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A magnetoactive metamaterial based
on a structured ferrite

Subject and Purpose. The use of spatially structured ferromagnets is promising for designing materials with unique predeter-
mined electromagnetic properties welcome to the development of magnetically controlled microwave and optical devices. The
paper addresses the electromagnetic properties of structured ferrite samples of a different shape (spatial geometry) and is devo-
ted to their research by the method of electron spin resonance (ESR).

Methods and Methodology. The research into magnetic properties of structured ferrite samples was performed by the ESR
method. The measurements of transmission coefficient spectra were carried out inside a rectangular waveguide with an external
magnetic field applied.

Results. We have experimentally shown that over a range of external magnetic field strengths, the frequency of the ferromag-
netic resonance (FMR) of grooved ferrite samples (groove type spatial geometry) increases with the groove depth. The FMR
frequency depends also on the groove orientation relative to the long side of the sample. We have shown that as the external static
magnetic field approaches the saturation field of the ferrite, the FMR frequency dependence on the external static magnetic field
demonstrates ““jump-like” behavior. And as the magnetic field exceeds the ferrite saturation field, the FMR frequency depen-
dence on the groove depth gets a monotonic character and rises with the further growth of the field strength.

Conclusion. We have shown that the use of structured ferrites as microwave electronics components becomes reasonable at
magnetic field strengths exceeding the saturation field of the ferrite. At these fields, such a ferrite offers a monotonically increa-
sing dependence of the resonant frequency on the external magnetic field and on the depth of grooves on the ferrite surface.
Structured ferrites are promising in the microwave range as components of controlled filters, polarizers, anisotropic ferrite res-
onators since they can provide predetermined effective permeability and anisotropy. Fig. 5. Tabl. 1. Ref.: 12 items.

Key words: metamaterial, ferrite, ferromagnetic resonance, microwave frequency range.

It is well known that magnetoactive metamateri-
als are prospective base for frequency filters. In
addition, magnetoactive metamaterials can find
application in computer technology, microwave
and optical engineering. The main advantage of
the abovementioned filters is wideband-frequency
tunability. The filters based on magnetically con-
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trolled photonic crystals with their magnetoac-
tive elements constructed of ferromagnetic materi-
als are effective in the microwave and optical ran-
ges [1-8].

However, modern electronics of high and ex-
tremely high frequencies requires brand-new fil-
ters where application of classical ferrodielectrics
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is problematic. It is well known that electrical and
magnetic properties of ferrodielectrics are deter-
mined by the crystal structure. Any modification in
the crystal structure leads to a change in its proper-
ties. The development of such materials (magnets)
requires large costs.

An alternative solution to the problem is the
use of spatially structured ferromagnets, such as
magnetoactive metamaterials. The electromagne-
tic properties of a magnetoactive metamaterial de-
pend not only on the properties of the metamate-
rial constituents but on their spatial arrangement,
too. On this basis, the development of materials
with predetermined electromagnetic properties
(constitutive parameters — permittivity and per-
meability) is possible. In this case, it is natural to
turn attention to magnetoactive metamaterials un-
der electron spin resonance (ESR) conditions. For
this, a magnetic field of the kOe order should be
applied to the magnetoactive metamaterial [9, 10]
for the microwave range. The ESR area is the most
attractive as the frequency dispersion of magnetic
permeability is at its maximum there [9, 10]. This
structuring contributes to the formation of spatial
electrodynamic resonances appearing in the sam-
ple and thus greatly controls formation of the ef-
fective magnetic permeability of the entire struc-
ture. Besides, this structuring modifies demagne-
tizing factors [9] and substantially transforms the
electromagnetic properties (effective constitutive
parameters) of the sample. So, the magnetoactive
metamaterial research using the ESR-method no-
table for its great sensitivity to magnetic structural
changes is really necessary in the frequency range
of the metamaterial prospective application.

On this basis, the aim of the work is the
ESR-method research into the electromagnetic
properties of structured ferrite samples of a diffe-
rent shape (spatial geometry).

1. Structures under study and theoretical
approach. For the magnetoactive metamateri-
al research, six parallelepipedic samples of fer-
rite (1SCh4 brand, 47M,=4750 Gs, g=2.14)
are used. Each sample is of the size axbxc=
=7.2%3.4x 1.0 mm. By the term “spatial geo-
metry” we mean parallel grooves cut on one side
of the sample so that the sample represents a comb
structure (Fig. 1, a, b).

All the samples are separated into two se-
ries (see the Table). The first series samples have
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Fig. 1. Structured ferrite sample: a — schematic view and b —
scanning electron microscope image showing grooves made
with femtosecond laser (45 degree tilt, end view)

Numbers and groove depths d of ferrite samples

Series Sample d, mm

Series 1 — grooves are parallel No. 1 0.2
to side a of the sample No. 2 0.4

No. 3 0.6
Series 2 — grooves are perpendi- No. 4 0.2
cular to side a of the sample No. 5 0.4

No. 6 0.6
Ferrite slab No. 7 0.0

grooves parallel to the long side (a) of the sam-
ple (see Fig. 2, a). The second series samples have
grooves perpendicular to the long side (a) of the
sample (see Fig. 2, b). Within the same series, the
samples differ in groove depth, d. The reference
sample (No. 7) is a ferrite parallelepiped without
grooves.
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a

To have samples with a structured surface and
avoid thermally-induced demagnetization, we re-
sorted to laser ablation using a femtosecond la-
ser system Spitfire Pro 35F-XP, Spectra-Physics.
The laser system generates 50 fs pulses ata 1 kHz
repetition rate, the center wavelength is 800 nm.
The resulting laser beam with an average power
of 1.4 W is focused on the sample surface using a
50 mm lens. The scanning velocity along the sur-
face is 5 mm/s. The groove period is 0.4 mm, the
ridge width is 0.2 mm. The three groove depths
are obtained using three dedicated positioning
programs.

In the case of collinear magnetic materials,
the ESR phenomenon observed for ferromagne-
tic materials is commonly called [9, 11] the Ferro-
magnetic Resonance (FMR) phenomenon de-
scribed by the motion equation
aa—'\t/|=— (M X Het), @)
where ¥ is the gyromagnetic ratio, M is the mag-
netization of the sample unit volume, and Fieff is
the total magnetic field with the components [9]

Hy =h-NM,,
H,=H,-N,M,, @)
Hz :_NZMZ’

where Hy, Hy, H; are the total field components
in the X, Y, z directions, respectively, with both ex-
ternal and internal fields taken into account, Hy, is
the external static magnetic field directed along the
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b

Fig. 2. Location of structured ferrite samples inside a rectangular waveguide: a — series 1 and b — series 2

y-axis, h is the high-frequency alternating mag-
netic field directed along the X-axis, and My, My,
M, are the components of the alternating magneti-
zation M. In (2), Ny, Ny, N, are the components
of the effective demagnetizing factor N [9, 10] of
the sample. N governs the FMR frequency fryr
and directly depends on the shape of the sample.
Since the samples differ in their groove depths, the
demagnetizing fields of the structured and unstruc-
tured ferrite samples of the same size should dif-
fer, too.

A numerical modelling was made in order to
determine the FMR frequency of the studied sam-
ples, with demagnetizing factors and groove depth
d taken into account.

2. Experiment and data analysis. Each sample
is placed inside a metal rectangular hollow wave-
guide. Its cross-section is A X B =23 x 10 mm,
the main waveguide mode is TE,. The external
static magnetic field I:|0 is directed along the OY
axis (Fig. 2) [6, 7, 11, 12]. The waveguide is po-
sitioned so that the sample is located between the
electromagnet poles to satisfy the FMR-condi-
tions (h L Hy) [11]. A Vector Network Analyzer
N5230A is connected to the waveguide by coax-
ial cables, the spectrum registration is performed
in the frequency domain mode at several values of
the static magnetic field strength H,,.

Fig. 3,a, b shows the experimental fryg fre-
quency dependences on the external magnetic field
H for the samples located as in Fig. 2 (the insets
in Fig. 3, a, b). As seen from Fig. 3, a, b, the reso-
nant frequency fgyg increases with H, for all the
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considered groove depths d. Besides, fryr increas-
es as groove depth d increases with H, fixed.

For clarity sake, the dependences fgyr=
=femr (d) are shown in Fig. 4. Let us analyze
these dependences in more detail. According to
Fig. 4, the dependences can be conventionally se-
parated into two — nonmonotonic (grey colored)
and monotonic (white colored) — areas. The non-
monotonic behavior can be explained by the fact
that the ferrite (in the “grey” area in Fig. 4) is un-
saturated, H <Hg, where Hgy is the saturation
field of the ferrite sample [9, 10]. When H > Hy,
the ferrite passes to the saturated state. As a result,
the dependence fryr = femg (d) becomes monoto-
nic (the “white” area in Fig. 4). In other words,
when Hy > Hg, and the magnetic saturation occurs
in the structured ferrite, the magnet turns out to be
collinear. In this case, an internal field is formed
inside it, and the magnetic field value substan-
tially exceeds the surface anisotropy field caused
by the structuring. In this case, a groove depth
change acts as a small magnetic-field perturbation
and provides a monotonic fryr = frvr (d) depen-
dence. When the magnet is unsaturated, Hy < Hgy
(Fig. 4) the internal field is basically determined
by the surface anisotropy field caused by the mag-
net structuring. So, the groove depth d largely per-
turbs the fpyr, leading to a nonmonotonic nonlin-
ear dependence fryr =Tfrur (d), which is typical
for any large perturbation.

It should be noted that the FMR frequency is af-
fected by the groove arrangement relative to the
direction of the external static magnetic field, H .
The field H, is directed along the OY axis, i.e.
parallel to the long side a of the sample. Thus, the
value of the FMR frequency for the samples with
grooves parallel to the long side a of the sample
(series 1, Fig. 2,a) is greater than for the sam-
ples with grooves perpendicular to the side a (se-
ries 2, Fig. 2, b), compare the FMR frequency val-
ues for the curves with d = 0.2 mm and d = 0.4 mm
in Figs. 3, a and b. The observed phenomenon is
caused by the action of the demagnetizing fields
Ny My; NyMy; N, M; in the given structured fer-
rite sample [9].

Note that in Figs. 3, a, b, there are “jumps”
on the curve fepyr = femr (Ho) (experiment) near
Ho =2 500 Oe. We suggest that the observed
“jumps” are caused by the passage from one mode
arising in the given electrodynamic structure to ano-
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Fig. 3. Dependence of FMR frequency fgyr on external
magnetic field Hy, fepmr = femr (Ho), for several groove depths
d=0.2, 0.4, and 0.6 mm and for a slab without grooves (cur-
ve 7): a — sample orientation inside a waveguide according
to Fig. 2, a (series 1, experiment), b — according to Fig. 2, b
(series 2, experiment), and € — according to Fig. 2, a (series 1,
numerical modelling)

ther one. This effect occurs when the wavelength
is comparable with the sample size. A numerical
calculation using the model described by formu-
la (1) has been performed. Fig. 3, ¢ presents the
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Fig. 4. Dependence of FMR frequency fryg on groove depth
d for several values of magnetic field H, and at two sample
positions inside a waveguide: a — according to Fig. 2, a
(series 1) and b — according to Fig. 2, b (series 2)
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Fig. 5. Electromagnetic field spatial distribution (numerical
modelling) for sample No. 3 inside a waveguide (the cross
section of the sample is in the middle of the waveguide),
Ho = 1900 Oe and fryg = 13.824 GHz

calculated FMR frequency fpyr as a function of
the external magnetic field for the d =0 mm and
d =0.2 mm samples (the grooves are parallel to the
long side a of the sample according to Fig. 2, a). It
can be seen that near Hy = 2 000 Oe the “jumps”
are similar to those experimentally observed for
the FMR frequency depending on the external
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magnetic field (marked by the solid-line square in
Fig. 3, a, b). Also, Fig. 3, ¢ indicates the passages
from “Mode 1” to “Mode 2”.

To confirm the assumption above, the spa-
tial distribution of the hy-component of the elec-
tromagnetic field in sample No. 3 is presented in
Fig. 5. A numerical modeling was carried out for
the mode arising at frequency fryr = 13.824 GHz
and magnetic field intensity Hy =1 900 Oe, the
sample location is as in Fig. 2, a. From Fig. 5, it
can be seen that the wavelength A in the sample
approximately equals the length of its short side b
at the given frequency (the distance between the
two dashed lines).

That is, indeed, the “jumps” on the dependences
femr = femr (Ho) in Fig. 3 are observed when the
geometric dimensions of the sample are compara-
ble with the wavelength as was assumed earlier.

In other words, at the given magnetic fields, the
transitions from one spatial mode (Mode 1) ex-
cited in the studied sample to another (Mode 2)
(Fig. 3, ¢) occur in the form of “jumps” on the de-
pendences fryr=frmr (Ho) as observed in the
graphs in Fig. 3. That the electromagnetic field
spatial distribution shown in Fig. 5 is similar to the
electromagnetic field distributions for the other
samples at the other resonant frequencies (near
the “jumps”) and other groove depth d values con-
firms this fact.

Conclusions. We have established that:

1. The FMR frequency of the structured ferrite
sample depends on the depth of grooves on the fer-
rite surface. Namely, the FMR frequency increases
with the groove depth over some range of the ex-
ternal magnetic field.

2. The FMR frequency of the investigated struc-
tured ferrite depends on the groove orientation rela-
tive to the long side of the sample and to the direc-
tion of the external magnetic field H o- When the
grooves are perpendicular to the long side of the
sample, the FMR frequency is lower than when the
grooves are parallel to it due to the influence of the
demagnetizing fields of the structured ferrite.

3. When the external magnetic field intensi-
ty Hy = 2.5 kOe is applied to the structured fer-
rite sample, the FMR frequency dependences on
the external static magnetic field demonstrate a
“jump-like” behavior. It takes place when the di-
mensions of the sample are comparable with the
wavelength in it.

ISSN 1028-821X. Radiofiz. Electron. 2021. Vol. 26, No. 1



A magnetoactive metamaterial based on a structured ferrite

4. At magnetic fields Hy > 2.5 kOe (saturated
ferrite), the dependence of the FMR frequency on
the groove depth becomes monotonic and increa-
ses as the field rises.

Thus, our research shows that the studied struc-
tured magnetoactive metamaterials could find ap-
plication as components of extremely high fre-
quency electronics considering that the magne-
tic field strength is larger than the saturation field
(Hg > Hgat). Namely, the ferrite is saturated at this
level and has a monotonic increasing dependence

of the resonant frequency on the external magnetic
field and on the groove depth on its surface.

As for the practical application, it is safe to
say that structured ferrites are promising as mic-
rowave electronics components with predeter-
mined permeability and electronically tunable
anisotropy. The structured ferrites are promising
as polarizers and active media for solid-state la-
sers in the optical range. Also, the structured fer-
rites can act as memory components in computer
technologies.
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MATHITOAKTUBHUIA METAMATEPIAJI
HA OCHOBI CTPYKTYPOBAHOI'O ®EPUTY

IIpeamer i meTa podoTn. BukoprcraHHs IPOCTOPOBO CTPYKTYPOBAaHUX (hePOMArHETHKIB € MEPCIIEKTUBHIM JUIsl pO3pOOKH Ma-
TepialiB i3 OIHO3HAYHO 3aJJAHUMHU €JIEKTPOMAarHiTHUMH BIACTUBOCTAMH. BOHM MOXYTh 3HAHTH 3aCTOCYBaHHS JUISl IIPOEKTY-
BaHHS MarHiTOKEPOBAHMX MIKPOXBIJILOBUX i ONTHYHHX IPHCTPOiB. MeToro 1aHoi poGOTH € IOCITiPKEHHS eJeKTPOMarHiTHHX
BIIACTUBOCTEH 3pa3KiB CTPYKTYypOBAaHUX (EPHUTIB 3 Pi3HOIO0 (POpPMOIO (IIPOCTOPOBOIO TEOMETPIEI0) METOOM EJIEKTPOHHOTO CITi-
HOBOTO pe3onancy (ECP).

Mertoau i MeTogo.0risi poG0oTH. MarHiTHI BIaCTHBOCTI JIOCHTIIKYBaHUX CTPYKTYPOBAHUX 3pa3KiB (hepuTy Oyau J0CITiKeH]
metozoM ECP. ExcriepiuMeHTH TpOBOIMITHCS B IPSIMOKYTHOMY XBHJICBOJII IIUISTXOM BHMIpPIOBaHHS CHEKTPIB Koe(ilieHTa IPOXoI-
JKeHHS TIPH 33/JaHOMY 30BHIITHEOMY MarHiTHOMY MOJII.

Pe3yabTaT po6oTH. B po6oTi excrieprMeHTaIbHO ITOKa3aHo, IO VIS CTPYKTYPOBAHOTO 3pa3ka (hepuTy 3 KaHaBKaMHU 4acTo-
Ta GepomarnitHoro pezoHancy (PMP) 30imburyeThes 31 301IbIIEHHSIM TNIHOMHH KaHABOK JUIS ISSIKOTO J[ialla30Hy 30BHIIIHBOTO
MarHiTHOro noist. Yacrora ®MP Taxox 3ayesKHUTh Bif opi€HTAalii kKaHABOK MO0 IIMPOKOI CTOPOHH 3pa3ka. [TokazaHo, o xoinu
30BHIIIHE TTOCTii{HEe MarHiTHEe IoJe cTae OIM3BKUM JO IOl HACHUYESHHS (epuTy, 3aexkHicTh yactotn @MP Bix 30BHINIHBOTO
MOCTIHHOTO MarHITHOTO HOJISL JEMOHCTPY€E «CTPHOKOMOMIOHY» MOBEAIHKY. Y MAarHITHHX IOJSIX, OUTBIIHNX 32 IT0Je HaCHYCHHS
(deputy, 3anexHicts yactotd PMP Bij MUOWHN KaHABKH CTA€E MOHOTOHHOIO 1 30LTBIIYETHCS 3 POCTOM TIOJIS.

BucnoBok. [TokazaHo, 0 3aCTOCYBaHHSI CTPYKTYpPOBAaHUX (DEPHUTIB B SIKOCTI €IEMEHTIB Ha/JBUCOKOYACTOTHOI €IEKTPOHi-
KU CTa€ MPUHHATHUM ITIPH HAIPY>KEHOCTI MAarHITHUX IONIB, OUTBIIMX 3a MOJe HacHueHHsS (eputy. B nmux momsx Taxi GpeputH
MalOTh MOHOTOHHO 3pOCTAIOUy 3aJI€XKHICTh PE30HAHCHOI YaCTOTH Bij MOCTIHHOTO MarHiTHOTO IO i BiJ INIMOMHY KaHABOK Ha
ix moBepxHi. CTpykTypoBaHi (h)epUTH MEpPCIeKTUBHI B MIKPOXBIJILOBOMY JIialla30Hi SIK €IEMEHTH KepOBaHMUX (iIBTPIB, MOJIS-
pH3aTopiB, aHI30TPONHHUX (DEPUTOBUX PE30HATOPIB, OCKIIBKH B HUX MOXKHA OTPHMATH HeoOXiIHYy e(eKTHBHYy MarHiTHy Ipo-
HUKHICTB 1 aHI30TPOTIIO.

Knrwuoei cnoea: memamamepian, pepum, ghepomacrimunuii pesonarc, HB4-oianason.
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