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Abstract: In this study, La-substituted yttrium iron garnet nanoparticles with compositions
YsLayFes-«O12 (x = 0.0 and 0.2) were successfully synthesized using the sol-gel method.
X-ray diffraction (XRD) analysis confirmed the formation of a pure cubic garnet phase, with
a slight increase in lattice constant upon La substitution. The average crystallite sizes were
calculated using the Debye-Scherrer formula and Williamson-Hall method, showing minor
variation due to doping. FTIR spectra revealed characteristic Fe—O vibrational modes,
supporting the garnet structure. Field emission scanning electron microscopy (FE-SEM)
showed spherical, agglomerated nanoparticles, with particle sizes increasing from 35.26
nm to 39.74 nm after La doping. Energy dispersive X-ray spectroscopy (EDS) confirmed
the elemental composition, indicating successful incorporation of La** ions. The results
demonstrate that La substitution effectively influences the structural and morphological
properties of YIG nanoparticles, making them suitable for potential applications in
magneto-dielectric and microwave devices.
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L INTRODUCTION

Yttrium iron garnet (YzFesOj1,, YIG) is a well-known ferrite material that has attracted significant
attention due to its remarkable magnetic, dielectric, and optical properties. Its cubic garnet structure, high
chemical stability, low magnetic losses, and excellent microwave performance make it a promising
candidate for various applications, including microwave devices, spintronic elements, magnetic sensors,
and magneto-dielectric materials[1]. However, the functional performance of YIG-based materials can be
further enhanced by compositional modifications and advanced synthesis techniques, which allow for
fine-tuning of their structural, magnetic, and dielectric properties[2].

Recent studies have explored various strategies to improve the properties of YIG. For instance, Sharma et
al. [3]reported enhanced high-frequency magneto-dielectric performance in exchange-coupled
Y3FesO12/Mgg.4Cdp.4Cog.2Fe,O4 composites, highlighting the significance of interface engineering
between garnet and spinel phases. Additionally, the crystallization behavior and kinetic mechanisms of
YIG synthesized through different methods have been systematically analyzed by Goldwin et al.[4] ,
emphasizing the influence of synthesis parameters on phase formation and crystallinity.

Doping YIG with rare-earth and transition metal ions has also emerged as an effective approach to tailor
its physical properties. Zhang et al. [5]successfully synthesized Nd-doped YsFesO1, ceramics via microwave
sintering, demonstrating the feasibility of rapid processing techniques for garnet waste forms. Similarly,
Mansournia et al. [6linvestigated the effects of alpha-particle irradiation on Nd-doped YIG ceramics,
revealing changes in microstructure and magnetic behavior under extreme conditions. Furthermore, co-
substitution strategies involving cations such as Ca, Ge, and Bi have been utilized to achieve high dielectric
constants and low dielectric losses, as demonstrated by Chen et al. [7].
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Despite significant progress, further research is required to optimize the synthesis and doping of YIG to
enhance its microstructural homogeneity, reduce dielectric losses, and improve magneto-dielectric
coupling [8]. In this context, the present study focuses on the synthesis and characterization of La-
substituted Y3FesO,, nanoparticles using the sol-gel method. The structural, morphological, vibrational,
and compositional properties of the prepared samples are systematically investigated to understand the
effect of La3™ incorporation on the garnet matrix [9]. Our results are compared with previous studies to
provide comprehensive insight into the role of doping and processing on the performance of YIG-based
materials.

2. Experimental

La-substituted yttrium iron garnet (YIG) nanoparticles with compositions YsLaxFes-xO12 (where x
= 0.0 and 0.2) were synthesized using a modified sol-gel auto-combustion technique [10]. Analytical grade
yttrium nitrate hexahydrate [Y(NO3)3-6H,O], lanthanum nitrate hexahydrate [La(NO3)3-6H,O], and
iron nitrate nonahydrate [Fe(NO3)3:9H,0O] were selected as precursor materials due to their high
solubility and purity. Precisely weighed stoichiometric amounts of each nitrate were dissolved separately
in deionized water under constant magnetic stirring to ensure complete dissolution. The individual
solutions were then mixed to form a clear, homogeneous solution [11].

To facilitate complexation and prevent precipitation, citric acid was used as a chelating agent,
maintaining the molar ratio of citric acid to total metal ions at 1:3. The pH of the solution was adjusted
to ~ 7 using ammonia solution to enhance gel formation. The solution was heated continuously at 80°C
under constant stirring until a viscous gel was formed. The gel was subsequently dried at 120°C for 12
hours to remove residual moisture, resulting in a fluffy precursor powder [12]. Finally, the obtained
precursor was calcined at 900°C for 4 hours in air to achieve phase-pure YsLacFes-«O12 nanoparticles.

3. Results and Discussion
3.1 X-ray Diffraction (XRD) Analysis

The crystalline structure and phase purity of the synthesized YsLaxFes-xO12 (x = 0.0 and 0.2) nanoparticles
were examined using X-ray diffraction (XRD). The diffraction patterns, shown in Figure 1, reveal well-
defined peaks corresponding to the cubic garnet phase, which are in good agreement with the standard
JCPDS Card No. 43-0507. The major reflections at 20 = 28.8°, 32.3°, 35.5°, 53.3°, and 55.5°

are indexed to the (400), (420), (422), (640), and (642) planes, confirming the formation of single-phase
yttrium iron garnet (YIG). The absence of impurity peaks indicates high phase purity [13].
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Figure 1: XRD patterns of YsLasFes-<O12 nanoparticles for x = 0.0 and 0.2
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A noticeable shift of diffraction peaks towards lower angles was observed with increasing La content (x =
0.2), which is attributed to the substitution of larger La3* ions (ionic radius = 1.032 A) at the Y3* sites
(ionic radius = 0.90 A), leading to lattice expansion. The calculated lattice constants increase from 12.37
A (x = 0.0) to 12.39 A (x = 0.2). This behavior is consistent with previous reports, such as the work of

Sharma et al. (2023) on garnet/spinel composites and Zhang et al. (2021) who reported lattice expansion
in Nd-doped Y3FesO45 [3], [5].
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Figure 2: Williamson-Hall (W-H) plots for YsLasFes-xOi2 for (a) x = 0.0 composition (b) x = 0.2
composition.

The crystallite sizes were estimated using the Debye-Scherrer formula and Williamson-Hall (W-H) method.
For the undoped sample (x = 0.0), the crystallite size was calculated to be 24.51 nm (Scherrer) and 25.06
nm (W-H), while for the La-doped sample (x = 0.2), the sizes were 23.58 nm (Scherrer) and

26.77 nm (W-H). This slight decrease and variation in crystallite size is attributed to the influence of La
ions on grain growth during synthesis [14]. Similar observations on crystallinity and particle size variation
in garnet systems have been reported by Goldwin et al. (2022) in their thermal and crystallization kinetics

studies [4].

Furthermore, microstrain (€) and dislocation density (8) values increase slightly with La doping, indicating
the presence of internal lattice distortions. The unit cell volume also shows a slight increase with La
substitution, confirming lattice expansion. Detailed structural parameters are summarized in Table 1.

These results demonstrate that La substitution effectively modifies the structural and microstructural
features of YzFesO12 nanoparticles while maintaining the garnet phase integrity, which aligns with earlier
research findings [15].

Table 1: Structural parameters of YsLasFes-<O12 nanoparticles

X Crystallite Size | Crystallite | Lattice Microstrain | Dislocatio | Unit Xeray
(Scherrer) (nm) | Size (W- | Constan | € (x 1073) n Density Cell Densit
H) (nm) ta(A) 8 (nm™2) x | Volum | vy Px
1073 e V| (g/emd)
(A3)
0.0 24.51 25.06 12.37 5.52 1.66 1892.8 | 4.96
2
0.2 23.58 26.77 12.39 5.63 1.79 1902.0 | 4.93
1

3.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The FTIR spectra of YsLasFes-xO12 (x = 0.0 and 0.2) nanoparticles are displayed in Figure 3, recorded in
the range of 1000 cm™ to 400 cm™! to investigate the vibrational modes of the garnet structure.
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Figure 3: FTIR spectra of YsLacFes-«O12 nanoparticles for x = 0.0 and 0.2

For both compositions, two prominent absorption bands are observed. The first strong band appears
around 576 cm™! for x = 0.0 and 574 cm™! for x = 0.2, attributed to the stretching vibrations of the Fe-
O bonds at the tetrahedral sites [16]. The second band is noted at 410 cm™! for x = 0.0 and 385 cm™! for
x = 0.2, corresponding to the bending vibrations of Fe-O bonds at the octahedral sites. These
characteristic bands confirm the formation of the YIG garnet structure, which is consistent with
previously reported works on garnet ferrites.

A slight shift in the peak positions and variation in intensity with La doping is observed. The reduction
in wavenumber and broadening of peaks in the La-doped sample can be attributed to the lattice expansion
and the difference in mass and ionic radius of La3* compared to Y3* ions, affecting the Fe-O vibrational
environment. Such observations are also reported by Sharma et al. (2023) and Zhang et al. (2021), where
dopant substitution leads to changes in vibrational characteristics 3], [5].

The absence of any additional bands suggests phase purity and successful formation of the garnet phase
without unwanted secondary phases.

3.3 Field Emission Scanning Electron Microscopy (FE-SEM) Analysis

The surface morphology and particle size distribution of YsLacFes-Oiz (x = 0.0 and 0.2) nanoparticles
were examined using Field Emission Scanning Electron Microscopy (FE-SEM), as shown in Figure 4. The
micrographs reveal that both samples exhibit nearly spherical and uniformly distributed nanoparticles
with slight agglomeration, a typical feature of sol-gel derived ferrites [17].

For the undoped sample (x = 0.0), the average particle size is approximately 35.26 nm, while for the La-
doped sample (x = 0.2), the particle size increases to around 39.74 nm, as obtained from particle size
distribution histograms. This increase in particle size upon La3* substitution is attributed to the lattice
expansion and reduced nucleation rate, consistent with the results reported by Mansournia et al. (2018)
for Nd-doped Y3Fe5O4, and by Chen et al. (2024) in co-substituted garnet systems [1].

Furthermore, the observed particle sizes are slightly larger than the crystallite sizes calculated from XRD
analysis. This difference is attributed to particle agglomeration and the polycrystalline nature of the
nanoparticles, similar to the trends reported by Akhtar et al. (2014) in their comparative study of YIG
ferrites synthesized via different methods [18].
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The homogeneity and dense packing observed in the La-doped sample suggest improved grain growth
behavior, which can influence the dielectric and magnetic properties positively, as discussed in previous
studies.
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Figure 4: FE-SEM images & particle size histograms of YsLaxFes-xO12 NPs (a) x = 0.0 (b) x = 0.2

3.4 Energy Dispersive X-ray Spectroscopy (EDS) Analysis

The elemental composition of YsLaxFes-xO12 (x = 0.0 and 0.2) nanoparticles was confirmed through
Energy Dispersive X-ray Spectroscopy (EDS) analysis. The EDS spectra (not shown here) clearly reveal the
presence of yttrium (Y), iron (Fe), oxygen (O), and lanthanum (La) elements, without any detectable
impurity peaks, confirming the chemical purity of the synthesized samples [19].

For the undoped sample (x = 0.0), the atomic percentages of Y, Fe, and O closely match the stoichiometric
ratios of Y3FesOy,, indicating the successful formation of pure yttrium iron garnet [20]. In the La-doped
sample (x = 0.2), a distinct La peak is observed, validating the successful incorporation of La3* ions into
the garnet lattice by partially substituting Y>* ions. The atomic ratio analysis further confirms the intended
doping concentration, as the measured La content aligns with the nominal composition.

These findings are consistent with the observations reported by Lv et al. (2023) and Chen et al. (2024),
where EDS analysis effectively confirmed the successful doping and compositional uniformity in garnet
ferrite systems [21]. Additionally, the absence of secondary phases or unwanted elements supports the
phase purity conclusions drawn from XRD and FTIR analyses.
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Figure 5: EDS spectra of YsLaxFes-xO12 nanoparticles (a) x = 0.0, 0.2

CONCLUSION

In this study, La-substituted yttrium iron garnet nanoparticles with compositions YsLa,Fes-O12 (x = 0.0
and 0.2) were successfully synthesized via the sol-gel method. XRD analysis confirmed the formation of a
pure cubic garnet phase, matching JCPDS Card No. 43-0507, with no secondary phases detected. The
incorporation of La3* ions resulted in a slight increase in lattice constant and unit cell volume due to the
larger ionic radius of La3* compared to Y3*. Crystallite size analysis revealed minor variations with La
doping, while microstrain and dislocation density values indicated slight lattice distortion. FTIR spectra
exhibited characteristic vibrational bands corresponding to Fe-O bonds in tetrahedral and octahedral
sites, further supporting the garnet structure. FE-SEM images showed spherical, agglomerated
nanoparticles with an average particle size increasing from 35.26 nm (x = 0.0) to 39.74 nm (x = 0.2). EDS
analysis confirmed the presence of Y, Fe, and La elements in appropriate ratios, ensuring the chemical
purity and successful La incorporation. La substitution effectively modifies the structural and
morphological properties of YIG nanoparticles, making them suitable for advanced magneto-dielectric
and microwave applications.
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