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MAGNETIC CORE APPLICATION

IN A PLANAR RESONATOR WITH A YTTRIUM
IRON GARNET FILM FOR ENHANCING STRONG
PHOTON-MAGNON COUPLING

Subject and Purpose. This paper presents numerical simulation results on the transmission spectra of a split-ring resonator (SRR) loaded
with a thin film of yttrium iron garnet (YIG). The application of a magnetic core in the SRR is proposed for increasing the photon-magnon
(P-M) coupling strength. The anticrossing effect in the frequency dispersion behavior of the SRR modes and YIG film ferromagnetic reso-
nance modes, namely SRR-YIG coupled modes, is identified. The dimensional parameters of the SRR with a magnetic core are calculated,
taking care to preserve the design compactness and striving to obtain a maximum possible spin-number-normalized coupling strength
for such a system. The work has been aimed at evaluating the efficiency of applying the magnetic core as a part of the planar microwave
resonator to enhance the P-M coupling strength.

Methods and Methodology. The transmission coefficient |S,;| spectra of electromagnetic waves propagating through the planar reso-
nator with the YIG film under the ferromagnetic resonance condition are numerically studied using the CST Studio Suite package in the
frequency domain. The spatial distribution function of the magnetic field strength is calculated for the two scenarios of YIG film location:
near the magnetic core (between the SRR and the feeding stripline) and inside the magnetic core (in the SRR center). Also, for each of these
two scenarios, the transmission coefficient |S,;| spectra of the wave propagation through the feeding stripline in the region of SRR-YIG
coupled modes are simulated with and without the magnetic core. The dispersion curves of the SRR-YIG coupled modes are obtained in
analytical terms.

Results. It has been shown that the magnetic core application increases the P-M coupling strength 2.0 times in the scenario of YIG film
location near the magnetic core (between the SRR and the feeding stripline). When the YIG film is inside the magnetic core (in the SRR
center), the P-M coupling strength rises 2.3 times compared to similar cases without the magnetic core.

Conclusions. The suggested magnetic core application can be used to increase the P-M coupling strength in the SRR — magnetic film
resonant system, striving to develop effective microwave-to-optical converters and create efficient information exchange between quan-
tum computers.
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Introduction

Theoretical and experimental principles of photon-
magnon (P-M) coupling, or interaction between the
quanta of electromagnetic waves (photons) and the
quanta of spin waves (magnons) are well described
in [1]. The P-M coupling manifests itself in the trans-
mission spectrum as coupled modes of both resona-
tor and magnet under the ferromagnetic resonance
(FMR) condition. Planar resonators gain more effi-
cient P-M coupling strength and maintain a compact
design [1, 2]. The problem is highly relevant today,
and, as a result, many modifications of planar reso-
nators have been developed up to date, providing
significant improvements of the coupling strength
efficiency [3—6].

Previously developed planar resonators have al-
most reached a limit in their ability to increase the
spin-number-normalized P-M coupling strength,
gn» that currently stands at about 0.2 Hz [6]. Among
those is the planar split-ring resonator (SRR) [2,
7—10] that has been actively studied for the last de-
cade to find out that further transformations of the
SRR shape are of little use for increasing the gy pa-
rameter. A possible remedy is to enhance the electro-
magnetic coupling between the SRR and the feeding
stripline.

A reasonable approach to this physical and tech-
nological problem is to increase the magnetic induc-
tion between the feeding stripline and the resonator,
such as the SRR, by means of employing a high-per-
meability magnetic (ferrite) core [5], thus imple-
menting the principle behind transformers in radio
electronics. This being so, the present work aims at
evaluating the efficiency of the magnetic core appli-
cation in a planar microwave resonator to enhance
the P-M coupling.

In this work, two scenarios of the yttrium iron gar-
net (YIG) film placement relative to the SRR are con-
sidered: between the SRR and the feeding stripline
(near the magnetic core) and in the SRR center (in-
side the magnetic core). In both scenarios, two cases
including and excluding the magnetic core are ana-
lyzed and compared. The YIG film is placed where
the high-frequency magnetic field concentration is
at its highest. The YIG material choice is reasoned
by the widespread use of this high-spin density, low-
loss ferrimagnetic material in quantum conversion
technologies.
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1. Theoretical information

We study a hybrid system consisting of the Kittel
mode and the microwave cavity mode using a planar
SRR with a YIG film and a feeding stripline located
close to the SRR [1], see Fig. 1. The feeding stripline
can excite both the resonator and the YIG film. The
application of a magnetic core allows a more efficient
conversion of the electromagnetic energy from the
feeding stripline to the SRR via the magnetic flux
in the magnetic core. The alternating magnetic flux
through the circuit with cross-sectional area § is
known to be [5]

®=BS, (1)

where B is the magnetic induction. We consider the
situation when microwaves circulate in the magnetic
core (Fig. 1). In this case, B is given by

B=uh, )

where h is the alternating magnetic field strength in
the circuit and u is the microwave magnetic permea-
bility of the material filling the circuit.

The SRR with a magnetic core possesses micro-
wave permeability u ., with . > u. By virtue of Eq. (1),
the magnetic flux density in the core increases, and
so does, according to Eq. (2), the microwave mag-
netic induction of the core, B, > B. The alternating
magnetic field in the magnetic core induces an addi-
tional alternating current (increases the alternating
current magnitude) in this SRR as against an identi-
cal SRR with the YIG film and without the magnetic
core [10].

All dimensional parameters of the SRR, YIG film,
and the feeding stripline hold the same, whether
with the magnetic core or without. There is a dielec-
tric insert in the SRR slit for correcting the SRR re-
sonance frequency.

Notice that depending on the scenario, the em-
ployed 0.035 mm thick YIG film is either rectangu-
larly shaped, 2.6 x 0.335 mm when it is located be-
tween the SRR and the feeding stripline (near the
magnetic core). Or, when it is in the center of the
SRR (inside the magnetic core), the YIG film is cylin-
drically shaped, its diameter is d = 2.6 mm.

Also, in both scenarios of YIG film placement,
the SRR topology and dimensional parameters hold
the same. The SRR is 3.8 x 3.8 mm in size. The me-
talized part of the SRR is made of copper conductor,
0.4 x 0.035 mm. The SRR slit is 0.2 mm wide and is
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Fig. 1. The SRR with magnetic core

situated on the side opposite the feeding stripline
(see Fig. 1). The SRR and the feeding stripline are po-
sitioned 3.33 mm apart on a 1.5 mm thick dielectric
substrate of Rogers 4350B material covered at the
bottom with a 0.035 mm thick copper ground layer.

The magnetic core in Fig. 1 is shaped as a closed
rectangular loop. The magnetic core crosscuts the di-
electric substrate with the copper ground layer in the
two places: in the SRR center and outside the SRR,
right behind the stripline. The magnetic core in-
volved in our numerical simulation is assumed to be
an idealized lossless magnet in the studied frequency
range. Its permeability is #.= 10 and the permittivity
is e.=1. To reach the specified value of the magnetic
permeability, an external magnetic field beyond the
FMR region of the magnetic core is applied. For the
practical implementation, low-loss (in the specified
frequency range) magnets, such as barium hexafer-
rites, can be used. In materials of this kind, the FMR
absorption is observed in an external magnetic field
H < 1000 Oe and owes its appearance to the strong
magnetic anisotropy [11]. The numerical simulation
was carried out by using the CST Studio Suite pa-
ckage operating in the frequency domain.

For the strong-coupling regime observed in the
studied SRR-YIG film system, the minima of the
SRR resonance frequencies are determined by the
formula [1]

w4 —[(w,+wp)i\/(wr—wp)2+4g2 }, (3)

1
2
where w, is the SRR resonance frequency, ,, is the

resonance frequency of the FMR peak in YIG fer-
rimagnetic, and g is the P-M coupling strength value.
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2. Results and discussion

To trace the microwave flux penetration into the YIG
film through the magnetic core, let us analyze Fig. 2
and compare the spatial distributions of the induc-
tion component B,(z) at the YIG-magnet interface
for the two YIG film locations relative to the SRR.
Fig. 2, a refers to the YIG film location between the
SRR and the feeding stripline in the magnetic core
absence. Fig. 2, b corresponds to the YIG film loca-
ted in the SRR center in the magnetic core presence.

The analysis of the spatial distribution of the B,(z)
component along the z-axis (Fig. 2, b) shows that in
the scenario of the YIG film location between the
SRR and the feeding stripline, the |B,| component in-
creases significantly, more than 4 times, as compared
to the scenario with the YIG film in the SRR center.

Fig. 3 illustrates the simulation results on the spa-
tial distribution of the induction vector B of the
electromagnetic field in the YIG film neighborhood.
Here, the YIG film is located between the SRR and
the feeding stripline. Fig. 3, b shows that the YIG film
is in an area with a high concentration of the alter-
nating magnetic field component, where the mag-
nitude |B,| is at its maximum. This is an important
condition for getting the P-M coupling strength at
its highest. The numerical simulation of the trans-
mission spectra of electromagnetic waves propaga-
ting through the feeding stripline and the SRR was
conducted in the case of the external y-directed mag-
netic field H application (see Fig. 1). The coupled
photon and magnon modes in the region of the SRR
resonance frequency and the YIG film FMR frequen-
cy are shown in Fig. 4.

The magnetic core presence shifts the resonance
frequency to lower values (see Fig.4), which is
caused by the increased magnetic permeability of
the resonator filling material (x«, > ). In our case,
the magnetic core occupies a considerable area of the
SRR. As seen, the resonator modes are repulsed, and
the anti-crossing effect is observed.

The calculated by formula (3) dispersion curves
of the resonance frequencies w4 versus the external
magnetic field H are plotted in black dashed lines
in Fig. 4. The P-M coupling strength g comes from
expression (3). Also, g can be roughly obtained as
g=(w,—w_)/2, half the numerical difference between
the resonance frequencies wy, if an external magnetic
field is applied and 0, = w,,.
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Fig. 2. Spatial distributions of the magnetic induction component |B,|: a — YIG film is between the SRR and the feeding stripline (near
the magnetic core) and b — the YIG film is in the SRR center (inside the magnetic core)
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Fig. 3. The SRR with feeding stripline and YIG film between them: a — without and b — with the magnetic core. The insets show the

induction vector B spatial distributions (black arrows) at the cross-section made by the yz-cutting plane in the YIG film region and
visualized with the parallelepiped-shaped cutout
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Fig. 4. Simulated transmission coefficient |S,;| spectra of waves propagating through the feeding stripline in the region of SRR-YIG

coupled modes: a — without and b — with the magnetic core. The black dashed lines are dispersion curves calculated by formula (3)
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Fig. 5. The SRR with feeding stripline and YIG film in the SRR center: a — without and b — with the magnetic core. The insets show
the induction vector B spatial distributions (black arrows) at the cross-section made by the yz-cutting plane in the YIG region and
visualized with the parallelepiped-shaped cutout
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Fig. 6. Simulated transmission coefficient |S,| spectra of electromagnetic waves propagating through the feeding stripline in the
region of the SRR-YIG coupled modes. The YIG film is in the SRR center: without the magnetic core (a) and in the narrow gap of the
magnetic core (b)

In addition, we used the g/(27) value and estima-
ted the spin-number-normalized coupling strength
by the formula gy = g/(27 (N)Y?), where N; is the
number of spins in the magnet volume. The concen-
tration of spins for the YIG film was 4.22-10* m™. In
the result, g/(2r) = 165 MHz and gy=0.46 Hz with-
out the magnetic core (Fig. 4, a). With the magnetic
core (Fig. 4, b), g/(2r) =334 MHz and gy=0.93 Hz.
Comparing the obtained gy values with and without
the magnetic core one finds that the P-M coupling
strength for the SRR with the YIG film in the magne-
tic core presence is twice the P-M coupling strength
without the magnetic core.
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Fig. 5 illustrates the other scenario that the YIG
film is inside the magnetic core in the SRR center.
Again, a comparative study is conducted with and
without the magnetic core, the same as for the sce-
nario in Fig. 3. The magnetic core has a narrow gap
(r=0.035 mm), where the YIG film is placed. The
gap of diameter d =2.6 mm is situated in the SRR
center. Now, the YIG film is placed directly in the
magnetic flux of the magnetic core. In this scenario,
the YIG film is of cylindrical shape, its diameter is
d=2.6 mm, and it fills the gap completely.

The YIG film presence in the gap reduces the ave-
rage magnetic induction in the magnetic core. In this

ISSN 1027-9636. Radio Physics and Radio Astronomy. Vol. 29, No. 3, 2024
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scenario, the induction can be approximately esti-
mated by the following expression [5]

(4)

where i is the average current through the circuit, /.
is the average length of the magnetic core, and u =1
is the permeability of YIG material (beyond the FMR
region) filling the gap, r=0.035 mm. We assume that
the gap (where the YIG film is placed) and the mag-
netic core have the same cross-sectional area S. Yet,
inside the gap itself, magnetic induction B and mag-
netic flux @ are larger than in the magnetic core ab-
sence. Notice, this increase is observed at a reasonab-
ly small 7, r* << S and at a sufficiently large relative
permeability of the magnetic core, . >> u. Thus, the
P-M coupling strength efficiency in the region where
the YIG film is placed increases considerably com-
pared to the case without the magnetic core.

B.=®/S=iuu/(l.u+rup),

The numerical simulation results on the transmis-
sion spectra in the mode coupling region in the sce-
nario that the YIG film is located in the SRR center
with and without the magnetic core are presented in
Fig. 6. As seen, g/(2r) =87 MHz when the YIG film
is in the SRR center and the magnetic core is absent,
and g/(27) =204 MHz when the YIG film is in the
narrow gap inside the magnetic core. Correspoding-
ly, the calculated spin-number-normalized gy value
increases from 0.098 to 0.23 Hz. Thus, according to
the simulation results, the gy value increases more
than 2.3 times in the magnetic core presence.
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3ACTOCYBAHHA MATHITHOI'O OCEPIA
B INTAHAPHOMY PE3OHATOPI 3 IUIIBKOIO 3AJII3OITPIEBOI'O TPAHATY
I IIACUJIEHHS @®OTOH-MATHOHHOTO 3B AI3KY

ITpenmer i MeTa po6oTn. Y CTaTTi IpeCTABICHO PE3y/IbTaTH YMCEIBHOTO MOJEIOBAHHSA CIIEKTPIiB IPONYCKaHHA pe30HATOpa 3
poszinennm kinbiem (PPK), HaBaHTa)KeHOTO TOHKOIO IITIBKOIO 3aj1i30iTpieBoro rpanary (3IT'). 3anponoHoBaHO 3aCTOCYBaHHA Mar-
Hironposony B PPK mns migcnnennsa ¢goroH-marnonHoro (OM) 3B’13Ky. 3apeecTpoBaHO e(eKT aHTMKPOCHHIY B ITOBEJiHII yac-
torHoi sucnepcii mox PPK i dpepomarnitHoro pesonancy misku 31T, a came 38’a3anux mop PPK-3II. Posmipui mapamerpu PPK 3
MarHiTOIIPOBOJOM OOYNMCIIOIOTECA 3 YpaXyBaHHAM KOMIIAKTHOCTI KOHCTPYKIIi Ta MparHeHHs OTPUMATH MaKCMMa/TIbHO MOXIIVIBY
CHTy 3B’A3KY, HOPMOBaHY 32 YMC/IOM CIiHIB 11 Takoi cucremn. Po6ora cripsMoBaHa Ha OLiHKY e()eKTUBHOCTI 3aCTOCYBaHHS Mar-
HITOIIPOBOMY B CK/Iafli I/IAHAPHOTO MiKPOXBMJIBOBOT'O pe3oHaTopa i nigcuieHua OM-3B A3Ky.

Meropu Ta MeTORONOTIA. UncenbHO HOCTIPKEHO CeKTpy KoedillieHTa IIPOIyCKaHHS |S,| e/eKTPOMarHiTHUX XBU/Ib, 1O TIPO-
XOIATh 4epe3 IJIaHApHMII pe3oHaTop i3 IwiiBkoo 3II' B yMOBax (epoMarHiTHOro pe3oHaHcy, 3a poromoron makery CST Studio
Suite B 9acTOTHIIt 06macTi. PYHKIIiA IPOCTOPOBOTrO PO3MOITY HANPY>KEHOCTi MarHITHOTO HOJIA PO3paxoBaHa JiA IBOX ClLieHapiiB
posmimennsa mwrisku 31T 611 MarHiTonposony (Mibx PPK Ta cMy>kKoBoIo iHilKOI0) i BcepennHi MarHiTonposony (B uentpi PPK).
Kpim 1010, 1711 KOKHOTO 3 IIMX ABOX CLIeHapiiB Y10 IPOMOJEIbOBAHO CIeKTPH KoedillieHTa IpoycKaHHs |Sy;| XBUIb, 10 PO3IIOB-
CIOJPKYIOTBCS Yepe3 CMY)KKOBY JIiHii0 B o6macTi 38’ a3annx Moy, PPK-3IT 3a HasgABHOCTI MarHiTHOro ocepyd i 6e3 Hporo. Jucnepciitai
kpuBi 38’ a3aHux Mo, PPK-3IT 6y1o oTprMaHO B aHaTiTHYHIN HOpMi.

Pesynbrarn. ITokasaHo, 110 Ipy 3aCTOCYyBaHHI MarHiTonposony cvra ®M-3B8’A3Ky 36i1bITy€eThCA BBIYi 32 yMOBHU PO3TalIyBaH-
Ha wiiBky 31T mo6mmsy marnitonposony (Mix PPK i cmy»xxoBoro niHiitkoro). Komu mriska 31T 3HaX0anThes BcepeyiHi MarHiTHOTO
ocepzs (y uentpi PPK), cuna @M-3B’43Ky 36i1b1yeTbes B 2.3 pady HOPiBHAHO 3 aHAJIOTIYHMMY BUIIafKaMyl €3 MarHiTHOTO OCepyis.

BucHOBKU. 3aCTOCYBaHH: MarHiTHOrO OCepAis B pe3oHaHCHii cucteMi «PPK — MarHiTHa Iu1iBKa”» lae MOXX/IMBICTD 301/1bIITyBaTH
cny OM-3B’A3Ky i po3poOKu epeKTUBHUX IepeTBOpIoBayiB xBuib HBY-mianmasoHy B ONTMYHMII Ta 3abe3ledeHHA AKICHOTO
06MiHy iH(pOpMalliero Mi>K KBaHTOBUMM KOMIT OTEPaAMIL.

Knouosi cnoea: gomon-mazHoHHUll 38’30K, NIAHAPHULL Pe30HAMOP, (PepoMazHimHUil Pe3OHAHC, CNeKMPU NPONYCKAHHS, Mae-
HimMonposio.
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