of parameters with
certain spectral properties. This fact gives us a possibility to
represent a disk-type ME particle as a particle characterized

by two (electric p, and magnetig,,) moments. The mo-

10

Absorption (dB)
w
UL |||||I'|_
[+
]
z -
L1 |||||||

2800 2900 3000 3100 3200 ments are related to externglandH fields as
External bias field (G)
®) Pe=dee' E+ dem H,
) I 1 I 1 I ) R N R (71)
QIOIE—IEE _EI Pm=&me E+ &mm H,
8 E Hyy 3 where dyadic polarizabilitie&ee, &om, Fme, anNd &mm are
g [ ] defined from ferrite material properties and geometry of a
) X - ! , 1 , 1 - disktype ME patrticle. These polarizabilities are parameters
2800 2900 3000 3100 3200 of a system characterized by certain spectral propeftiers
External bias field (G) tain positions of poles and zeros with respect to frequency or
© bias magnetic field Because of these spectral properties,
one may talk abouthe unified process of ME oscillations
L ! | ! | ! | y __I The diskt-wire ME particles may be considered as *“glued
@10_ Eee = pairs” of two (electric and magneticsmall dipoles and,
z sE LH 3 therefore, may be used as structural elements for bianisotro-
-.% C I I“: (l | I|| . ] pic composite materialg!—6]. For this reasorfand to distin-
s F " - guish these ME patrticles from other types of ferrite ME par-
< | A P T ticles analyzed, in particular, in this papeve will call the
2800 2900 3000 3100 3200 disk+wire particles as bianisotropic particléhe BAP'S.
External lzz"ﬂ)s field (G) Also, because of the dipole character (eleetnoagnetic di-

poles of ME oscillations, we will classify such oscillations

FIG. 10. Absorption spectrums of different types of ME par- in BAP’s as magnetoelectric dipo®ED) oscillations.

ticles when excited with combined structure of electric and mag- ME particles with wire-form electrodes play a special role
netic fields. in our experiments. The oscillations excited in a ferrite disk

resonator with a wire-form electrode are characterized by the

disk+wire ME particle. The problem of this phase correla- S8me positions of peaks as oscillations excited by the exter-

tion is a reason why amplitudes of main peaks observed i@l rf magnetic field in such resonators without surface elec-
Fig. 10b) are different from amplitudes of peaks shown in trodes. So we can conclude that the observed MED oscilla-

Figs. 6c) and 9. tions have degenerated peak positions with respect to MS
oscillations in a “pure” (without a surface electrogiéerrite

VII. DISCUSSION disk resonator.

Our experiments show that for different types of ME par-
ticles, one has discrete multi-resonance absorption spectrum
of quasistatic electric energy. The quasielectrostatic energy The effect of local magnetoelectric coupling, which be-
absorbed by a small particle is effectively transformed to thecomes apparent in small ferrite resonators with a special-
magnetostatic energy of this specimg@he energy of mag- form surface electrodes, is an effect in microwaves. In this
netization of a whole ferrite bogyMainly, we have the mul- paper, we carried out a wide range of experimental investi-
tipole magnetic polarization of a sample. gations of different types of ferrite ME particles. The results

A detailed analysis of absorption spectrums obtained foshow that proposed ferromagnetic particles, being placed in
different types of ME particles and different types of the different structures of the external rf fields, are strongly ex-
exciting fields leads us to a very important conclusion thatited by the rf electric, magnetic, and combinélectric

VIIl. CONCLUSION
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(electrictmagnetig fields. The particle responses are char-BAP’s with the unified spectrum of ME oscillations—the
acterized by multiresonance spectrums of absorption peakMED oscillations.

One may classify these spectrums as ME spectrums, MS

spectrums, and superposed_ (ME/I_S) spectrums. For some ACKNOWLEDGMENTS

types of complex-fornitwo-dimensional surface electrodes,

the so-called TPD model may be successfully used to de- The authors would like to express sincere gratitude to Dr.
scribe the particle responses in the exciting rf electric field Atsushi Sanada and Mr. Wataru Koga for valuable discus-
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