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1. Introduction

Ferrite-garnet thin films exhibit peculiar magneto-optical properties, which make them highly
relevant for both fundamental research and advanced technological applications in optics, mag-
netism, electronics, spintronics, and photonics. From this perspective, particular practical im-
portance is attributed to the magneto-optical properties of ion-implanted ferrite-garnet films, as
ion implantation can reduce or modify local magnetization, coercivity, and anisotropy, as well
as weaken cylindrical magnetic domains, thereby enhancing the control and utilization of their
parameters. In the present paper, we investigate the magneto-optical Kerr effect in the range
of incident light quantum energy of 0.5—4.5 eV before and after ion-implantation of ferrite-
garnet films for different compositions (YBiCaSmLu)s(FeGeSi)s O12, (YBiCa)s(FeGe)s 012,
and (YBiCaSm)s(FeGeSi)s O12. It has been established that ferrite-granite thin films exhibit
interesting magneto-optical properties in the range of incident light quantum energy of 0.5—
2.2 eV. In particular, under certain experimental conditions, magneto-optical activity is ob-
served when the plane of polarization of the incident light deviates from the P-component. To
clarify the nature of this effect, the polar Kerr effect and magnetization processes in the energy
range of incident light quanta of 0.5-2.2 eV, which is the transparency region of ferrite-garnet,
were studied. The obtained results confirm that in this region, magneto-optical activity is char-
acteristic of all three compositions of ferrite-garnet, and implantation has virtually no effect
on their magneto-optical properties.

Keywords: ferrite-garnet thin films, soft magnetic materials, ion implantation, magneto-
optical materials, magneto-optical effects.

nation of large Faraday rotation, strong Kerr effect,
and a wide optical transparency window spanning the

Ferrite-garnet thin films are among the most promi-
nent magneto-optical materials due to their combi-
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visible and near-infrared spectral ranges [1-5]. Bis-
muth-substituted garnets achieve some of the highest
magneto-optical activity, enabling their widespread
use in optical isolators, circulators, and integrated
photonic devices. Their domain structures provide di-
rect visualization of magnetic patterns, making them
useful for magneto-optical imaging and fundamen-

1 This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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tal studies of micromagnetism [5-7]. Historically ap-
plied in data storage, ferrite-garnet films have now
become essential for advanced photonics, spintronics,
and magnetophotonics, with ongoing research focus-
ing on nanoscale engineering and integration for next-
generation communication and quantum information
systems [8, 9].

Ton implantation is widely used both as a tool to
modify their magneto-optical and magnetic proper-
ties locally and as a fabrication technique for in-
tegrated magneto-optical devices. Implantation can
reduce or alter local magnetization, coercivity, and
anisotropy, as well as weaken domain pinning, which
allows for the creation of patterned magnetic regions
[10-12]. Heterogeneous magnetic structures can form
in the surface layer of a ferrite-garnet films due to ion
implantation [13, 14].

The development and utilization of implanted
ferrite-garnet thin films rely on studying and con-
trolling their magnetic, optical, and magneto-optical
properties. In this context, magneto-optical research
methods are crucial for examining their magneto-
optical behaviors [15, 16]. The study of samples using
magneto-optical methods offers several advantages,
including simplicity, minimal impact on the sample
structure, and the ability to gather extensive informa-
tion from measurements. For instance, spectral mea-
surements of the equatorial Kerr effect can reveal
details about a sample’s microstructure, spin tran-
sitions, anisotropy, and magnetic phase changes. Mo-
reover, comparing spectral curves with each other al-
lows a visual comparison of samples and enables one
to obtain information about the influence of certain
substances on the compositional structure of the sam-
ple, both across the entire spectrum and in its specific
spectral regions [9, 10, 17-19]. For this reason, a com-
prehensive study of the magneto-optical properties of
nanoheterostructures, thin films, implanted surfaces,
and other ultrafine structures — taking into consid-
eration their structural composition and fabrication
technology — is significant for understanding the fun-
damental principles governing the formation of their
physical properties.

In the present paper, we investigate the magneto-
optical Kerr effect in the range of incident light quan-
tum energy of 0.5-4.5 eV before and after ion-implan-
tation of ferrite-garnet films for different compositions
(YBiCaSmLu)3(FeGeSi)g,Ou, (YBica)g(FeGe)5012,
and (YBiCaSm);(FeGeSi);012.
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During our experimental exploration of the sam-
ples, we focused on the transparent region of the
ferrite-garnet thin films, which range from 0.5 to
2.2 eV. Typically, in this spectral range, magneto-
optical reflection effects are almost nonexistent. Ho-
wever, in our case, we observed measurable magneto-
optical activity in both implanted and non-implanted
ferrite-garnet thin films within this region. We con-
ducted further research with a specific focus on
this range. The magneto-optical properties were mea-
sured using two different Kerr configurations: polar
and transverse. We examined how ion implantation
affects the rotation of the polarization plane and the
intensity of reflected light based on the orientation of
the incident light’s polarization plane. Additionally,
we explored its impact on the magnetization pro-
cesses in the transparency region of garnet films, aim-
ing to understand the nature of these effects.

The investigation of the magneto-optical proper-
ties of ferrite-garnet films in the transparency range
is essential due to their potential applications in spin-
tronics and photonics, highlighting the need for fur-
ther research [19-21].

2. Experimental Details

In our experiments, we utilized
(YBiCaSmLu)3(FeGeSi)5012, (YBiCa)g(FeGe)solg,
and (YBiCaSm)3(FeGeSi)5012 garnet films with
thicknesses of 2.2, 1.0, and 1.3 micrometers (um),
respectively, exhibiting uniaxial perpendicular mag-
netic anisotropy. These films were prepared using
liquid-phase epitaxy on Gd3GasO;2 substrates with
a thickness of 450 pm and (111) crystallographic
orientation. The implantation process was carried
out at room temperature using Ne+ ions with an
energy of 100 keV and varying doses ranging from
0.5x 10 to 2.5 x 1014 ions/cm?. During this process,
the penetration depth of the implanted ions was 0.1
pm, with the highest concentration of implanted ions
located at a depth of 0.07 pm.

The schematic of the experimental setup for mea-
suring magneto-optical reflection effects is illustrated
in Fig. 1.

To define magneto-optical properties, a dynamic
method was employed. Light transmitted through
the optical system—comprising an L-lens, P-polarizer,
DMR-monochromator, and A-analyzer—illuminates a
sample positioned between the poles of an electro-
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Fig. 1. Schematic diagram of the experimental setup used to
measure magneto-optical reflection effects (S — light source; L —
gathering lens; PS — bulb feeder source; DMR — monochroma-
tor; P — polarizer; A — analyzer; O — sample; EM — electromag-
net; M — mirror; PEU-photo-receiver; SA — selective amplifier;
HVS - high voltage rectifier; AFG — sound frequency genera-
tor; PA — amplifier; C — capacitor; MV — millivoltmeter; MVS —
selective microvoltmeter)
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Fig. 2. Dependences of the equatorial Kerr effect on the quan-
tum energy of incident light for the (YBiCaSmLu)3 (FeGeSi)5O12
films before (curve 1) and after the process of implantation
with doses: 0.5 x 10'4 (curve 2), 1.5 x 10'* (curve 3), and
2.5 x 10'* (curve 4) ions/cm?. The angle of the light incident
on the sample is ¢ = 70°

magnet. The light reflected from the sample is fo-
cused on the photoreceiver through the M-mirror and
L-light gathering lens. The electromagnet is powered
by an alternating current with a frequency of 70—
80 Hz, which is generated by the AFG frequency gen-
erator and amplified by the PA.

In our investigation of the magneto-optical behav-
ior of ferrite-garnet surfaces, we focused on the linear
magneto-optical reflection effects in two different Kerr
configurations: polar and transverse. In the trans-
verse Kerr effect, also known as the equatorial Kerr
effect, magnetization M is perpendicular to the plane
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of incidence of light. In contrast, in the polar Kerr
effect, M is normal to the surface of the magnetic
medium from which the optical wave is reflected.

These effects involve a change in the intensity of lin-
early polarized light reflected from the sample when
the sample’s magnetization is reversed. It can be ex-
pressed as follows:

stz U~ 1
Tr=o Uo

where Iy and Iy—q are, respectively, the intensities of
light reflected from the magnetized and demagnetized
samples, and U. and Uy are the variable (U.) and
constant (Up) components of the signal in the PEU
(photo-receiver circuit).

The magneto-optical properties were measured at
room temperature. The angle of the light incident on
the sample was 70°.

3. Experimental Results and Discussion

We investigated the equatorial Kerr effect in
the range of incident light quantum energies
of 0.5-4.5 eV before and after ion-implantation
of ferrite-garnet films for different compositions
(YBiCaSmLu)g(FeGeSi)5012, (YBiCa)g(FeGe)5012,
and (YBiCaSm)3(FeGeSi)5012. Our experimental re-
sults are in close agreement with previously pub-
lished works [10, 22]|. For instance, Fig. 2 il-
lustrates the relationship between the equatorial
Kerr effect and the quantum energy of inci-
dent light for both unimplanted and ion-implanted
(YBiCaSmLu)g(FeGeSi)5012 films.

We observed magneto-optical maxima in the sam-
ples across all compositions at incident light quantum
energy levels of 2.6, 3.5, and 4.5 €V (see Fig. 2).

It is important to note that the implantation pro-
cess significantly affects the magneto-optical activity
within these (2.6, 3.5, and 4.5 €V) energy ranges when
the implantation doses exceed 0.5 x 10'* ions/cm?.
Additionally, it is worth emphasizing that for all com-
positions within the transparency range of ferrite-
garnet thin films (0.5-2.2 €V), the magneto-optical
effect is essentially negligible.

During the experiment, we observed that the de-
viation of the plane of polarization from the P-
component of the incident light resulted in a signifi-
cant magneto-optical effect within the energy range of
0.5 t0 2.0 eV. In contrast, for incident light with quan-
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tum energy ranging from 2.5 to 4.5 eV, the magneto-
optical spectral characteristics of both unimplanted
and implanted ferrite-garnet films remained practi-
cally unchanged.

For example, Figure 3 illustrates the rela-
tionship between the equatorial Kerr effect
and the incident-light quantum energy for the
(YBiCaSmLu)3(FeGeSi)g,Ou, (YBiC&)g(F@Ge)5012
films, both before and after the implantation process
with a dose of 2.0 x 10'* ions/cm?. These measure-
ments were taken at an angle of incidence of light on
the sample (¢) of 70° and a deviation angle of the
polarization plane () from the P-component of the
incident light of 5°.

According to Fig. 3, the magneto-optical spec-
trum in the transparency range of both unimplanted
and ion-implanted garnet surfaces shows a magneto-
optical maximum at a light quantum energy of iw =
= 1.4 eV for (YBiCa)3(FeGe)5012 (curves 1, 2) and
hw = 2.1 eV for (YBiCaSmLu)s(FeGeSi)5012 (curves
3, 4). Tt is important to emphasize that for all compo-
sitions, these magneto-optical maxima are observed
within the transparency range of ferrite-garnet films
(0.5-2.2 eV).

It is worth noting that the observed magneto-
optical activity occurs under specific experimental
conditions, particularly when the plane of polariza-
tion deviates from the P-component of the incident
light. Typically, in the range of the specified inci-
dent quantum energy, the magnitude of the equatorial
Kerr effect on the P-component of the polarization
plane of the incident light is nearly zero (see Fig. 2).

Since the magneto-optical effects measured in the
transparent region of ferrite-garnet films appear on
the s-component of incident light, the intensity of the
magneto-optical effects in the polar Kerr effect con-
figuration has been measured on the same samples. In
this setup, the magnetization vector is oriented per-
pendicular to the surface of the samples.

As an example, Figs. 4 and 5 illustrate dependences
of the polar intensity magneto-optical effect (Fig. 4)
and equatorial Kerr effect (Fig. 5) on the quantum en-
ergy of incident light fiw for the (YBiCa)s(FeGe)s012
films before (curve 1) and after (curve 2) the implan-
tation process with a dose of 2.0 x 101* ions/cm?. The
results of experimental research show that in both
cases, the behavior of the spectral dependences of
the magneto-optical effects in the range of hw = 0.5—
2.0 €V is the same.
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Fig. 3. Dependences of the equatorial Kerr effect on the quan-
tum energy of incident light fiw for the (YBiCa)s3(FeGe)5012
(curves 1, 2) and (YBiCaSmLu)3(FeGeSi)5012 (curves 3, 4)
films before (curves 1, 3) and after the process of implantation
with a dose 2.0 x 10'4 ions/cm? (curves 2, 4), measured at
p="70°6=5°
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Fig. 4. Dependences of the polar intensity magneto-opti-
cal effect on the quantum energy of incident light for the
(YBiCa)3(FeGe)s5012 films before (curve 1) and after (curve
2) the implantation process with a dose of 2.0 x 1014 ions/cm?2,
measured at ¢ = 70°. The bottom right corner of the graph
displays the configuration of the polar Kerr effect: vector of
magnetization M is normal to the surface of the magnetic
sample

The appearance of the equatorial Kerr effect in the
energy range of 0.5 to 2.0 eV is attributed to the devi-
ation of the polarization plane of the incident light ()
from the P-component. Therefore, we examined how
this magneto-optical activity depends on the angle 6.

Fig. 6 shows the dependence of the equatorial Kerr
effect on the angle of orientation of the polarization
plane (@), relative to the P component of the inci-
dent light for the (YBiCaSmLu)3(FeGeSi)5012 before
(curve I) and after the process of implantation with
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Fig. 5. Dependences of the equatorial Kerr effect on the quan-
tum energy of incident light fiw for the (YBiCa)3(FeGe)5012
films before (curve 1) and after (curve 2) the implantation pro-
cess with a dose of 2.0 x 10 ions/cm?, measured at ¢ = 70°,
0 = 5° (0 is the deviation angle of the polarization plane from
the P-component of the incident light). The bottom right cor-
ner of the graph displays the configuration of the equatorial
Kerr effect: vector of magnetization M is perpendicular to the
plane of incidence of light
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Fig. 6. Dependences of the equatorial Kerr effect on the angle
6 of orientation of the polarization plane from the P component
of incident light for the (YBiCaSmLu)sz(FeGeSi)sO12 before
(curve 1) and after the process of implantation with a dose
2.0 x 10" ions/cm? (curve 2) measured at ¢ = 70° and fiw =
=20eV

a dose 2.0 x 10 ions/cm? (curve 2) measured at
o ="70° and hw = 2.0 eV.

According to Fig. 6, the dependence of the equato-
rial Kerr effect on the angle (6) is symmetric around
point L, which is shifted by 2 to 3 degrees from the P
component of the incident light. Similar dependencies
of the magneto-optical effect on 6 have been reported
in Ref. [22] for ferrite-garnet thin films of other com-
positions.
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Fig. 7. Dependences of the equatorial Kerr effect on the mag-
nitude of the external alternating magnetic field H~ for the
(YBiCa)3(FeGe)5012 (curve 1) at hw=1.6 eV,
(YBiCaSm)3(FeGeSi)5O12 (curve 2), and
(YBiCaSmLu)3(FeGeSi)5O12 (curve 3) films at hw = 2.0 eV.
The figure also presents similar dependences of polar intensity
effect on H. for the same films: (YBiCa)3(FeGe)5012
(curve 4), (YBiCaSm)3(FeGeSi)5012 (curve 5), and
(YBiCaSmLu)3(FeGeSi)5012 (curve 6). These measure-
ments were taken after the implantation process with doses of
2.0 x 10'* jons/cm?

We also measured the dependence shown in Fig. 6
in the polar configuration of the Kerr effect. In this
case, the dependence of the polar intensity magneto-
optical effect on 6 exhibited a similar behavior.

However, studies of the dependences of the
magneto-optical Kerr effect on the value of the ex-
ternal magnetizing field in the range of hw = 0.5—
2.0 €V, in both equatorial and polar configurations,
for ferrite-garnet films revealed that the nature of
these dependences varies.

For instance, Fig. 7 illustrates dependences of the
linear magneto-optical reflection effects on the mag-
nitude of the external alternating magnetic field
H. in two different Kerr configurations: transverse
(curves 1, 2, 8) and polar (curves 4, 5, 6) for
the (YBiCa)s(FeGe)s012 (curves 1, 4) at hw =
=1.6 eV, (YBiCaSm)s(FeGeSi)5012 (curves 2, 5),
and (YBiCaSmLu)s3(FeGeSi)50012 (curves 3, 6) films
at hw = 2.0 eV after the process of implantation with
doses 2.0 x 10'* ions/cm? and at 6 = 5°.

According to Fig. 7, curves 1, 2, and 3 exhibit a dis-
tinctive behavior. In weak magnetic fields, the equa-
torial Kerr effect increases up to a certain level. Ho-
wever, once the field strength slightly exceeds approx-
imately (1.0-1.3) kOe, the magnitude of this effect be-
gins to decrease. In contrast, the polar intensity effect
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(represented by curves 8, 4, and 6) rapidly saturates
at external demagnetizing field strengths of approxi-
mately 100 Oe.

To understand this complex behavior, we hypothe-
sized that, at equatorial magnetization of garnet films
with perpendicular anisotropy in the low magnetic
field region (H. < 1 kOe), the presence of a small
polar field component causes demagnetization of the
sample along the easy magnetization axis, which is
perpendicular to the sample’s surface.

As the magnetic field strength increases (H. >
> 1 kOe), the equatorial Kerr effect decreases. This
reduction can be attributed to the reorientation of
the magnetization direction within the plane of the
sample surface, leading to a diminished value of the
Kerr effect.

A comprehensive study of the Kerr effect in the
transparency region of ferrite-garnet films showed
that both the magnitude and the sign of this effect
depend significantly on the orientation of the magne-
tic field.

We have found that a slight deviation of the exter-
nal alternating magnetic field from the plane of the
sample causes a similar magneto-optical maximum
to appear on the P-component of the incident light
within the transparency region of garnet films. Ho-
wever, when the external magnetic field is aligned
within the plane of the sample, the magneto-optical
effect does not occur for the P-component of the inci-
dent light.

Therefore, the investigation of magnetization pro-
cesses in the transparency region of garnet films indi-
cates that the formation of magneto-optical effects is
quite complex.

It is also important to highlight that the study
of the magneto-optical properties of both implanted
and non-implanted ferrite-garnet thin films has shown
that in the region of incident light quantum energy
from 0.5 to 2.2 eV, implantation virtually does not
affect their magneto-optical properties.

4. Conclusion

Magneto-optical reflection effects in the transparency
region of ferrite-garnet thin films have been investi-
gated. We have detected that a slight deviation of
the plane of the external alternating magnetic field
from the plane of the sample or a shift of the polar-
ization plane away from the P-component of incident
light leads to the appearance of an intensive magneto-
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optical maximum in the transparency region of garnet
films. As a result, the equatorial Kerr effect has been
observed in the S-component of the incident light.

Experimental studies show that ion implantation
has a significant impact on the magneto-optical prop-
erties of ferrite-garnet films when the incident-light
quantum energy ranges from 2.5 to 4.5 eV. However,
in the transparency range, specifically for energies of
hw = 0.5 to 2.2 eV, the magneto-optical properties of
these films virtually remain unchanged.

This work was supported by Shota Rustaveli Na-
tional Science Foundation of Georgia (SRNSFG)
[grant number FR-24-3101]. Project title: Experimen-
tal and theoretical methods of magneto-optical re-
search in spintronics.
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MATHETOOIITUYHA

ITOBEAIHKA IMITJTAHTOBAHUX
TOHKUX GEPUT-I'PAHATOBUX
IIJIIBOK ¥V ATAITABOHI ITPO30OPOCTI

Touki dpepur-rpanaTosi maiBKu 0COO/IMBI MATHETOOIITUYHI BJIa-
CTUBOCTi, III0O POOUTH iX Jy»Ke aKTyaJbHUMHU fAK s dDyHIA-
MEHTAJIbHUX JOCJIIKEHb, TaK 1 JJIs IIePEJOBUX TEXHOJIOTTIHUX
3aCTOCyBaHb B OITHIN, MarHeTW3Mi, €JeKTPOHIili, CHiHTPOHi-
mi ta doroHimi. 3 1i€l TOYKH 30Py OCOBJUBOTO NPAKTHUIHO-
ro 3Ha4YeHHs HaOYyBaIOTh MArHETOOITHUYHI BJIACTUBOCTI i0HHO-
IMILIAaHTOBAHUX (DEPUT-I'PAHATOBUX IJIIBOK, OCKIJILKY iI0HHA iM-
IJIAHTAIIS MOXKE 3MEHIIUTHA ab0 3MIHUTH JIOKAJIbHY HaMarHide-
HICTb, KOEPIUTUBHY CUJIy Ta aHI30TPOIII0, a TaKOXK I0ocj1abu-
TH OUJIIHAPUYHI MarHeTHI JIOMEHU, ITOKPAIILYIOYH MOXKJIUBOCTI
KOHTPOJIIO Ta BHKODHUCTAHHSI IXHIX mapamerpis. ¥ miit po6o-
Ti MH JociijpkyBasin Marseroontudnuii edpekr Keppa B aia-
na30Hi eHepriit KBaHTIB mamatodoro ceitia 0,5-4,5 eB xo Ta
micis ioHHOT iMIuTaHTarlil (hbepuT-rpaHaToOBUX ILUIIBOK PIi3HOTIO
ckiaany (YBiCaSmLu)3(FeGeSi)5012, (YBiCa)3(FeGe)s012,
Ta (YBiCaSm)s3(FeGeSi)5O12. Bysmo Bcranosieno, mo TOH-
Ki 1WiBKM Qepur-rpaHaTa JEMOHCTPYIOTH I[iKaBli MarHETOO-
OTUYHI BJIACTHBOCTI B [iama3o0Hi eHepriii KBaHTIB I1a/1al0v0-
ro ceitna 0,5-2,2 eB. Bokpema, 3a NEBHUX EKCIEPUMEHTAJIb-
HUX YMOB, CIOCTEPIra€ThbCsi MArHeTOONTUYHA AKTHUBHICTH KO-
JIA TIJTONIMHA TTOJIAPU3AIli] MaIal0vuoro CBiT/Ia BiIXUISI€ETHCS Bif
P-komnonentu. st 3’sicyBaHHsI Ipupoau 1bOro edexry Oy-
710 mociinzkeno nosspHuil edpexkt Keppa Ta mporecu namarmi-
qyBaHHS B Jliala30Hi eHepriii KBaHTIB maja4doro csitia 0,5—
2,2 eB, mo € obsacrio npozopocti depur-rpanara. Orpuma-
Hi pe3yJbTaTH HiIATBEP/KYIOTh, IO B Iiif 06/acTi Mar€eToo-
NITUYHA aKTUBHICTh XapaKTepHAa I BCIX TPBOX JOCIIZKEHUX
3pa3kiB depur-rpaHara, a iMILUIAHTAIis IPAKTUYHO HE BILIU-
Ba€ Ha IXHI MArHeTOOIITUYHI BJIACTUBOCTI.

Katwoei caoea: TOHKI ImIiBKu (epuT-rpaHara, M'sKi Ma-
rHETHI MarTepiaju, ioHHa IMILIAHTAIlis, MArHETOOIITUYHI MaTe-
piajy, MarHETOONITHYH] edEeKTH.
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