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Abstract: In this study, Y₃₋ₓGdₓFe₅O₁₂ (x = 0.0 and x = 0.4) nanoparticles 

were synthesized and characterized to examine the influence of Gd 

substitution on their structural, morphological, and optical properties. X-

ray diffraction (XRD) analysis confirmed the formation of a garnet 

structure with an increase in lattice parameter due to Gd incorporation. 

Fourier Transform Infrared (FTIR) spectroscopy identified Fe–O and Y–

O/Gd–O stretching vibrations, indicating structural modifications. 

Scanning Electron Microscopy (SEM) revealed a quasi-spherical 

morphology with increased particle size and enhanced agglomeration in 

the Gd-doped sample. UV-Vis spectroscopy demonstrated strong 

absorption in the UV and visible regions, with a red shift in the absorption 

edge upon Gd substitution. The results suggest that Gd incorporation alters 

the microstructure and optical behaviour of YIG, making it a promising 

candidate for magneto-optical and optoelectronic applications.  
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1. Introduction 

 

Yttrium iron garnet (Y₃Fe₅O₁₂, YIG) is a significant material in the fields of magnetism, electronics, and 

optics, owing to its unique structural, dielectric, and magnetic properties. YIG garnets belong to the 

family of ferrites that crystallize in a cubic structure and are widely used in microwave communication, 

magnetic sensors, magneto-optical devices, and optical coatings. These materials exhibit low electrical 

conductivity and high resistivity, making them suitable for applications where low energy losses are 

required. The introduction of dopants into the YIG structure has been extensively explored to tailor its 

electrical, magnetic, and optical properties for advanced technological applications [1]. Gadolinium 

(Gd³⁺) doping in YIG has garnered attention due to the larger ionic radius of Gd³⁺ compared to Y³⁺, 

which alters the crystal structure, modifies lattice parameters, and influences the magnetic and dielectric 

behaviour. The substitution of Gd³⁺ in YIG is expected to induce significant changes in dielectric 

properties, AC conductivity, and optical band gap due to modifications in electron-lattice interactions 

and local distortions in the garnet structure [2]. The effect of Gd³⁺ doping on the dielectric response and 

optical properties is crucial in determining its potential for high-frequency applications, microwave 

absorption, and optical filters. The primary objective of this study is to synthesize Y₃₋ₓGdₓFe₅O₁₂ (x = 

0.0 and 0.4) nanoparticles using the sol-gel method and investigate the impact of Gd³⁺ incorporation on 

the structural, dielectric, and optical properties. The synthesized samples will be characterized using X-

ray diffraction (XRD) for phase confirmation, Fourier transform infrared spectroscopy (FTIR) for 

functional group analysis, dielectric measurements (two-probe technique) for frequency-dependent 

electrical properties, and UV-Vis spectroscopy for optical absorption and band gap analysis [3]. This 

study aims to provide insight into the structural modifications and potential applications of Gd³⁺-

substituted YIG nanoparticles in dielectric resonators, optical coatings, and high-frequency electronic 

devices. 
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2. Experimental 

 

2.1 Materials 

The raw materials used for the synthesis of Y₃₋ₓGdₓFe₅O₁₂ nanoparticles include yttrium nitrate 

[Y(NO₃)₃], gadolinium nitrate [Gd(NO₃)₃], and iron nitrate [Fe(NO₃)₃], all of which serve as precursors 

for the cationic components. Citric acid is used as a complexing agent to form metal-chelated precursors, 

ensuring homogeneity in the sol-gel process. Ammonia solution is employed for pH adjustment, 

promoting the controlled precipitation of the precursor gel. Ethanol and distilled water act as solvents 

to dissolve the precursors and facilitate uniform mixing of the reactants [4]. 

 

2.2 Synthesis by Sol-Gel Method  

The sol-gel method is a widely used wet-chemical approach for the synthesis of nanoparticles with high 

purity and controlled stoichiometry. In this study, Y₃₋ₓGdₓFe₅O₁₂ nanoparticles were synthesized by 

dissolving Y(NO₃)₃, Gd(NO₃)₃, and Fe(NO₃)₃ in a mixture of ethanol and distilled water. Citric acid was 

then added as a chelating agent to form a stable metal-ion complex, ensuring uniform distribution of 

cations in the sol [5]. The solution was continuously stirred at room temperature, followed by the gradual 

addition of ammonia to adjust the pH to 7–8, promoting the formation of a homogeneous precursor gel. 

The resulting gel was dried at 120°C to remove excess moisture and organic residues [6]. The dried 

precursor was then calcined at an optimized temperature 800°C to promote crystallization and remove 

volatile organic components. The annealed samples were ground to obtain fine nanopowders of 

Y₃₋ₓGdₓFe₅O₁₂ (x = 0.0 and 0.4) for further characterization. The sol-gel approach ensures fine particle 

size, controlled morphology, and improved phase purity, making it a suitable technique for synthesizing 

Gd³⁺-doped YIG nanoparticles. 

 

3. Results and Discussion 

 

3.1 X-ray Diffraction (XRD) Analysis 

The X-ray diffraction (XRD) patterns of Y₃₋ₓGdₓFe₅O₁₂ nanoparticles with x = 0.0 and x = 0.4 confirm 

the formation of a garnet-type phase without any detectable secondary phases, indicating the successful 

incorporation of Gd³⁺ ions into the YIG lattice. The diffraction peaks match well with the standard 

JCPDS card for yttrium iron garnet (YIG), suggesting that the cubic garnet structure is retained even 

after Gd substitution [7]. The crystallite size (D) was estimated using the Scherrer equation, D=kλ / 

βcosθ, where k=0.9 is the Scherrer constant, λ=1.5406Å (Cu Kα radiation), β is the full width at half 

maximum (FWHM) in radians, and θ is the Bragg angle. The calculated average crystallite size was 

found to be 38.24 nm for Y₃Fe₅O₁₂ (x=0.0) and 35.18 nm for Y₂.₆Gd₀.₄Fe₅O₁₂ (x=0.4). The slight decrease 

in crystallite size upon Gd substitution may be attributed to lattice distortion caused by the difference in 

ionic radii between Y³⁺ (0.90 Å) and Gd³⁺ (0.94 Å). 

 

 
Figure 1: XRD pattern of Y₃Fe₅O₁₂ (x = 0.0, 0.4) nanoparticles 

 

The lattice parameter (a) was determined assuming a cubic crystal structure using the relation: a=d 

√h2+k2+l2 , where d is the interplanar spacing, and (hkl) are the Miller indices of the diffraction planes 
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[8]. The calculated lattice parameter was found to be 12.376 Å for x = 0.0 and 12.421 Å for x = 0.4, 

showing a slight increase with Gd substitution, which is expected due to the larger ionic radius of Gd³⁺. 

The microstrain (ε) was estimated using the equation, ε =β / 4tanθ , The calculated values of microstrain 

were 2.12 × 10⁻³ for x = 0.0 and 2.47 × 10⁻³ for x = 0.4, indicating a slight increase in internal strain 

with Gd substitution. 

The dislocation density (δ) was calculated using: δ =1 / D2, the values obtained were 6.84 × 10¹² nm⁻² 

for x = 0.0 and 8.08 × 10¹² nm⁻² for x = 0.4, indicating an increase in defects with Gd doping. The unit 

cell volume (v) was calculated using: V =a3. The values obtained were 1897.56 Å³ for x = 0.0 and 

1914.83 Å³ for x = 0.4, confirming the expansion of the unit cell due to Gd substitution. These results 

confirm that Gd doping influences the structural properties of YIG, leading to changes in crystallite size, 

lattice parameters, strain, and density, which may impact its magnetic and dielectric properties [9]. 

 

3.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis 

The FTIR spectra of Y₃₋ₓGdₓFe₅O₁₂ nanoparticles (x = 0.0 and x = 0.4) were recorded in the range of 

1000–400 cm⁻¹ to examine the vibrational modes of metal-oxygen bonds and confirm the garnet phase 

formation. 

 

 
Figure 2 : FTIR spectra of Y₃₋ₓGdₓFe₅O₁₂ (x = 0.0 and x = 0.4) nanoparticles 

The spectra exhibit characteristic absorption bands associated with Fe–O and Y–O/Gd–O stretching 

vibrations, indicating structural integrity and modifications upon Gd substitution [10] [6]. A prominent 

absorption peak is observed at 555.49 cm⁻¹ for the x = 0.0 sample, corresponding to Fe–O stretching 

vibrations in the tetrahedral coordination, which slightly shifts to 541.99 cm⁻¹ in the x = 0.4 sample, 

suggesting changes in the Fe–O bond strength due to the incorporation of Gd³⁺ ions.  

Similarly, the Y–O vibration in the octahedral coordination, observed at 403.12 cm⁻¹ for x = 0.0, shifts 

to 412.76 cm⁻¹ for x = 0.4, confirming the successful substitution of Y³⁺ by larger Gd³⁺ ions. The shifts 

in vibrational frequencies indicate lattice distortions due to ionic size differences, further supporting the 

structural modifications observed in the XRD analysis [11]. 

 

3.3 Scanning Electron Microscopy (SEM) Analysis 

The SEM micrographs of Y₃₋ₓGdₓFe₅O₁₂ nanoparticles with x = 0.0 and x = 0.4 reveal significant insights 

into the morphological characteristics and particle size distribution of the synthesized samples [12]. 
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Figure 3 : SEM micrograph of Gd doped YIG  NPs 

 

Both samples exhibit a quasi-spherical to irregular polygonal morphology, which is commonly observed 

in yttrium iron garnet (YIG) nanoparticles synthesized via wet chemical methods. The presence of 

agglomerated grains suggests strong magnetic interactions among the nanoparticles, leading to the 

formation of dense structures [13]. 

The particle size distribution analysis, derived from the histogram, indicates an average particle size of 

37.40 nm for x = 0.0 and 43.54 nm for x = 0.4. The slight increase in particle size upon Gd substitution 

can be attributed to the larger ionic radius of Gd³⁺ (0.94 Å) compared to Y³⁺ (0.90 Å), which causes a 

lattice expansion and promotes grain growth [14]. The micrographs also show that the degree of 

agglomeration increases with Gd doping, likely due to enhanced dipole-dipole interactions and modified 

magnetic properties of the substituted garnet structure [15]. 

Additionally, the SEM images reveal that the nanoparticles are densely packed with minimal porosity, 

indicating a high degree of sintering and effective growth control during synthesis. The uniform grain 

size distribution further supports the controlled nucleation and crystallization process [16]. The observed 

increase in particle size is in agreement with the XRD-derived crystallite size, confirming the successful 

incorporation of Gd³⁺ into the YIG lattice without altering the fundamental crystal structure [17]. 

3.4 UV-Vis Spectroscopy Analysis 

The UV-Vis absorption spectra of Y₃₋ₓGdₓFe₅O₁₂ nanoparticles with x = 0.0 and x = 0.4 were recorded 

in the wavelength range of 200–1100 nm to investigate their optical absorption behavior. 

 
Figure 4: UV-Vis absorption spectra of Y₃₋ₓGdₓFe₅O₁₂ (x = 0.0 and x = 0.4) nanoparticles 

 

The spectra exhibit strong absorption in the UV and visible regions, confirming the semiconductor-like 

nature of the synthesized materials [18]. The absorption intensity is higher for the x = 0.0 sample 
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compared to the x = 0.4 sample, which suggests that Gd substitution influences the optical response of 

the material. 

A noticeable shift in the absorption edge is observed upon Gd doping, with the x = 0.4 sample showing 

absorption at longer wavelengths compared to the undoped sample (x = 0.0). This red shift in the 

absorption spectra may be attributed to lattice modifications and electronic interactions between Fe³⁺ 

and Gd³⁺ ions, which alter the optical transitions within the material [19]. Additionally, the absorption 

spectra show a broader range of absorption for the Gd-doped sample, indicating changes in the crystal 

field interactions and electronic structure [20]. 

 

4. Conclusion 

 

The present study successfully synthesized and characterized Y₃₋ₓGdₓFe₅O₁₂ (x = 0.0 and x = 0.4) 

nanoparticles to investigate the effects of Gd substitution on their structural, morphological, and optical 

properties. X-ray diffraction (XRD) analysis confirmed the formation of a single-phase garnet structure 

with an increase in lattice parameter upon Gd doping, indicating the successful incorporation of Gd³⁺ 

ions into the YIG lattice. The calculated crystallite size decreased slightly with Gd substitution, while 

the dislocation density and microstrain increased, suggesting minor lattice distortions due to ionic size 

differences. Fourier Transform Infrared (FTIR) spectroscopy validated the presence of characteristic 

Fe–O stretching and Y–O/Gd–O vibrations, with peak shifts confirming the structural modifications 

induced by Gd doping. Scanning Electron Microscopy (SEM) analysis revealed a quasi-spherical to 

polygonal morphology with an increase in average particle size from 37.40 nm (x = 0.0) to 43.54 nm (x 

= 0.4), supporting the lattice expansion observed in XRD. The micrographs also indicated enhanced 

agglomeration in the Gd-doped sample, likely due to stronger magnetic interactions. UV-Vis absorption 

spectroscopy demonstrated strong absorption in the UV and visible regions, with a red shift in the 

absorption edge upon Gd substitution. This shift suggests that Gd incorporation affects the optical 

properties of YIG by modifying electronic interactions within the material. 
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