Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 September 2022 d0i:10.20944/preprints202209.0162.v1

Review

Bi-substituted Ferrite Garnet Type Magneto-Optic Materials
Studied at ESRI Nano-Fabrication Laboratories, ECU, Australia

Mohammad Nur-E-Alam 1, Mikhail Vasiliev 2 and Kamal Alameh 3

1 School of Science, Edith Cowan University, 270 Joondalup Drive, Joondalup, WA 6027, Australia; m.nur-e-
alam@ecu.edu.au

2 ClearVue Technologies Limited, Unit 7/567 Newcastle St, West Perth WA 6005, Australia; vasiliev.mi-
khail@gmail.com

3 Alpha Solar Tech., WA 6105, Australia; kalameh@bigpond.net.au

Correspondence: m.nur-e-alam@ecu.edu.au

Abstract: Since 2007, at the Electron Science Research Institute (ESRI) nano-fabrication laboratories,
Edith Cowan University, Australia, we have devoted research efforts to the synthesis and charac-
terization of bismuth-containing ferrite-garnet-type thin-film magneto-optic (MO) materials of dif-
ferent compositions. We report on the development and properties of highly bismuth-substituted
iron-garnet thin films prepared by using radio frequency (RF) magnetron sputtering. We study the
process parameters associated with the RF magnetron sputter deposition technique and investigate
the results of optimizing process parameters and implementing several special techniques including
the fabrication of co-sputtered nanocomposite films, all-garnet multilayer structures, applying oxy-
gen plasma treatment on amorphous garnet layers just after the deposition process, and designing
modifications of the annealing crystallization process and regimes for achieving the best MO prop-
erties. We demonstrated significant improvement in MO properties of Bi-containing ferrite-type
garnet thin-film materials, including record-high MO figures of merit and improved conventional
and un-conventional hysteresis loops of Faraday rotation. The attractive optical, magnetic, and mag-
neto-optic properties obtained in highly bismuth-substituted iron garnet thin-film materials of mul-
tiple composition types are relevant in the context of manufacturing next-generation ultra-fast op-
toelectronic devices, such as light intensity switches and modulators, high-speed flat panel displays,
and high-sensitivity sensors.

Keywords: Bi-substituted; RF magnetron; Sputtering; Annealing; Oxygen plasma treatment; Mag-
neto-optic; Faraday rotation; Figure of merit; Hysteresis loop; Imaging; Sensing

1. Introduction

Substitution of bismuth into iron-based garnets enhances the magnetic properties of
garnet thin films and monocrystals. The exceptional optical and magneto-optical proper-
ties in the near-infrared spectral region, make the bismuth-substituted iron garnets the
most promising magneto-optical dielectric ferrimagnetic materials [1-10]. However, the
practical application of Bi-substituted iron garnets in the visible and short-wavelength in-
frared parts of the spectrum is limited, due to high optical absorption (especially in sput-
tered films) in these spectral regions [ 11-15]. Also, the most developed practical uses of
garnet materials are MO imaging and sensing [14-19]. However, achieving improved gar-
net material properties to suit an expanding variety of applications, as well as future pro-
gress in technological and component-level advancements, are still required. New mate-
rial system development is likely to be the source of these enhancements. MO thin-film
garnet materials (single and multilayer) and nano-structured magnetic photonic crystals
(MPCs) have emerged as a cutting-edge research area worldwide [20-30]. Fabrication of
high-quality thin films with strong control over their microstructure, surface and interface
quality, and optical and magnetic behaviors is required for the successful practical de-
ployment of these garnet materials. The use of RF magnetron sputtering allows for fine

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202209.0162.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 September 2022 d0i:10.20944/preprints202209.0162.v1

control of thin film deposition process parameters, ensuring the production of high-qual-
ity thin films and multilayers [12, 13, 31-37].

In this article, we have monographed our last twelve years of study in the field of Bi-
containing ferrite-type garnet materials. We explored the techniques for altering the mi-
crostructure of thin films and the ways in which garnet crystals are formed. Some of the
material system development results we demonstrated confirm the suitability of several
new types and classes of nanocrystalline garnet films for a diverse array of applications
including security and digital forensics, biomedical imaging, signal processing, and high-
speed optical data processing in communications systems.

2. Materials composition studied, garnet development approaches, technological pro-
cesses, and characterization techniques
2.1. Studied materials composition and multilayer structures

We have investigated a range of Bi-containing metal-doped iron garnet materials.
Table 1 lists the material composition types, the focus of the study, the development ap-
proaches used, and the publications resulting from our studies.

Table 1. Types of materials composition, study focus, used methodology, and the best (highest)
obtained specific Faraday rotations in the visible region.

Specific Faraday ro-
Material composition tation (°/um) in the
type and multilayer Focus of the study Methodology  visible wavelength Major publication
structures range

532nm 635 nm

The focus was to investigate

the effects of additional extra
bismuth oxide content that can

(Bi,Dy)s(Fe,Ga)sO12: lead to significant improve-

Bi20s ments in the optical transpar-
ency and specific Faraday rota-
tion of sputtered garnet materi-

als in the visible range.

Optics express,

Co-sputtering o8 26 DOL10.1364/OE.17.019519 [12]

The motivation was to explore a
new garnet-film stoichiometry
type, which is expected to pos-
sess somewhat “intermediate”

magnetic anisotropy properties,
i.e., having neither the in plane
nor perpendicular magnetiza-

tion direction.

BisFesOn2: Dy20s (between 2.7
and 20 vol. % of added dyspro-
sium oxide content) garnet-type
nanocomposite thin-films have

been prepared to synthesize a
garnet material with the possi-
ble highest bismuth substitution

BisFesO12:Dy203 level approaching 3 formula Co-sputtering 13.30 3.23

units and to obtain best MO
properties while the thin garnet
layers sputtered from a ceramic
stoichiometrically-mixed oxide-
based BisFesO12 target unexpect-
edly showed negligible MO
properties.

Optical materials express,

Bi21DyosFes3GaozOn Sputtering 10.12 1.66  DOI:10.1364/OME.7.000676 [37]

Optical materials express,
DOI:10.1364/OME.4.001866 [31]
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BiisLui2FessAl14O12: Bi2Os

This study focused on the fabri-
cation of RF sputtered
BirsLui2FessAli4Orzand the re-
sults of adjusting the optical and
magnetic properties of these
films utilizing co-sputtering
deposition using an additional
bismuth oxide target.

Optical materials express,
DOI:10.1364/OME.1.000413 [35]

Bi2DyiFesGaiOn2:
BisFesO12

The co-deposited all-garnet gar-
net-mix-type films were synthe-
sized to obtain the ultimate bis-
muth substitution level without
using a single-target BisFesO12
sputtering process (which was
found to result in films not crys-
tallizing into the garnet phase
unless composition-diluted
through co-sputtering).

Procedia Engineering, 76 (2014),
61-73.
DOI: 10.1016/j.pro-
eng.2013.09.248 [34]

BiosL.u1s5Y025 Fes0GaiOnz2

The motivation was to explore a
new type of garnet material stoi-
chiometry,
(BiosLuissYorsFes0GaiOrz2), with a
combined substitution of Bi and
Lu ions at Yttrium (Y) lattice
sites, which has so far not been
explored extensively using
physical vapor deposition tech-
niques. Special attention was de-
voted to the synthesis of a gar-
net layer with its lattice parame-
ter as close as possible to that of
Y3FesO12 (YIG), and to obtaining
low coercivity for applications
requiring magnetization-state
switching such as MO imaging.

Co-sputtering 6.25 1.99
Co-sputtering 8.25 1.52
Sputtering 1.25 0.89

Nanomaterials,
DOI: 10.3390/nano8050355 [36]

All-garnet multilayer
structures

The goal was to explore the en-
gineering of magnetic properties
in garnet multilayers, and espe-
cially to identify the ways of ad-
justing the coercive force and
magnetic switching and mag-
netic anisotropy properties by
varying the component layer
stoichiometries. The effects of
exchange coupling on magnetic
switching properties of all-gar-
net multilayer thin film struc-
tures have been studied in de-
tail.

Sequential sputter-

. NA
ing

Materials 2015, 8, 1976-1992;
DOI:10.3390/ma8041976 [32]

Garnet layer / Oxide
layer structures

A new technological approach
has been applied for the RF-
magnetron sputter deposition
and annealing crystallization of
Bi-substituted iron garnet films.

~2.7 times incre-
Sequential sputter- ment of MO quality
obtained in crystal-

ing

lized films.

Materials 2020, 13, 5113;
DOI:10.3390/ma13225113 [33]

We have applied different techniques to deposit garnet layers by using the RF mag-
netron sputtering technique including co-sputtering (using garnet and oxide targets and
pairs of dissimilar garnet-stoichiometry targets), the sequential sputtering technique for
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multilayer garnet structures, garnet layers deposited under protective oxide layer, and
post-deposition oxygen plasma treatment. After the deposition process, all as-deposited
thin-film layers were subjected to a conventional oven annealing processes (which were
developed and optimized separately for each of the garnet material types synthesized).
The composition-dependent annealing crystallization regimes (crystallization time, pro-
cess temperatures and temperature-ramping rates) were found by multiple trials and
sometimes by designing multi-step reannealing processes. The modified techniques used
to prepare the garnet layers in our study are described in the following subsections.

2.2. RF-magnetron sputtering and co-sputtering processes

Bismuth-substituted iron garnet and composite-type films were prepared on glass
(Corning 1737) and monocrystalline gadolinium gallium garnet (GGG) substrates using
an RF magnetron sputtering and co-sputtering technique in low-pressure (1-2mTorr) at
pure argon plasma atmosphere with no extra oxygen input. The deposition rates were
monitored during sputtering processes by using a well-calibrated quartz crystal microbal-
ance sensor to monitor the film thickness. For the composite films, the estimated amounts
of the volumetric fraction of additional components (garnet or oxides) were calculated
from the partial deposition rates from both sputtering targets (base garnet target and other
targets). The basic formula that was used to calculate the vol.% fraction of excess addi-
tional components (oxides or garnet) for the composite-type layers is described in Refs.
[12, 13]. We studied several types of garnet-oxides and all-garnets composite films and
reported their best-achieved MO properties [12, 31, 35, 37].

Sputtering Sputtering

gun Sputtering Sputtering gun 2
gunl

target
Sputtering
targets
Sputtered
film
Sputtered
film
Substrate
Substrate
(a) Sputtering from single target (b) Co-sputtering from two targets

Figure 1. Schematic diagram of RF magnetron sputtering, and co-sputtering techniques used for
garnet and composite layers fabrication.

2.3. Sequential sputtering of multilayer garnet structures

Figure 2 shows the schematic diagram of the sequential sputtering process that is
used to deposit all-garnet multilayer structures including the material composition types
and their magnetic behaviors. In all-garnet multilayer structures, the different layer ma-
terials combinations were prepared using the optimized deposition processes and an RF
magnetron sputtering system. Inside the multilayer structures, a layer of magneto-soft,
low-coercivity material was sandwiched in between two magneto-hard layers possessing
strong uniaxial magnetic anisotropy and having a constant thickness. All-garnet multi-
layer structures employing different garnet-type materials and different layer thicknesses
were deposited using RF magnetron sputtering where a sequential sputtering approach
was followed (i.e., a single deposition run of each layer using oxide mix-based ceramic
sputtering targets and at low-pressure pure-argon plasma). The process parameters, con-
ditions, and optimization of annealing regimes to prepare all-garnet multilayers
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structures obtaining very smooth layer interfaces, microstructure morphologies, and mi-
crocrack-free surfaces are detailed in Ref. [32].
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Figure 2. Schematic diagram of the sequential sputtering technique used to deposit the all-garnet
multilayer structures.

2.4. Garnet layer formed under a protective oxide layer

Completely new and modified process sequences for annealing crystallization of gar-
net thin films were studied to improve the properties of highly Bi-substituted iron garnet
thin film materials. The manufacture of high-performance ultrathin garnet films requires
the provision of a thin (2-20 nm) protective bismuth oxide (Bi20s) layer, which assists in
the crystallization of the garnet layer while minimizing the loss of bismuth substitution
content. Initially, a 20-60 nm amorphous-phase film of a nanocomposite co-sputtered ma-
terial type (Bi2Dy1FesGaiO12 + 10-40 vol. % of Bi2Os), was deposited onto a GGG or a glass
substrate. In the second process stage, a protective bismuth-oxide layer of thickness be-
tween 2 nm-20 nm was deposited by using RF magnetron sputtering onto the amorphous
nanocomposite films (as schematically presented in Figure 3) before running the anneal-
ing crystallization in an air atmosphere, at a (composition-dependent) temperature be-
tween 490 °C and 650 °C [33]. Results of the demonstrated garnet layer development are
summarized in the next section.
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Figure 3. Schematic diagram of a multistep sputtering technique used for garnet/oxide multilayer
(garnet layer under protective layer) structures deposition.

2.5. Post-deposition oxygen plasma treatment to as-deposited garnet layer

The oxygen plasma treatment on the as-deposited garnet samples was applied im-
mediately after the deposition. We investigated the effects of post-deposition oxygen
plasma treatment on the MO properties of RF sputtered garnet thin-film layers, synthe-
sized using two different types of Bi-substituted garnets. Figure 4 shows the schematic
diagram of the flow chart used for post-deposition oxygen plasma treatment of amor-
phous garnet layers.

Experimental process (sputter deposition to annealing crystallization) conducted in clean-room environmentat ECU,

As-deposited
garnet layer

Oxygen plasma treated
as-deposited garnet layer

Place sample in the
middle of the chamber

Pump air down to the
lowest base pressure

Supply O, input and control
flow at 0.2 sccm/min

1
1
1
]
1
]
]
Apply RF power (40 W), for E
1
[}
I
]
1
1
1
[}
]

plasma exposure (0.5-5 min)

Cooling down the
chamber (5 min)

Take sample out and store .._l
immediately for annealing

crystallization

Figure 4. Schematic diagram of the flow chart of oxygen plasma treatment process applied to as-
deposited garnet layers.

The oxygen plasma treatment was conducted using YZD08-5C plasma cleaner (pur-
chased through Alibaba.com) for 0.5-5 min. Oxygen plasma-treated (after annealing crys-
tallization) showed better film quality and properties (specific Faraday rotation and MO
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figure of merit at 532 nm) than these of the non-treated samples [33]. In addition to all
these modified techniques used to deposit garnet and multilayer structures for the im-
provement and property enhancement of garnet layers in terms of their optical and mag-
neto-optical properties, we also studied and investigated the influence of varying deposi-
tion process parameters and the corresponding effects on the garnet layer growth and
their properties measured after annealing crystallization as described in subsection 2.6.

2.6. Investigation of deposition process parameter effects on garnet layers

We studied the effects of process parameters associated with the RF magnetron sput-
ter deposition technique on the magneto-optical (MO) properties of highly bismuth-sub-
stituted ferrite garnet films of composition type BiziDyosFes9GariOmw. The variations in RF
sputtering process parameters (substrate stage temperature and rotation rate) influence
the properties (films’ stoichiometry and MO quality through variations in both the specific
Faraday rotation and the optical absorption coefficients) of garnet films. From this study
we concluded that the MO characteristics can be tuned and optimized for use in various
magnetic field-driven nano-photonics and integrated optics devices with an addition of a
flexible and cost-effective approach for the design and development of new, high-quality,
and application-specific MO materials for various photonics and integrated-optics appli-
cations [38].

2.7. Annealing crystallization processes and material characterization techniques

All the as-deposited garnet layers or multilayer structures were subjected to oven
annealing at high temperatures, as the after-deposited garnet layers remain in amorphous
phase and show no magnetic or MO properties even if sputtered at high substrate tem-
peratures (up to about 700C, in our group's experience). A conventional tempera-
ture/ramp-controlled box furnace oven was used to anneal the as-deposited (amorphous)
garnet layers in the air atmosphere. The post-deposition annealing treatment does the sof-
tening of the materials, enables the inter-diffusion of metal-oxide precursors, and simul-
taneously leads (on achieving the necessarily high crystallization process temperature) to
the desired changes in the microstructure and other properties of the sputtered garnet
layers. The annealing heat treatment of thin films is a sequence of three distinct process
steps, including a temperature ramp-up process, holding the specified suitable tempera-
ture for a distinct time for isothermal crystallization, and cooling down-ramp at the same
or at a different rate compared to the ramp-up rate as can be seen in Figure 5(a). The an-
nealing regimes (temperature and time) optimization are found to be strongly composi-
tion dependent. The annealing process durations of 1 to 10 hours have been used, depend-
ing on garnet composition type with temperature-ramp process rates of 3-5 °C/min to
crystallize the amorphous (as-deposited) layers into a high-quality nanocrystalline garnet
phase with relatively small grain size (tens of nm). The annealing process with the low
temperature-ramp rates was preferred to crystallize the amorphous garnet layers as the
garnet layers annealed with the high-temperature ramp rate or even rapid thermal an-
nealing process were observed to lead towards micro-cracks and surface damage [39].
However, we have noticed that for some compositions lower cooling down-ramp is the
better option to get crystallization of the garnet layer. In addition, we studied the anneal-
ing behavior and the crystallization kinetics of garnet-Bi2Os composite films that yielded
the estimates of the activation energy of isothermal crystallization for this type of material
resulting in a guide for obtaining high-performance garnet films and for the design of
optimized thermal processing regimes suitable for the synthesis of highly Bi-substituted
garnets using physical vapor deposition methods [40]. The annealing process optimiza-
tion experiments conducted to find the most suitable annealing regimes (in terms of both
the maximum process temperature and crystallization process duration) for the garnet
layers and multilayer structures are schematically described in Figure 5(a) can be used as
a guide to determine the optimized annealing regimes for almost any garnet or non-garnet
film layers as well.
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Figure 5. Schematic diagram of the annealing crystallization process of garnet layer (a), measure-
ment of optical transmission spectra to derive the film thickness and absorption coefficient (b), and
specific Faraday rotation and hysteresis loop of Faraday rotation characterization methodologies (c)
[13].

Optimally annealed and high-quality garnet and composite type garnet thin films
were subjected to multi-parameter characterization to investigate the micro-structure, op-
tical, magnetic, and MO properties. The crystal structure and impurity phases were ana-
lyzed using X-ray diffractometry (XRD), and energy-dispersive X-ray spectroscopy (EDS)
data. Initially, the optical properties of garnet films were investigated by measuring the
transmission spectra using a UV/Visible spectrophotometer and by deriving the absorp-
tion coefficient spectra. Later we derived accurately the optical constants data for multiple
rare-earth doped iron garnets simultaneously with the garnet film thicknesses from the
optical transmission spectra employing a combinatorial approach of employing custom-
built spectrum-fitting software in conjunction with Swanepoel's envelope method to
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overcome the spectral limitations with our previous measurement technique [41]. The
magnetic and MO properties of the garnet films were characterized by measuring the Far-
aday rotation angle (almost across the entire visible spectral region) and Faraday rotation
hysteresis loops. The experimental set-up for measuring the optical transmission and spe-
cific Faraday rotation is schematically detailed in Figure 5 (b, and c). Other than these
characterizations, we performed the magnetic circular dichroism (MCD) measurements
for some garnet material composition types with the help of our international research
collaborators in the Russian Federation (Prof. V.A. Kotov's Group at the Institute of Radio
Engineering and Electronics, Moscow).

3. Results and discussion

A range of MO garnet and composite layer material types (garnet-oxide, garnet-gar-
net, and multilayer structures) materials with high bismuth content were synthesized,
characterized, studied, and evaluated in terms of the optical, and magneto-optical prop-
erties. In this section, we would like to present a glimpse of the best achieved optical and
MO properties that we have observed and reported in multiple scientific publications.
Figure 6 presents an example of obtained optical and MO properties of garnet layers pre-
pared by various development approaches e.g. synthesizing the garnet-oxides compo-
sites, applying post-deposition oxygen plasma treatment, and garnet layers deposited us-
ing different substrate stage rotation rates (rpm).
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Figure 6. Optimized (best achieved by our group so far) optical and MO properties observed on
garnet layers prepared by different development approaches. The best obtained specific Faraday
rotation of garnet films (Bi2Dy1FesGa1On2), presented with the measured specific Faraday rotation
data points achieved in Bi2zDy1Fe43GaosO12 garnet films and the best performing garnet-Bi2Os com-
posite films (a), measured MO quality factor in terms of the figure of merit of typical
BiisLui2FessAl14On2 garnet layer and deposited at 250 °C and 680 °C substrate temperature and sev-
eral best annealed composite BiisLui2FessAl1.4Om2: (4.5 vol. % Bi20s ) films (b), improved optical and
MO properties observed in oxygen plasma treated garnet films, and the garnet layers deposited
using various substrate stage rotation rates (rpm) [13, 37, 33, 38].

The obtained material characterization results indicate that the MO properties across
the visible spectral range can be significantly improved in composites possessing an
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excess of co-sputtered components (metal oxides, or metal doped garnets). High optical
absorption in polycrystalline sputtered garnet-composite layers was found compared
with epitaxially-grown (LPE) garnet monocrystals. The addition of extra components (bis-
muth oxide, dysprosium oxide, and others) can lead to significant improvements in the
optical transparency to reduce the optical absorption and increase the specific Faraday
rotation of sputtered garnet materials in the visible range. The optimally annealed high-
quality garnet-composite thin films were found to demonstrate either high specific Fara-
day rotation (confirming high Bi substitution levels achieved) and/or low optical absorp-
tion across large parts of the visible spectral range. Higher transparency across the near-
infrared range and significantly lower absorption coefficients across the visible spectral
region compared to the garnet layers sputtered using conventional methodologies con-
firms the hypothesis of developing high-quality nanocomposite oxide-mixed garnet lay-
ers for various existing and forward-looking MO applications including sensing and im-
aging [12, 13, 31, 34].

Figure 7 shows the measured hysteresis loops of various types of garnet-oxide com-
posite films having different volumetric fractions of extra oxide content and multilayer
structures.
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Figure 7. Measured hysteresis loop of Faraday rotation in different types of garnet-oxides composite
layers and multilayer structures. The effects of excess oxide content added to the base garnet layers
were observed. Measured hysteresis loops of ((Bi,Dy)s(Fe,Ga)sO12: Bi2Os) composite films having
different volumetric fractions of extra Bi2Os (a), BisFesO12: Dy203) (2.7-15 Vol. %) composite thin films
prepared on GGG substrates (b), obtained hysteresis loops from an optimally annealed all-garnet
multilayer structure prepared on a GGG (111) substrate with an external magnetic field applied both
in perpendicular direction (out-of-plane, green colour curve) and parallel (in-plane, red colour
curve) with respect to the film plane of the multilayer structure (c), and an unconventional magnetic
hysteresis loop measured in a modified all-garnet multilayer structure. [12, 31, 32, 34].

Various shapes of hysteresis loops of Faraday rotation were observed in our studied
all garnet-oxide composites and multilayer structures. The variation and difference of the
coercive force and switching field values observed in co-sputtered garnet layers and in
different types of all-garnet multilayer structures revealed the possibility of engineering
the magnetic characteristics of garnet materials suitable for different ultrafast switching
applications or other time-demanding nanotechnological applications. Hysteresis loops
of garnet-oxide ((Bi,Dy)s(Fe,Ga)sO12: Bi2Os) composite films having different volumetric
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fractions of extra Bi2Os were found to be practically square-shaped with the tunable coer-
cive force as presented in Figure 6(a), while the additional dysprosium oxide (Dy20s) to
the base garnet material of composition type (BisFesO12) led to obtaining hysteresis loops
of specific Faraday rotation with tunable and comparatively lower coercive force and sat-
uration magnetization values very attractive for low-switching-field applications (Figure
6b). On the other hand, all-garnet multilayer structures using two record-performance
highly-Bi-substituted iron garnet materials having dissimilar magnetic behaviours (mag-
netic anisotropy types, switching fields and saturation magnetizations) lead to obtaining
the potential of custom-engineered magnetic properties that are (to the best of our
knowledge) not attainable using single-layer garnet thin films (Figure 6 c, d). The notable
and unexpected features of hysteresis loop behaviour confirmed the presence of an “in-
termediate saturation” state exhibiting the maximum Faraday rotation, which then was
followed by conventional magnetisation saturation state with reduced Faraday rotation,
at increasing external magnetic fields above about 1 kOe. The final saturated Faraday ro-
tation was observed at near 1.6 kOe, at below 50% of the maximum Faraday rotation angle
seen at smaller fields [32]. These exchange-coupled all-garnet multilayer structures are of
interest for various emerging applications and future forward-looking research as well.
Further studies to achieve better control over the magnetic properties in garnet multilayer
structures having different combinations of high-performance garnet materials of various
optimized thicknesses as well as stoichiometry types can lead to obtaining more new and
unexpected discoveries.

Figure 8 (a-e) depicts the measured spectral dependences of the magnetic circular
dichroism (MCD) of ferrite garnet films, in the spectral range from 250 to 600 nm, and the
microstructural properties of garnet layers and the results of post-deposition effects on
microstructures of the annealed garnet layers.
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Figure 8. Observed MCD signals from garnet layers prepared under protective layers (a), micro-
structural properties of garnet-oxide composite (b, c), XRD data, and RMS roughness properties of
post-deposition oxygen plasma treated garnet layers followed by optimized annealing crystalliza-
tion (d, e) [13, 38].

The effects of thin protective Bi2Os layers on the MO properties of ultrathin highly
bismuth-substituted dysprosium iron garnet layers have been investigated by performing
wavelength-dependent MCD measurements between 250-850 nm at room temperature
and at cryogenic temperatures. The magnitude of the MCD signal measured at 450 nm
from an oxide-protected annealed film of the garnet-cover layer system was found to be
approximately 2.7 times higher than that of an unprotected garnet layer. The MO quality
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properties of garnet thin films were also found comparatively better on those garnet layers
that were subjected to the oxygen plasma treatment just after the deposition process. As-
suming that the pre-diffusion of the oxygen from plasma into garnet film volume occur-
ring before the annealing crystallization process, the plasma treatment could lead to better
(faster) compensation of oxygen loss occurring during sputtering, thus preventing the ex-
cessive formation of non-garnet material phases during annealing (as can be confirmed
from the RMS roughness characterization). These effects and processes still require more
investigation using slightly different or any other available garnet film compositions.

4. Conclusions

We have extensively investigated and described multiple different approaches to the
synthesis of high-quality, highly bismuth-substituted magneto-optic ferrite garnet layers
of different composition types not extensively described in the current literature. The var-
ious material system development results achieved led to demonstrating the application-
specific and highly customizable magnetic and MO characteristics in garnet films and thin
magnetic multilayers, which is of interest in various practical application areas, from mag-
netoplasmonics to the development of multiple sensors, polarization control, and light
intensity modulator systems reliant on ultrafast magnetic switching and magnetic field
sensitivity.
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Appendix A

The appendix contains a list of publications made by our group that related to the
study of synthesis and development of various garnet materials towards their practical
applications but are not cited in this article. This list will be useful for the readers, the
scientific community, and the government and commercial industries.

1.  YIG: Bi2Os nanocomposite thin films for magneto-optic and microwave applica-
tions. Journal of nanomaterials, 2015, Article ID 182691, doi.org/10.1155/2015/182691.

2. Synthesis, characteristics and material properties dataset of Bi:DylG-oxide garnet
type nanocomposites. Journal of mnanomaterials, 2015, Article ID 127498,
doi.org/10.1155/2015/127498.

3. Growth, characterization, and properties of BiisLui2FessAl14O12 garnet films pre-
pared using two different substrate temperatures. Int. |. Materials Engineering Innova-
tion, Vol. 5, No. 3, 2014, https://doi.org/10.1504/]J]MATEI.2014.064275.

4.  Physical properties and behaviour of highly Bi-substituted magneto-optic garnets for
applications in integrated optics and photonics. Advances in Optical Technologies, vol-
ume 2011, Article ID 971267, 7 pages, d0i:10.1155/2011/971267.
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5. Nano-structured magnetic photonic crystals for magneto-optic polarization control-
lers at the communication-band wavelengths. Opt. Quant. Electron. 41, 661-669, 2009.

6. Analysis, optimization, and characterization of magnetic photonic crystal structures
and thin-film material layers. Technologies, 2019, 7 (3), 49, doi.org/10.3390/technolo-
gies7030049.

7. Sensing of surface and bulk refractive index using magnetophotonic crystal with hy-
brid magneto-optical response. Sensors, 2021, 21, 1984.

8. Magneto-optic properties of ultrathin nanocrystalline ferrite garnet films in the 8K to
300K temperature interval. Journal of nanomaterials, 2018, Article ID 7605620,
doi.org/10.1155/2018/7605620.

9. Properties of magnetic photonic crystals in the visible spectral region and their
performance limitations. Photonics and Nanostructures - Fundamentals and Applica-
tions, 2018, Vol. 28, pp 12-19, doi.org/10.1016/j.photonics.2017.11.003.

10. High-Q surface modes in photonic crystal/iron garnet film heterostructures for sen-
sor applications. JETP Letters, 2016, Vol. 104, No. 10, pp. 679-684,
doi.org/10.1134/50021364016220094.

11. Transverse magnetic field impact on waveguide modes of photonic crystals. Optics
Latter, 2016, Vol. 41 (16), pp 3813-3816, DOI: 10.1364/OL.41.003813.

12. Tunable optical nanocavity of iron-garnet with a buried metal layer. Materials, 2015,
8(6), 3012-3023; d0i:10.3390/ma8063012.

13. Magneto-optic properties of ultrathin bismuth-substituted ferrite garnet films ob-
tained by RF magnetron sputtering method. |. Comm. Tech. Electron., 2014,
10.1134/51064226914110096.

14. Magneto-Photonic intensity effects in hybrid metal-dielectric structures. Physical
Review B, 89, 045118 (2014), doi.org/10.1103/PhysRevB.89.045118.

15. Plasmon mediated magneto-optical transparency. Nature Communications, 4:2128,
doi: 10.1038/ncomms3128 (2013).

16. Tuning of the transverse magneto-optical Kerr effect in magneto-plasmonic crystals.
New J. Phys., 15, 075024, (2013), doi:10.1088/1367-2630/15/7/075024.

17. Magnetic heterostructures with low coercivity for high-performance magneto-op-
tic devices. J. Phys. D: Appl. Phys., 46035001, (2013), doi:10.1088/0022-
3727/46/3/035001. Impact Factor- 2.829, Cite Score- 2.75.
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