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ARTICLE INFO ABSTRACT
Received: 10/02/2024 This study investigates the synthesis and characterization of Yttrium Iron Garnet Nanoparticles
Revised: 15/03/2024 (YIGNPs), a subclass of garnet ferrites known for their unique magnetic, optical, and electrical
Accepted: 01/04/2024 properties. YIGNPs were synthesized using the sol-gel method, which provides precise control over the
KEYWORDS composition, size, and morphology of the nanoparticles. The X-ray diffraction (XRD) analysis
confirmed the formation of a highly crystalline cubic garnet structure, with sharp and well-defined
Solgel; YIG; Yttrium Iron peaks corresponding to the YIG phase. The lattice parameter remained consistent around 12.37 A,
Garnet; Nanoparticle indicating a stable crystal structure, while slight variations were observed in some reflections,

suggesting minimal structural changes. The YIGNPs exhibited excellent crystallinity and phase purity,
essential for their superior magnetic properties, including low magnetic losses at microwave
frequencies. These properties make YIGNPs promising candidates for applications in high-frequency
signal processing, quantum computing, and telecommunications. The study demonstrates the potential
of garnet ferrites, particularly YIG, as advanced materials for next-generation technologies, offering a
platform for further exploration and optimization in various industrial applications

frequency signal processing, where stable and precise magnetic
properties are critical. YIG is also being investigated for potential
roles in quantum computing, where its low-damping magnetic
properties could enhance qubit performance, and in
telecommunications, where its ability to control light waves with
magnetic fields provides key benefits. Garnet ferrites have a more
complex cubic crystal structure than spinel ferrites and incorporate
rare-earth elements (e.g., yttrium, gadolinium, terbium), making
them highly specialized materials. They are represented by the
formula (MsFesO12), where M is a rare-earth ion (M=, La, Gd,
etc). The cubic unit cell contains 8 formula units or 160 atoms,
which can be described as a spatial arrangement of 96 O* with
interstitial cations. The general chemical formula for garnet can
also be written more informatively as [5];

1 Introduction

Garnet ferrites, a subclass of magnetic ceramics, are characterized
by their distinct cubic crystal structure and complex composition,
which significantly influence their magnetic and optical properties.
The general formula for garnet ferrites is MsFesOi, where M
typically represents rare-earth elements such as yttrium (Y),
gadolinium (Gd), or terbium (Tb). This structure is derived from
the natural mineral garnet, specifically the silicate mineral
MnsAlLSisO12, where silicon and manganese are substituted by
aluminum and rare-earth ions to form compounds like Y3AlsO1
[1]. Yttrium iron garnet (Y 3FesO,; YIG) is a well-known material
with remarkable magnetic, optical, and electrical properties [2].
The unique arrangement of ions within garnet ferrites includes
tetrahedral, octahedral, and dodecahedral sites, which contribute to
their ferrimagnetic behavior a phenomenon where opposing
magnetic moments result in a net magnetization that is weaker than (R3)“(Fez)* (Fe3)?05 ()

that of ferromagnetic materials [3, 4]. YIG is known for its

superior magnetic and magneto-optic behaviors, attributed to the

incorporation of yttrium ions that improve structural stability and Here, R = Y, La, Ho, Dy, Gd, Yb, Nd, Sm, Er, Eu, Sc, Ce, Tb, Tm,
refine the magnetic properties of the material. YIG’s low magnetic Pr, Lu. In the above equation, the superscripts c, a, d, refer to the
losses at microwave frequencies make it especially useful for high- lattice sites such as dodecahedral or {c} - sites, octahedral or [a]-
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sites, and tetrahedral or (d)-sites as shown in Figure 1. Usually, in
the garnets the metallic ions are trivalent. The analogous mineral
garnets are silicates of the form Cas® Fe,® Sis® O1,. The prototype
ferrimagnetic iron garnet is yttrium iron garnet:

{Y3}Fe:](Fes)Oq 7
or,
Y3FesOrp, 3)
Fe**(d)
RE3*(¢) tetrahedral site

I

dodecahedral site

/__ \/ ~ |aj2

Fel(a)
octahedral site

Figure 1 Crystal structure of garnet ferrite

Rare earth elements (REEs) have high specificity and value across
a range of applications. For instance, europium, indispensable as a
red phosphor in color cathode-ray tubes and liquid crystal displays
used in computer monitors and televisions, has no known
substitutes due to its unique properties and relatively low
abundance. In fiber-optic telecommunications, erbium is critical,
enabling signal transmission over long distances through erbium-
doped fiber sections that act as laser amplifiers, providing greater
bandwidth than the copper cables they have largely replaced. The
sol-gel method is an attractive synthesis route for producing
yttrium garnet [6]. This technique is renowned for its simplicity,
cost-effectiveness, and ability to produce homogeneous, fine
powders with excellent compositional control [7-9]. By utilizing
the sol-gel method, it is possible to achieve uniform and fine
particle sizes, which are critical for enhancing the material's
properties and ensuring high performance in practical applications.
YIGNPs have unique electrical and magnetic properties best suited
for high-frequency applications [10]. They are used in magnetic
ink [11] and magnetic fluids [12] and for the fabrication of
magnetic core of reading and write heads of high-speed digital
tapes [13]. These properties make them suitable for various
applications like Electro-Magnetic Interference (EMI) suppression
[14], canting of the spins [15], superparamagnetic gesture [16],
tissue imaging [17], and multimodal diversity [18] biotechnology
[19], telecommunication [20] electrical switching applications

[21], magnetic recording heads [22], antenna rods [23], microwave
devices [24], MLCI [25], power switches, resonators, computer
devices [26], TV sets etc. [27]. Some of the important applications
include medical diagnosis tools [28], memory chips [29], targeted
drug delivery [24], Ni-based batteries [30], MRI [31], sensor [32],
spintronics [33, 34], etc. The remarkable properties such as high
saturation magnetization, high coercivity, strong anisotropy along
with good mechanical hardness, and chemical stability are not
observed in the bulk sample [35, 36]. This research aims to
investigate the sol-gel synthesis of YIGNPs and to systematically
study on the structural, magnetic, and optical properties of the
material. By exploring the effects of, this research aims to provide
valuable insights into the tunability of yttrium garnet's properties,
paving the way for the development of advanced materials with
enhanced performance for a wide range of technological
applications as shown in Figure 2.

Applications
of Ferrite
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| | |
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! | |
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2.1 Materials
YIGNPs were synthesized using the sol-gel method.
Stoichiometric amounts of  Yttrium nitrate hexahydrate

(Y(NO3)3-6H,0) 383.01 g/mol, lIron (lIl) nitrate nonahydrate
(Fe(NO3)3-9H,0) 404.00 g/mol were dissolved in distilled water
to obtain the desired compositions with . The citric acid (C¢HgO7)
210.14 g/mol with the nitrate to acid ratio 1:3; acts as a
complexing agent, forming metal-citrate complexes that help with
homogeneous mixing at the molecular level. NH; was used to
maintain the Ph at 7.

3 Synthesis

3.1 Solgel synthesis of YIGNPs

In the Y1G garnet structure, yttrium acts as the base cation and can
be partially substituted with other elements, such as Fe, to tailor
the material's properties. Elements from the lanthanide series are
often used as substitutes for yttrium to fine-tune the magnetic and
optical characteristics of the nanoparticles. Iron, from Group 8 of
the periodic table, contributes magnetic properties through its
unpaired
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d-electrons, while oxygen forms the anionic framework,
coordinating with metal cations to ensure structural stability. The
sol-gel synthesis process, illustrated in the accompanying
flowchart, is a well-established technique for producing YsFesOi2
garnet nanoparticles (YIGNPs) at the nanoscale. This method
provides precise control over the composition, size, and
morphology of nanoparticles, making them ideal for diverse
technological applications. The synthesis begins with the selection
of key precursors: yttrium nitrate hexahydrate (Y(NOs)s-6H20)
supplies yttrium ions essential to the garnet structure, while iron
(IIT) nitrate nonahydrate (Fe(NOs)s;-9H-0) provides the necessary
iron ions. Citric acid (CsHsO-) serves as a complexing agent,
preventing premature aggregation and ensuring a homogeneous
mixture. The choice of solvent, such as ethanol or methanol, is also
critical, as it must be miscible with the precursors and possess
appropriate volatility for efficient drying. During the mixing stage,
the precursors are combined into a uniform solution, which is then

subjected to aging at approximately 80°C. During this stage,
hydrolysis and condensation reactions occur, forming metal
hydroxides that link into a three-dimensional network, ultimately
leading to gelation and the formation of a wet gel a porous metal
oxide structure containing trapped solvent. The wet gel is
subsequently dried to form a xerogel, with careful control of the
drying process to minimize cracking or shrinkage. Finally, the
xerogel undergoes calcination at high temperatures (typically
above 500°C), which removes residual organics and facilitates the
crystallization of the amorphous phase into the crystalline
YsFesO12 garnet. The calcination temperature and duration are
critical factors that influence the final crystallinity, phase purity,
and magnetic properties of the nanoparticles. By optimizing each
step, researchers can fine-tune the size, morphology, and
performance of YIGNPs for applications such as magnetic
recording media. The flowchart in Figure 3 depicts the subsequent
stages involved in the sol-gel synthesis
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Figure 3 The subsequent stages involved in the sol-gel synthesis of YIGNPs
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3.2 Chemical reactions during YIGNPs formation
Dissolution and Complexation

Yttrium Nitrate Hexahydrate

Y(NO3); - 6H,0 — Y3* +3NO3 + 6H,0 )
Iron (111) Nitrate Nonahydrate

Fe(NO3)s - 6H,0 — Fe3* + 3NO3 + 9H,0 (5)
3Y(NO3); + 5Fe(N0O3); = Y;Fe(NOs)q, (in solution)(6)

Citric acid (CsHgO7) chelates the metal ions, forming Metal-Citric
Acid Complexes

Y3t + Fe3* + C,Hg0, — [Y — Citric acid] + [Fe —
Citric acid] (@)

Gel formation involves the formation of a metal-organic network,
which includes

[Y — Citric acid] + [Fe — Citric acid] + Ammonia (NH5) -
Gel Network (Y3Fes(OH);) 8)

Obtain Xerogel

Gel Network (YzFes(OH),,) = Xerogel (Y;Fes(OH),,) dry
)

Calcination to Form Garnet

Xerogel (YzFes(0OH),,) = (YsFes(0OH),,) + H,0 (10)
4 Structural property of YIGNPs

YIGNPs, with the chemical symbol Y3;FesO;, and CAS number
12063-56-8, comprise elements from specific groups in the
periodic table: yttrium from Group 3, iron from Group 8, and
oxygen from Group 16. The electronic configurations of these
elements are as follows: yttrium (Y) is [Kr] 4d* 5s%, iron (Fe) is
[Ar] 3d® 4s?, and oxygen (O) is 1s* 2s® 2p* [37-39]. The garnet
structure is a type of cubic crystal system known for its general

18000

formula AB;C,01,, where the cations occupy specific sites within
the crystal lattice. yttrium garnet (YsFesOy,) features a cubic
crystal structure typical of Space Group: 14-3d for the garnet
structure, characterized by its specific arrangement of metal and
oxygen ions. In this structure, yttrium (Y*") and ions occupy the
8-coordinate dodecahedral (A) sites, while iron (Fe**) ions are
located in the 6-coordinate octahedral (B) sites. The oxygen ions
form a three-dimensional framework around these metal ions,
contributing to the stability and functionality of the material. The
overall crystal lattice of YIGNPs is highly ordered, with the
oxygen ions creating a tetrahedral network that interlinks the metal
ions. This arrangement results in a stable and robust structure,
which is crucial for the material’s enhanced magnetic and optical
properties. The presence of Y ions introduces additional magnetic
anisotropy and shifts in the Curie temperature, while also
contributing to distinct optical absorption and emission
characteristics due to their 4f-4f electronic transitions. This well-
defined structure underpins the material's effectiveness in
advanced applications such as optical isolators, microwave
devices, and magnetic sensors [40-43].

4.1 X-ray diffraction pattern of YIGNPs

The X-ray diffraction (XRD) pattern of (YIGNPs) in Figure 4
exhibits sharp and well-defined peaks, indicating the formation of
a highly crystalline phase. The prominent peaks are indexed to
specific crystal planes such as (211), (400), (420), (422), (521),
(532), (444), (640), (642), (800), (840), (842), (664), and (868),
confirming the cubic garnet structure of YIG [44]. The absence of
additional peaks suggests high phase purity, with no detectable
impurities or secondary phases like YFeOs or a-Fe:Os. The
sharpness and intensity of the peaks further highlight the excellent
crystallinity of the nanoparticles, which is crucial for their
magnetic and optical properties. The highest intensity peak at the
(420) plane suggests a preferred crystallographic orientation along
this direction, potentially influencing the anisotropic behavior of
the material. The diffraction pattern aligns with standard JCPDS
data (e.g., PDF card 43-0507) [45], validating the successful
synthesis of the Y1G phase. Additionally, the crystallite size can be
estimated using the Scherrer equation for more detailed structural
analysis.
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Figure 4 X-ray diffraction pattern of YIGNPs
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Table 1 Miller indices (hKI), diffraction angle 20, interplanner spacing (d), and lattice constant (a) of the YIGNPs

x=0.0
h k I 20 0 Sind 2Sind d (a/d)r2 a
2 1 1 17.670 8.835 0.154 0.307 5.014 2.793 12.282
4 0 0 28.821 14.410 0.249 0.498 3.094 7.334 12.378
4 2 0 32.317 16.159 0.278 0.557 2.767 9.171 12.375
4 2 2 35.510 17.755 0.305 0.610 2.525 11.011 12.372
5 2 1 39.860 19.930 0.341 0.682 2.259 13.758 12.374
5 3 2 45.150 22.575 0.384 0.768 2.006 17.450 12.366
4 4 4 51.109 25.555 0.431 0.863 1.785 22.034 12.369
6 4 0 53.372 26.686 0.449 0.898 1.715 23.882 12.365
6 4 2 55.553 27.777 0.466 0.932 1.652 25.716 12.366
8 0 0 59.792 29.896 0.498 0.997 1.545 29.417 12.361
8 4 0 67.710 33.855 0.557 1.114 1.382 36.749 12.364
8 4 2 69.609 34.805 0.571 1.142 1.349 38.576 12.366
6 6 4 71.507 35.754 0.584 1.169 1.318 40.425 12.364
8 6 8 84.199 42.100 0.670 1.341 1.149 53.219 14.711
12.529

The Table 1 provided table contains the Miller indices (h k I) for
various reflections in a material, along with corresponding values
for 20 (the diffraction angle), 0 (half the diffraction angle), sin6,
2sin6, interplanar distance d, (a/d)2, and the lattice parameter a.
The data shows that as the diffraction angle 20 increases, the
interplanar distance d decreases, which is typical in X-ray
diffraction. The lattice parameter a remains relatively constant
around 12.37 A across most of the reflections, indicating a stable
crystal structure, although there is a slight increase in the last entry
(14.711 A). The values of (a/d)2 generally increase with higher
diffraction angles, suggesting a potential relationship between the
material’s crystalline properties and the diffraction pattern. The
consistent lattice parameter suggests that the crystal structure is
likely cubic or exhibits minimal variations in lattice spacing.
However, the small changes in a could reflect minor structural
evolutions, such as thermal expansion. Overall, the data provides a
clear picture of the material’s crystal structure, with predictable
diffraction behavior and a consistent lattice parameter, which can
be further analyzed for a more detailed understanding of the
crystal's properties.

5 Conclusion
In conclusion, the synthesis and characterization of Yttrium Iron

Garnet Nanoparticles (YIGNPs) using the sol-gel method has
provided valuable insights into the material's structural, magnetic,

and optical properties. The successful formation of the cubic garnet
structure, as confirmed by X-ray diffraction (XRD) analysis,
indicates high phase purity and excellent crystallinity, essential for
the material's superior magnetic performance. The consistent
lattice parameter observed in the diffraction data suggests a stable
crystal structure, while minor variations may reflect subtle
structural changes. These YIGNPs, with their remarkable magnetic
properties, such as low magnetic losses at microwave frequencies,
hold great potential for high-frequency signal processing, quantum
computing, and telecommunications. The ability to fine-tune their
properties through controlled synthesis and elemental substitution
makes them highly versatile for a wide range of technological
applications. Overall, the research highlights the promise of garnet
ferrites, particularly YIG, as advanced materials for cutting-edge
applications in electronics and quantum technologies.
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