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Abstract

The influence of synthetic and natural chelating agents on
the structure, morphology, and magnetic properties of pure
Yttrium Iron Garnet (Y,Fe,O,,) is examined. YIG samples are
manufactured utilising the synthetic chelating agent citric
acid and the natural chelating agent lemon extract at varying
temperatures. The generated samples are examined by X-ray
Diffraction analysis (XRD). The X-ray Diffraction Pattern
(XRD) revealed the garnet phase of nano ferrites at elevated
temperatures. The morphological characteristics and elemental
composition of the YIG samples are examined using High-
Resolution Scanning Electron Microscopy (HRSEM) and
Energy-dispersive X-ray Spectroscopy (EDAX), respectively.
Metal oxide vibrations (M-O) and active Raman modes are
analysed using Fourier Transform Infrared spectroscopy (FTIR)
and Raman spectroscopy. The room-temperature magnetic
characteristics of YIG samples are examined using a Vibrating
Sample Magnetometer (VSM). The dielectric constant and
dielectric loss of the nanomaterial are examined across multiple
frequencies at varied temperatures.
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1. Introduction

Ferrites have captivated researchers significantly due to their relevance
in technological applications. These applications encompass microwave
devices, ferrofluids, drug delivery, and high-density information storage
due to their high resistivity, narrow linewidth in ferromagnetic resonance,
magneto-optical properties, low eddy current losses, moderate thermal
expansion coefficient, and distinctive electric and magnetic properties [1].
The need for technical applications of soft magnetic materials is consistently
rising due to their exceptional electromagnetic characteristics. The low
electrical conductivity and minimal dielectric losses of ferrites render them
exceptional for microwave devices. Ferrites are classed based on their crystal
structure. 1) Spinel Ferrite; 2) Garnet; 3) Orthoferrite; 4) Hexagonal Ferrites.
Yttrium iron garnet (Y,Fe,O,,), a notable member of the garnet family, is
a recognised rare earth garnet ferrite that has garnered significant interest
owing to its technological relevance in diverse applications, including
isolators, circulators, high-quality filters, phase shifters, and various
electronic and magnetic optical devices [2]. The YIG crystal structure is cubic
and classified under the space group Oh10 - Ia3d, where magnetic Fe 3+
ions are situated at octahedral 16(a) and tetrahedral 24(d) sites, while non-
magnetic Y 3+ ions are located at dodecahedral 24(c) sites [3]. Garnet ferrites
exhibit superior chemical stability compared to spinel ferrites due to the
complete occupation of all sites by metal cations in well-structured garnets
[4]. The performance and application of magnetic materials are mostly
influenced by their dielectric and magnetic properties; thus, the electric and
magnetic characteristics of nanocrystalline Yttrium iron garnet (YIG) have
been effectively examined for frequency-dependent applications.

Numerous publications have been published on the synthesis of
YIG using various methods, including solid-state reaction, sol-gel, co-
precipitation, microemulsion, organic precursor method, mechanochemical,
and hydrothermal techniques. The sol-gel approach is an efficient procedure
since it facilitates atomic-scale mixing and accelerates the reaction rate,
resulting in homogeneous nucleation of magnetic particles at relatively
low temperatures [5]. The characteristics of garnet ferrites are significantly
influenced by phase development, microstructure, production methods, and
sintering temperature [6].

Gelation occurs in the sol-gel process through the utilization of chelating
agents and solutions of inorganic metal salts. Upon concentration of these
solutions, most metal ions will generate a homogeneous gel to create chelate
complexes. Consequently, selecting an appropriate chelating agent is crucial,
as it serves complex metal ions, facilitates a stable chemical reaction, and
aids in the reduction of non-toxic gases [7,8-9].
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Typically, superior outcomes with reduced crystallite sizes are achieved
by employing citric acid as a chelating agent. The crystallite size of YIG was
reported to be 73 nm at 1150°C via the sol-gel technique [2], whereas the
crystallite size of Yttrium iron garnet was noted as 75 nm, synthesised using
the sol-gel method with citric acid as a chelating agent [10]. Likewise, [5]
and several others typically document the synthesis of YIG by the sol-gel
approach utilising citric acid since it effectively chelates metal ions, yielding
superior results with smaller crystallite sizes compared to alternative
procedures. To the best of our knowledge, the synthesis of YIG with natural
lemon extract has not been documented. This research primarily aims to
elucidate the properties of nanocrystalline YIG synthesised with natural
lemon extract and synthetic citric acid as chelating agents, to investigate
the differences in properties conferred by these agents, and to analyse the
electric and magnetic characteristics of the resultant YIG for microwave and
other applications.

2. Experimental

For the preparation of yttrium iron garnet, yttrium nitrate hexahydrate (Y
(NO,),.6H,0O, 99.99%) and iron nitrate nonahydrate (Fe (NO,),.9H,O, 99.99%)
were taken as starting materials. The stoichiometric compositions of the
solution components (fuels and oxidiser) were determined using propellant
chemistry principles, with the oxidiser (metal nitrate) to fuel (citric acid)
ratio set at unity.

Oxidizing valency of Y (NO,),.6H,O : 1Y = +3, 3N = 0, 90 = -18, 12H = +12,
60 = -12, Fe (NO,),.9H,0O: 1Fe = +3, 3N = 0, 90 = -18, 18H = +18, 90 = -18.

Reducing valency of CH,O,.H,O: 6C = +24, 8H = +8, 70 = -14, 2H = +2, 10
=2

(gpe) (O/F)=3/8(-15) +5/8 (-15) = 0.833i.e., for every one mole of Y (NO,),and
(-1) (-18)

Fe (NO,),, 0.833 mol of citric acid is required.

The metal nitrates Y (NO,),.6H,Oand Fe (NO,),.9H O were dissolved in
the aqueous solution of 160 ml of citric acid CH,O,.H O, the chelating agent.
Metal nitrates and citric acid were kept at a molar ratio of 1:1. For three to
four days, the solution was agitated at 310 rpm. With constant stirring, the
temperature was raised to 80°C till gel formed. The gel samples were dried
for 34 hours at 110°C. Following two to three hours of grinding, the dried
powders were annealed for four hours in air at 1150°C. Lemon juice (0.004

mol/L) was used as the chelating agent in the same way, but the temperature
was lowered to 1000°C [2].
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2.1 Characterization

The crystalline structure and phase identification of the Y Fe O, samples
produced via the sol-gel process at different temperatures were analysed
using a Bruker D8 Advance X-ray diffractometer, operated at40 kV and 30 mA
with CuKa radiation (\ = 1.5406 A). The sample’s chemical composition and
morphology were analysed using an FEI Quanta FEG 200 High-Resolution
Scanning Electron Microscope in conjunction with an Energy Dispersive
Spectrum. A Perkin-Elmer spectrometer, model 2000, was employed to
obtain Fourier transform infrared (FTIR) spectra ranging from 400 to 4000
cm-1. KBr was utilised to prepare the material in pellet form. Raman spectra
were reported using LASER Raman Spectroscopy Analysis. The electric and
magnetic properties of the sample were analysed using a Lakeshore model
(7407) Vibrating Sample Magnetometer (VSM) and a HIOKI LCR meter.

3. Result And Discussion

3.1. The phase identification of YIG nanoparticles by XRD

Distinct peaks signifying a high degree of crystallinity were seen at
temperatures of 1150°C and 1000°C, utilising citric acid and lemon juice as
chelating agents, respectively, as illustrated in Fig. 1. Remarkably, all peaks
from both reports precisely corresponded with the conventional JCPDS
data (75-1852) for Yttrium Iron Garnet. Significantly, at lower temperatures,
lemon extract demonstrated the precise garnet phase. The XRD pattern
indicated the presence of YIG with the (420) plane when annealed at elevated
temperatures of 1150°C using citric acid and 1000°C using lemon extract.
The annealing temperature was optimised for citric acid across various
temperatures, revealing intriguing phase development in the sample
annealed at 650°C using lemon extract, as no peaks were observed for the
nanomaterial annealed at that temperature with citric acid. This prompted
the research to employ a lower annealing temperature for L] in comparison
to CA.

The average crystallite size and lattice parameter of YIG samples were
calculated using the Scherer formula,

D KA
~ B cosb

Whereas A = wavelength of incident radiation, ® =Full width at half
maximum (FWHM), K= varies with hkl & crystallite shape equal to 0.89, 6
= Bragg’s angle.

The crystallite diameters of YIG synthesised at temperatures of 1000°C
and 1150°C utilising lemon extract and citric acid are measured at 56.6 nm
and 65.5 nm, respectively. At 950°C, the crystallite size was determined to
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be 51nm when utilising citric acid, which is comparable to the crystallite
size of YIG at 1000°C with lemon juice, so demonstrating the diminished
crystallite size when employing lemon juice. The metrics, including X-ray
density, specific surface area, and packing factor, evaluated from XRD, are
shown in the table. The packing factor (p) is determined by the equation p
=D / d, where D represents the average crystallite size and d denotes the
interplanar spacing. The specific surface area (SSA) can be determined using
the Sauter formula: S = 6/(D)(p__). The computed XRD parameters [11] are
displayed in Table 1.

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid) is a weak
tricarboxylic acid predominantly found in citrus fruits. It is typically
regarded as an effective complexing agent due to its ability to form superior
homogeneous gels by complexing metals in solution [7]. In comparison to
other chelating agents, citric acid showed favourable results with reduced
crystallite sizes at low temperatures, while the sizes predominantly
remained over 65 nm. This study utilised lemon extract as a substitute for
citric acid to synthesise YIG with reduced crystallite size at relatively lower
temperatures. Citrus limon Is a member of the citrus family Rutaceae. Lemon
juice comprises citric acid along with many other chemical components,
including ascorbic acid and flavonoids such as hesperidoside and limocitrin.
The predominant misconception regarding citric acid is that it is equivalent
to vitamin C. Ascorbic acid is the scientific designation for vitamin C, which
is a completely different molecule. The XRD analysis indicated the presence
of massive crystallites at elevated temperatures with citric acid serving as
the chelating agent. The lemon extract produced a diminished crystallite
size of the specific garnet phase at a lower temperature. Consequently, citric
acid, vitamin C, and other components in lemon juice provide more carbon
for accelerated reactions, thereby facilitating the manifestation of the garnet
phase at lower temperatures with diminished crystallite size. No reaction
between the initial powders transpired before sintering, nor during sintering
at 600°C with citric acid, as corroborated by [12]. Lemon juice exhibited
crystallisation at 650°C, accompanied by the secondary phase YFeO, and
the garnet phase Y,Fe,O,,. Clearly, delineated and vibrant garnet peaks are
observed devoid of contaminants at elevated temperatures.

Table 1: Parameters calculated from XRD analysis

Parameters YIG at 1150°C (CA) YIG at 1000°C (LJ)
D,,, (nm) 65.5 56.8
a(A) 12.29 12.34
V (A% 1856 1879
p XRD(g cm™) 5.28 5.21
S (m%/g) 17.34 20.20
packing factor (p) 2373 26.95
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Fig. 1.XRD patterns of the samples a) at 1150°C using CA, b) at 1000°C using L],
c) at 950°C using CA, d) at 650°C using L].[citric acid - CA, lemon juice - LJ]
¢-YFeO, o -Fe, O, *-Y,Fe O,,

3.2. Morphology of YIG nanoparticles by SEM

The standard SEM micrographs of yttrium iron garnet samples depicted in
figures 2a), 2b), 2c), and 2d) exhibit distinctly formed particles devoid of
aggregation at elevated temperatures. The sample at 950°C (utilising CA)
features indeterminate borders and pores that entirely vanish at elevated
temperatures. A well-defined spherical shape with specific aggregation is
achieved at a low temperature of 650°C using lemon juice, while no reaction
was detected with citric acid at that temperature, as described by [12]. The
absence of agglomeration eventually demonstrates the consistency and
variations in particle size of samples at 1000°C and 1150°C. The pores in
the Y Fe O, sample inhibit atomic diffusion, hence preventing the formation
of solid nanocrystalline powder, as further corroborated by XRD analysis.
Changes in the particle size and morphology of the Y Fe O, , samples annealed
at elevated temperatures are proven to result from the fragmentation and
agglomeration of particles [2]. The SEM images further validate the reduced
grain size of YIG utilising lemon extract.
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Fig. 2: Scanning Electron Microscopy images of Yttrium iron garnet a) at 1150°C
using CA, b)at 1000°C using L]J,c) at 950°C using CA, d) at 650°C using L]

EDAX Analysis

From the EDX spectrum, it is observed that the sample is devoid of other
elements, is shown in Fig. 3.
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Fig.3: Energy dispersive spectroscopy images of Yttrium iron garnet a) at 1150°C
using CA, b)at 1000°C using L], c) at 950°C using CA, d) at 650°C using LJ.
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3.1. The vibrational spectroscopic analysis of YIG nanoparticles

The FTIR absorbance spectra of YIG produced using citric acid and lemon
juice as chelating agents are presented in Fig. 4. YIG samples produced with
both chelating agents displayed three asymmetric stretching modes at 649
cm?, 604 cm?, 550 cm?, and 655 cm?, 604 cm™, 562 cm, respectively. This
validated the existence of garnet phases [13]. The band at approximately
2400 cm™ corresponds to the CO, contained in the samples. Lemon extract
facilitated the manifestation of garnet phases at comparatively lower
temperatures. This is because of the higher concentration of carbonyl groups
in lemon extract, which facilitates a more rapid reaction for the formation of
the precise garnet phase.
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Fig.4: FTIR spectra of Yttrium iron garnet a) at 1150°C using CA, b)at 1000°C using
LJ, c) at 950°C using CA, d) at 650°C using LJ.

Raman spectra of YIG synthesised using citric acid and lemon juice as
chelating agents are shown in Fig. 5. The prominent peaks at 270 cm™ signify
garnet phases and further validate the grain development in the samples.
The peaks at 290 cm™, 220 cm?, 180 cm™, and 400 cm™ correspond to Fe,O,
and Y,0, molecules, respectively. The signal at 292 cm™ shifts to 270 cm™
at 1150°C, showing that residual Fe O, is undergoing a reaction to produce
YIG. The peaks identified at 160 cm-1, 220 cm-1, 260 cm-1, 340 cm-1, and 370
cm-1 result from the vibrations of the yttrium ion in the YIG sample [14][6].
The garnet peaks are distinctly observed for both chelating agents; however,
the influence of the natural chelating agent on garnet displays Raman bands
at a somewhat lower temperature, as illustrated in the figure.
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Fig.5: Raman spectra of Yttrium iron garnet a) at 1150°C using CA, b)at 1000°C
using LJ, ) at 950°C using CA, d) at 650°C using LJ.

3.3. The dielectric properties of the YIG

The dielectric properties of YIG nanoparticles were examined at various
temperatures throughout the frequency range of 50 Hz to 5 MHz utilising
an LCR meter. Figure 6 illustrates the dielectric constant, dielectric loss,
and alternating current conductivity of dense YIG pellets in relation to
frequency and temperature. The electric and dielectric properties are crucial
parameters in the design of frequency-dependent devices, influenced by
the preparation procedure, sintering temperature, and other conditions.
High values of dielectric constant are observed at low frequencies, with a
diminishing trend at elevated frequencies. The dependence of € and tand on
frequency is characteristic of ferrites. The reduction at elevated frequencies
occurs because the oscillation frequency of electric charge carriers cannot
sustain the alternation of the applied AC electric field beyond a specific
critical frequency [15]. The dielectric constant at low and high frequencies
is ascribed to dipolar and interfacial polarisation, which occurs between
charges and electronic polarisation, resulting in electron hopping. The
elevated dielectric constant is attributable to flaws, voids, morphologies,
and dislocations present in these samples [16]. Dielectric tests indicate
that the dielectric constant of YIG ranges from 13 to 17 when utilising both
chelating agents, as referenced in [17][18]; nevertheless, these investigations
documented dielectric constants at temperatures exceeding 1400°C. The
dielectric constant (€’) was determined using,
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€=Cd

EA

Where € the constant of permittivity of free space, d is the pellet thickness,
A is the area of cross-section of the pellet, and C is the capacitance. The
dielectric loss factor (€”) and tangent losses tan (0) are calculated using the
relation [19],

€=€ *tan
Tan (8) =§& /€
The dielectric loss factor graph is analogous to the dielectric constant. The
stored energy is described by Ewhereas, the dissipated energy is described
by €”. From the fig it is understood that YIG synthesised using natural lemon

extract exhibits dielectric properties at reduced temperature. The parameters
calculated from dielectric studies are shown in Table 2.

Table 2. Parameters calculated from dielectric studies

Parameters YIG at 1150°C (CA) YIG at 1000°C (LJ)
€at2 kHz 26 21
€at 20 kHz 22 18
€at2 MHz 17 13
tand at 2 kHz 0.19 0.2
tand at 20 kHz 0.01 0.015
tand at 2 MHz 0.008 0.005
€ at 2 kHz 4.94 42
€ at 20 kHz 0.22 0.27
€ at 2 MHz 0.136 0.065
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Fig.6: Dielectric constant of Yttrium iron garnet a) at 1150°C using CA, b) at 1000°C
using L] and Dielectric loss of Yttrium iron garnet ¢) at 1150°C using CA, d) at
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Fig.6.3: a.c conductivity of Yttrium iron garnet a) at 1150°C using CA,
b) at 1000°C using L]

3.2. Magnetic properties of YIG particles

The ferromagnetic properties of YIG samples are assessed up to an applied
tield of 15 kOe at room temperature utilising VSM. A well-defined M-H
hysteresis loop, characterised by a sigmoid form, is exhibited at elevated
temperatures, indicating a robust ferromagnetic phase, as illustrated in Fig.
7. The magnetic characteristics derived from lemon extract and citric acid
as chelating agents are presented in the table. The Ms value of YIG with
citric acid was determined to be 11.6 emu/g, while the Ms value of YIG with
lemon extract was 14.2 emu/ g. This suggests improved magnetic properties
with a natural chelating agent. The saturation magnetisation value Ms and
several hundred oersted’s of coercivity Hc signify robust magnetism and
the soft nature of garnet ferrites. The magnetic characteristics, including
saturation, remanence, and squareness ratio, are influenced by both
intrinsic factors (composition, synthesis process) and external factors
(morphology, porosity) of garnet ferrites. The estimated squareness ratio
of approximately 0.75 indicates that garnet ferrites are highly appropriate
for microwave applications, particularly in isolators and attenuators. The
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minor fluctuations in magnetic remanence (Mr), magnetic saturation (Ms),
and coercivity (Hc) for YIG samples may also result from the spin canting
effect and the disruption of collinearity [2]. This study concludes that the
hysteresis property of YIG is influenced not only by sintering temperature
and synthesis methods, as frequently reported, but also by the choice of
chelating agent [20-22].

Table 3: Parameters calculated from VSM analysis at room temperature

Parameters YIG at 1150°C (CA) YIG at 1000°C (L])
D, ., (nm) 65.5 56.6
Ms (emu/ g) 11.6 14.2
Mr (emu/g) 8.659 10.64
Mr/Ms 0.740 0.7249
Hc (Oe) 310.81 328.20
o —a—YiGat 1150°C o —a— YIG at 1000°C
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Fig.7: M-H Loops of Yttrium iron garnet samples synthesised a) at 1150°C using
CA, b) at 1000°C using L]

4., Conclusion

The sol-gel method utilising appropriate chelating agents has been identified
as a cost-effective and suitable approach for the large-scale production of
YIG. The XRD results indicate that the successful formation of a single-phase
YIG, characterised by the major peak [420], occurs exclusively at elevated
temperatures. The reactions remained incomplete at lower annealing
temperatures, and it was only at elevated temperatures that sufficient
energy was provided to trigger the reaction and produce nanocrystalline
garnet phases. A pure sample of YIG was synthesised utilising the synthetic
chelating agent citric acid and the natural chelating agent lemon extract at
temperatures of 1150°C and 1000°C, respectively. It is noteworthy that the
application of lemon extract as a chelating agent resulted in the formation
of single-phase Y Fe.O,, (YIG) garnet ferrites, exhibiting a significantly
reduced crystallite size at lower temperatures in comparison to the sample
synthesised with citric acid. A well-defined structure was clearly observed
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from HR-SEM, free from other elemental compositions typically regarded
as impurities. The vibrational spectroscopic analysis conducted through
FTIR and Raman techniques demonstrated that an increased presence of
carbonyl compounds in lemon extract accelerated the reaction, resulting in
the production of pure garnet at a comparatively lower temperature. The
synthesis conditions have a substantial impact on the structure of garnet
phases. The findings from dielectric studies indicate that YIG will be utilised
in high-frequency applications because of its reduced dielectric losses at
elevated frequencies. Significantly, optimal outcomes are achieved using the
natural chelating agent lemon extract at lower temperatures. The magnetic
properties were observed to be influenced not only by the intrinsic and
extrinsic characteristics of garnet but also by the selection of the chelating
agent used in the synthesis process. In conclusion, the natural chelating agent
lemon extract demonstrated pure garnet phases atalower temperature, while
YIG has been identified as a promising candidate for frequency-dependent
applications and is particularly well-suited for microwave applications,
primarily because of its electrical and magnetic properties.
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