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This study reports the structural, morphological and compositional properties of a series of gadolinium doped Zn0.5Mg0.5GdxFe(2-x)O4 

ferrites where x = 0.0, 0.04, 0.08 and 0.12. The ferrites were synthesized using a co-precipitation method and their properties were analyzed 

using X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The XRD 

results showed that the ferrites had both cubic and tetragonal spinal structures. The lattice constants and crystallite sizes of the ferrites 

were found to vary with the Gd3+ substitution level. The SEM images revealed that the ferrites consisted of nanoparticles of varying sizes 

and shapes, exhibiting a certain level of agglomeration. The FT-IR spectra confirmed the presence of characteristic M–O vibrations, 

indicating the successful formation of ferrite structures. These results suggest that the structural and morphological properties of Gd-

doped Zn0.5Mg0.5GdxFe(2-x)O4 can be tailored by adjusting the Gd3+ substitution level. 
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INTRODUCTION 

 Spinel ferrite is a magnetic oxide material with high DC 

resistance, high chemical stability, low cost, mechanical hard-

ness, low porosity, easy synthesis, high magnetic permeability 

and high magnetic field [1-5]. These materials have attracted 

the attention of the scientific community and have been used 

in many applications such as storage devices, transformer cores, 

magnetic sensors, satellite communication, fuel sensors, com-

puter components and magnetic refrigerators. Magnetocaloric 

effect occurs in spinel ferrite materials when the order of the 

magnetic moment changes due to changes in magnetic proper-

ties [6-8]. The change in the order of the spinel ferrite magnetic 

material causes cooling by absorbing heat from the system to 

be energized. 

 In order to keep the process cool, the magnetic ordering 

temperature (MOT) must be reduced to room temperature 

[9,10]. The physical and chemical properties of different metal 

cations are affected by their type, amount and location [11-14]. 

Magnesium ferrite is used as a humidity sensor and catalyst 
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[15]. Super paramagnetic ferrites are attractive for biomedical 

applications, especially in magnetic carrier technology [16-18]. 

They have strong magnetic properties, excellent chemical 

stability, corrosion resistance and high resistivity. Their crys-

tal structure, chemical elements and physical properties make 

them of interest from both theoretical and practical points of 

view [19,20]. The specific magnetic moment of Gd3+ ions, 

generated by seven different generators, works like a power-

ful switch, allowing scientists to optimally tune the properties 

of ferrites. This opens up valuable resources for the creation 

of new electronic products with good technical properties. 

Among the spinel ferrite family, Gd-doped Zn-Mg ferrites 

stand out as particularly intriguing materials [21-23]. The 

unique magnetic moment of Gd3+ ions, arising from their seven 

unpaired electrons, acts as a potent tuning knob, allowing 

researchers to tailor the properties of these ferrites with exqui-

site precision. This opens up a treasure trove of possibilities 

for designing novel magneto-electric materials with function-

alities specifically tailored for cutting-edge technological 

applications. The captivating world of Gd-doped Zn-Mg 
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ferrites, specifically focusing on the Zn0.5Mg0.5GdxFe(2-x)O4 

system, is the heart of this research. We utilize a co-precipi-

tation technique, a well-established method renowned for its 

simplicity and control over particle size and morphology, to 

bring these fascinating materials to life. 

EXPERIMENTAL 

 The high grade requisite chemicals like zinc nitrate hexa-

hydrate [Zn(NO3)2·6H2O], magnesium nitrate hexahydrate 

[Mg(NO3)2·6H2O, ferric nitrate nonahydrate [Fe(NO3)3·9H2O], 

gadolinium nitrate hexahydrate [Gd(NO3)3·5H2O], ammonia 

solution (NH4OH) for the pH adjustment were procured from 

different commercial sources. 

 Synthesis: The Gd-doped Zn0.5Mg0.5GdxFe(2-x)O4 was 

synthesized by co-precipitation method. For synthesis of 

ferrites, Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, Mg(NO3)2·6H2O 

and Gd(NO3)3·5H2O were first dissolved in 300 mL of 

distilled water while preserving a 2:1 ratio. The precipitation 

procedure was started by adding a 1 M NaOH solution drop-

wise while stirring continuously until the pH of the solution 

reached 10. The resultant precipitates were then washed by 

centrifugation with acetone and distilled water. The precipi-

tates were then separated by filtering using a Büchner funnel. 

The precipitates were then dried in an oven at 80 ºC for around 

24 h to remove any moisture. The sample was then ground 

and crushed from the dry residue to develop a fine powder. 

This powder was calcined in order to complete the synthesis.  

 Characterization: The structural characterization of Gd- 

doped Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 0.12%) 

ferrites was performed using an X-ray diffractometer equipped 

with CuK radiation ( = 1.5418 Å). The morphological 

studies of pure and doped ferrites were performed with a 

scanning electron microscope (SEM). The absorption peaks 

in the wavenumber range of 4000-400 cm–1 were measured 

by FT-IR spectrometer (make: NiCOLETIS5). 

RESULTS AND DISCUSSION 

 Structural analysis: Fig. 1 shows the X-ray diffraction 

(XRD) patterns of gadolinium-doped Zn0.5Mg0.5GdxFe(2-x)O4 

powder with different concentrations of gadolinium (x = 0.0, 

0.04, 0.08 and 0.12%) and samples were named G0, G1, G2 

and G3, respectively. For all the samples, there are diffraction 

peaks at (220), (311), (400), (422), (511) and (440) with 

different intensity. The absence of impurity peaks suggests 

that the samples are chemically pure, showing no signs of 

foreign materials or unwanted byproducts. This indicates that 

the synthesis or purification process was successful, yielding 

a high-quality material appropriate for further examination. 

The samples have a cubic spinel structure with Fd3m space 

group and also a tetragonal spinel structure with I41/and 

space group [1]. These peaks were perfectly matched with the 

standard JCPDS card No. 73-1963 and ICDD# (00-034-

0425) [24-26]. The interplanar spacing (d) and crystalline 

size (D) were calculated through Bragg’s and Scherrer formulae, 

respectively as under:  

  


=


d
2sin

 (1)  

 
Fig. 1. XRD patterns of Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 

0.12) ferrites 
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here ‘’ is the wavelength of the X-rays;  is the full width at 

half maximum and  is half-angle between the incident and 

scattered X-rays. The interplanar spacing found to be varied 

with the increasing the Gd content (x) as well as the grain size 

is increased as 15 nm, 16 nm, 17 nm and 17 nm with different 

concentrations of gadolinium (x = 0.0, 0.04, 0.08 and 0.12%), 

respectively. The lattice constant (a) for cubic phase is deter-

mined by the formula concerned as below: 

  
+ +
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2 2 2
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where hkl denotes the Miller Indices.  

 The dislocation density () and micro-internal strain () 

were calculated the corresponding to preferred orientation by 

following respective equations:  

  =
2

1
d

D
 (4) 
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 When Gd3+ ions were added to the Zn0.5Mg0.5Fe2O4, the 

size of the crystal lattice increases as the amount of gadolinium 

increases. This effect is due to the larger size of Gd3+ ions, 

which have an ionic radius of 0.938 Å, in contrast to Fe3+ ions 

with a radius of 0.645 Å. When more Gd3+ ions are added, 

they take up more space in the crystal lattice, making the 

overall structure bigger [27]. The lattice constant exhibits an 

initial increase with gadolinium doping, followed by a decrease 

beyond x = 0.8, attributed to the limited solubility of gadoli-

nium and its larger ionic radius. The XRD patterns reveal a 

shift in peak positions with increasing gadolinium content, 

indicating variations in the lattice parameters. Another reason 

for the increase in the lattice constant is the substitution of 

rare earth elements, the same trend is also reported in an 

earlier study on rare earth doped Zn-Mg ferrites [28]. The 

substitution of smaller iron ions (0.645 Å) with larger Gd3+ 

ions (1.01 Å) in the magnesium ferrite structure leads to an 
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initial increase in the lattice constant, but this expansion is 

limited beyond x = 0.8 due to the limited solubility of gadoli-

nium [23]. The Williamson-Hall (W-H) relation (given in 

eqns. 6-8) relates the mean crystallite size and micro-strain to 

the broadening of diffraction peak where the crystallite size 

is calculated using eqn. 8:  

  



 = +  


2

0.94
4 tan

Dcos
 (6) 

  



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here, 2 is the full width at half-maximum (FWHM) and D 

is crystallite size,  is the root mean square value of the micro-

strain. The parameter k (0.9-1) is the shape factor for spherical 

crystallite size. The crystallite size can be calculated by using 

the intercept and strain using the slope of straight lines (curves 

between 2cos versus 4sin) or Williamson-Hall plots as 

shown in Fig. 2. The crystallite size is increased with diffe-

rent concentrations of gadolinium (x = 0.0, 0.04, 0.08 and 

0.12%) respectively. The positive slope of these plots indi-

cates a lattice expansion, whereas the negative slope indicates 

a lattice compression. All the calculated structural parameters 

are shown in Table-1. 

 Surface morphological analysis: SEM analysis was 

also employed to explain the effect of gadolinium doping on 

the morphology of synthesized Gd-doped Zn-Mg ferrites. A 

SEM image of Zn0.5Mg0.5GdxFe(2-x)O4 is shown in Fig. 3, which 

revealed that the prepared ferrites have a comparatively rod 

morphology and the non-homogeneity among the particle 

sizes of the sample. The voids present in the samples are a 

result of the escape of some gases during the evaporation 

procedure. It was also found that the particles obtained by the 

co-precipitation method are slightly agglomerated. The crys-

talline size was found to be < 38 nm. 

 The particle size distribution bar graphs of Gd-doped Zn-

Mg ferrites having different Gd concentrations is presented 

in Fig. 4. The grain size was calculated with the help of Image 

J open access software and obtained grain size is 44 nm, 31 

nm, 33 nm and 20 nm for Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.00, 

0.04, 0.08, 0.12).  

 FTIR studies: As shown in Fig. 5, it was observed that 

in case of pure ZnMgFe2O4 (G0), the peaks in the range of 

600 to 400 cm–1 due to the Zn–O, Mg(II)–O and Fe(III)–O 

 

 

Fig. 2. Williamson-Hall plots of Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 0.12) ferrites 
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bond of spinel-type oxide [29,30]. The highest intensity band 

that appears between 600-400 cm–1 is the characteristic of the 

stretching of the Zn-O bond in wurtzite structures, the most 

common crystalline form of the oxide. The lower intensity 

peak is observed at 670 cm–1 is also characteristic of the stret-

ching of the Zn-O bonds for all the samples [31]. The bands 

appearing at ~1000, ~850 and ~750 cm–1 correspond to the 

stretching vibrations of Zn–O bonds, characteristic of tetra-

hedral coordination region. In the region around the wave-

length of 3500 cm–1, a band of low intensity is observed, 

which can be attributed to the stretching of O-H bonds, which 

have already been observed in studies involving materials of 

the same nature and which are generally related to water 

absorbed by the surface in the analysis [32].  

 Vibrating sample magnetometer (VSM) analysis: The 

saturation magnetization (Ms), remanent magnetization (Mr), 

coercivity (Hc) and hysteresis loop area are the key magnetic 

parameters that characterize the behaviour of magnetic mate-

rials. Three different samples were analyzed, with the Gd3 

sample exhibiting the highest values for Ms, Mr, Hc and 

hysteresis loop area as compared to the Gd2 and Gd1 samples 

(Fig. 6). The saturation magnetization (Ms) represents the 

maximum magnetization that a material can achieve in an 

applied magnetic field. In this study, the Gd3 sample had an 

estimated Ms of approximately 18 emu/g, while the Gd2 and 

Gd1 samples had lower values of 12 emu/g and 9 emu/g, 

respectively. The remanent magnetization (Mr) refers to the 

residual magnetization left in the material when the external 

magnetic field is reduced to zero. The Gd3 sample exhibited 

a higher Mr of around 6 emu/g compared to the Gd2 and Gd1 

samples, which had values of 4 emu/g and 3 emu/g, respec-

tively. This suggests that the Gd3 sample retains more magne-

tization after the external field is removed. 

 Coercivity (Hc) is the magnetic field required to reduce 

the magnetization to zero after the material has been magne-

tized. The Gd3 sample had a higher coercivity of approxi- 

TABLE-1 

XRD PARAMETERS VALUES OF Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0, 0.04, 0.08 AND 0.12) FERRITES 

Gd content 

(x) 
2 (º) hkl d (Å) a (Å) Intercept 

W-H 

D (nm) 

Scherrer 

D (nm) 
 × 10–3 

 × 1015 

(m–2) 

0 17.76 311 0.498 1.64 0.02729 5 15 1.15 4.19 

0.04 17.73 311 0.499 1.65 0.02039 7 16 1.50 4.08 

0.08 17.74 311 0.499 1.65 0.01899 8 17 1.40 3.57 

0.12 17.78 311 0.498 1.64 0.01910 8 17 1.39 3.52 

 

 

Fig. 3. Surface morphological micrographs of Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 0.12) ferrites 
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Fig. 5.  FTIR spectra of Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 0.12) 

ferrites 

 
Fig. 6. Vibrating sample magnetometer curve of Zn0.5Mg0.5GdxFe(2-x)O4 (x 

= 0.0, 0.04, 0.08 and 0.12) ferrites 

 

Fig. 4. Particle size distribution bar graphs of Zn0.5Mg0.5GdxFe(2-x)O4 (x = 0.0, 0.04, 0.08 and 0.12) ferrites 
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mately 3500 Oe, while the Gd2 and Gd1 samples had values 

of 2500 Oe and 2000 Oe, respectively. This indicates that the 

Gd3 sample requires a stronger magnetic field to demagnetize 

compared to the other samples. The hysteresis loop area repre-

sents the energy loss per cycle during magnetization and 

demagnetization [33]. The Gd3 sample also exhibited the 

largest hysteresis loop area, indicating the highest energy 

loss, followed by the Gd2 and Gd1 samples. This suggests that 

the Gd3 sample may have higher losses in magnetic appli-

cations compared to the other samples. The parameter of 

vibrating sample magnetometer is showed in Table-2.  

 
TABLE-2 

THE PARAMETER OF VIBRATING SAMPLE  

MAGNETOMETER (VSM) FOR Zn0.5Mg0.5GdxFe(2-x)O4  

(x = 0, 0.04, 0.08 AND 0.12) FERRITES 

Parameter x = 0.12 x = 0.08 x = 0.04 

Saturation magnetization (emu/g) ~18 ~12 ~9 

Remanent magnetization (emu/g) ~6 ~4 ~3 

Coercivity (Oe) ~3500 ~2500 ~2000 

Conclusion 

 In conclusion, this study conducted a synthesis of Gd3+ 

doped Zn0.5Mg0.5GdxFe(2-x)O4 ferrites, varying gadolinium 

content (x = 0.0, 0.04, 0.08 and 0.12) and extensively examined 

their structural and morphological characteristics. The analysis 

confirmed the presence of cubic spinel structures with Fd3m 

space group and tetragonal spinal structures in the Gd-doped 

ferrites, showcasing lattice constant variations that increased 

with Gd content up to x = 0.08 and then decreased. The expan-

sion of lattice constant due to the substitution of larger Gd3+ 

ions for smaller Fe3+ ions was observed. SEM analysis showed 

that all samples exhibited spherical particle morphologies with 

crystallite sizes below 38 nm. The presence of non-uniformity 

and slight agglomeration is likely due to gas evolution during 

the synthesis process. FTIR spectroscopy confirmed the incor-

poration of metal ions and dopants through the identification 

of the characteristic absorption bands associated with metal–

oxygen stretching vibrations. The magnetic parameters of 

saturation magnetization, remanent magnetization, coercivity 

and hysteresis loop area also provided valuable insights into 

the magnetic behaviour of materials. The differences observed 

in these parameters among the Gd3, Gd2 and Gd1 samples 

highlight the importance of understanding and characterizing 

magnetic properties for various applications like in catalysis, 

sensors and magnetic technologies. The observed variations 

in lattice constants and structural features emphasize the need 

for tailored compositions in ferrites, presenting new avenues 

for future research and development in nanomaterials and 

their potential contributions to materials science, nanotech-

nology and advanced technological applications. 
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