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Abstract— Zinc ferrite (ZnFe₂O₄) nanoparticles were synthesized using the sol-gel method, offering control over particle size and purity. Structural 
and Magnetic properties of synthesized material are investigated by Powder X-ray diffraction (PXRD) and Vibrating Sample Magnetometer (VSM) 

respectively. The results show that successfully formation of zinc ferrites nano particles with spinel structure. Magnetic properties were 
demonstrated by a vibrating sample magnetometer (VSM), which displayed that the calcined samples exhibited superparamagnetic and 
Antiferromagnetic behaviour at room temperature. In this study, the electronic and magnetic properties of ZnFe₂O₄ were investigated using spin-
polarized Density Functional Theory (DFT), implemented via Quantum ESPRESSO (v7.4.1). The Perdew–Burke–Ernzerhof (PBE) functional 

within the generalized gradient approximation (GGA) was used. Structural optimization was performed on the normal spinel phas e of ZnFe₂O₄, 
followed by calculations of the band structure, total density of states (TDOS), and projected density of states (PDOS). The results reveal that 
ZnFe₂O₄ exhibits a direct band gap of approximately 1.88 eV at the Γ point. Analysis of the PDOS shows dominant contributions from Fe 3d and 
O 2p orbitals near the Fermi level. These electronic and magnetic characteristics support the potential use of ZnFe₂O₄ in spintronics and visible-

light-driven photocatalysis. Density Functional Theory (DFT) calculations were also performed to explore the electronic structure and magnetic 
behaviour. The synthesized nanoparticles showed single-phase cubic spinel structure with nanocrystalline morphology. Magnetic measurements 
revealed superparamagnetic behaviour at room temperature. DFT results support the experimental observations , indicating a normal spinel 
structure with antiferromagnetic ordering in the bulk but altered magnetic behaviour at the nanoscale.  
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I. INTRODUCTION  

Synthesis of magnetic nanomaterials research is particular to 
study Structural, optical, magnetic, electric properties [1] 
analyse to bulk materials. magnetic properties are built upon 
purity, shape and size of particles. Zinc ferrite (ZnFe2O4) 
nanoparticles are synthesised by Hydrothermal [2], Xero-gel, 
sol-gel [3], vapour phase reactions, thermal decomposition, 

hydrothermal Polly method [4], Microwave combustion, co-
precipitation method [5,6] etc. Sol-Gel method synthesised 
average nanoparticles size of zinc ferrite changes to variation of 
depending on synthesis method, condition, Thermal treatment, 
concentration, stirring speed, synthesis technique, pH, 
calcination time and temperature. [7]. Zinc ferrite is widely 

used to Gas sensors [8], microwave absorber and biomedical 
applications [9]. Spinel ferrite is mechanical soft, moderate 
saturation Ms, low coercivity Hc and Remanent Magnetization 
Mr, crystalline anisotropy and large cubic magnetisation at 
room temp. In this paper we have synthesized Zinc ferrite 
nanoparticles by simple Sol-gel method. This method can be 
easily applied for bulk nanoparticle applications, such as for 

paramagnetic magnets and biomedical applications. 
Zinc ferrite (ZnFe₂O₄) is a soft magnetic material with a 

normal spinel structure, widely used in gas sensors, catalysis, 
and magnetic storage devices. At the nanoscale, its magnetic 
behaviour deviates significantly from the bulk form due to size 

effects and cation distribution. This study investigates the 

synthesis of ZnFe₂O₄ nanoparticles via sol-gel technique and 
combines experimental magnetic analysis with theoretical DFT 
studies to understand the origin of its properties. 

II. METHODOLOGY 

2.1 Synthesis of Zinc ferrite (ZnFe2O4) nanoparticles via Sol-

Gel method- 

In this method, 50 ml of 0.5M Zn (NO3)2, 50 ml of 1M Fe 
(NO3)3 and 100 ml of 0.3M citric acid solution were prepared 
separately with the help of deionized water. The mixed solution 
of nitrates was added slowly into 100 ml of prepared citric acid 
solution in a cylindrical reactor vessel to form a transparent 
mixed sol. The temperature was controlled around 900C during 

this mixing procedure with the help of water bath for 4 hours. 
The temperature was maintained at 900C until the sol gets 
converted into transparent and viscous gel. The obtained gel 
was placed in an oven at 1500C for 4 h. Finally, the obtained 
product was calcined at 600 0C for 4 h.  

2.2 Characterisation: 

Zinc ferrite sample was characterised by powder X Ray 

Diffraction XRD (Bruker D8 Venture) to final material 
confirmed magnetic nanoparticle of ZnFe2O4 with spinel 
Structured with Fd3m space group cubic crystal system. 
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Magnetic properties of magnetic saturation, coercivity were 

demonstrated by a vibrating sample magnetometer (VSM). 

2.3 Computational Methodology 

The first-principles calculations based on Density 
Functional Theory (DFT) were performed using the Quantum 
ESPRESSO simulation package (version 7.4.1) [11]. The plane-
wave pseudopotential method was employed to solve the 

Kohn–Sham equations within the spin-polarized framework to 
account for the magnetic behaviour of ZnFe₂O₄. 
Exchange–Correlation Functional and Pseudopotentials  

The exchange-correlation energy was described using the 
Perdew–Burke–Ernzerhof (PBE) variant of the generalized 
gradient approximation (GGA) [12]. To properly treat the 

strong on-site Coulomb interaction of the localized Fe 3d 
electrons, the DFT+U approach was employed using the 
simplified rotationally invariant scheme proposed by Dudarev 
et al. [13]. A Hubbard U value of U<sub>eff</sub>(Fe) = 4.5 
eV was applied based on values commonly reported in literature 
for Fe-containing oxides [14,15]. 

The PAW or optimized norm-conserving Vanderbilt 
(ONCV) pseudopotentials were taken from the PSLibrary or 
SSSP efficiency libraries and are compatible with QE 7.4.1. The 
electronic configurations considered were: 

• Zn: 3d<sup>10</sup>4s<sup>2</sup>  

• Fe: 3d<sup>6</sup>4s<sup>2</sup>  

• O: 2s<sup>2</sup>2p<sup>4</sup>  
Plane-Wave Cutoff and K-Point Sampling 

A kinetic energy cutoff of 80 Ry for the wavefunctions and 

640 Ry for the charge density was used, after convergence 
testing. The Brillouin zone was sampled using a Monkhorst-
Pack k-point mesh of 6 × 6 × 6 for self-consistent field (SCF) 
calculations. For the non-self-consistent field (NSCF) and 
density of states (DOS) calculations, a denser 12 × 12 × 12 grid 
was used. 

Structural Optimization 
The initial crystal structure of ZnFe₂O₄ was modeled in its 

normal spinel cubic phase (space group Fd-3m). Geometry 
optimizations were carried out using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm until the total energy 
converged below 10⁻⁶ Ry and the force on each atom was less 

than 10⁻³ Ry/Bohr. 
Electronic Structure and DOS/PDOS 

The band structure was computed along high-symmetry 
paths in the Brillouin zone: Γ–X–U–K–Γ–L–W–X. The total 
and projected density of states (TDOS and PDOS) were 
obtained using the dos.x and projwfc.x post-processing tools. A 

Gaussian broadening of 0.02 Ry was applied for DOS plots. 
All calculations were carried out with spin-polarization 
enabled, and the system was found to converge to a 
ferrimagnetic ground state. 

III. RESULT AND DISCUSSION 

3.1 XRD analysis 

Powder X-ray diffraction profile of samples can provide 
important information in qualitative phase analysis, 
quantitative phase analysis, determination of unit cell 
parameters, study of preferred orientation, and determination of 

particle size. Fig.1 shows the PXRD pattern of ZnFe2O4 

characteristic peaks is matches to JCPDS file no -01-086-0509 
[10]. The PXRD pattern of ZnFe2O4 corresponding structure of 
lattice is spinal cubic crystal and good determine at (220), (311), 
(222), (400), (422), (511), (440) and (533) reflections are XRD 
patterns in fig.1 No secondary phases were detected.From 
debye-scherror formula 

 
where λ is a X ray wavelength and θ is a Braggs angle. We have 
evaluated particle size from most intensity peak (311) full 
thickness half maximum. The mean size of particle is 10-20 
nm. Fig. 1 showed ZnFe2O4 crystalline phase of nanoparticles 
by exactly similar peaks. The PXRD result identified 
characteristic ZnFe2O4 by major peak (311) sample almost 

2θ=35.27 which is most important major peak of cubic spinal. 
The result shows that reaction temperature 363K is preferable 
for growth of zinc ferrite crystallite. All the peaks recorded 
single phase spinal structure and no one more phase is 
observed. 
 

 
Fig. 1: XRD pattern of the prepared (ZnFe2O4) Zinc ferrite particles. 

3.2 Vibrating Sample Magnetometry (VSM) 

The M-H loops with Hmax (+/-)5KOe of a dried sample 
ZnFe₂O₄ nanoparticle presented in Fig.2.The analysing a 
ZnFe₂O₄ sample using a Vibrating Sample Magnetometer 

(VSM), Magnetization Curve Nanoparticle ZnFe₂O₄ typically 
shows narrow hysteresis, indicating soft magnetic behaviour. 
appear superparamagnetic and Antiferromagnetic loop., nearly 
closing the loop with minimal remanence. Nearly zero Mᵣ and 
slightly S-shaped rather than the straight line passing through 
origin. 

3.3 Density Functional Theory (DFT) Calculations and 

Analysis 

Electronic Band Structure 
The electronic band structure of ZnFe₂O₄, computed using 

spin-polarized DFT+U, is illustrated in Figure 3. The Fermi 
level (Ef) is set to 0 eV. The calculated band gap is 

approximately 1.88 eV, indicating a direct band gap with both 
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the valence band maximum (VBM) and conduction band 

minimum (CBM) located at the Γ point. This result is in good 
agreement with previous theoretical studies using the DFT+U 
approach, where the U correction is necessary to accurately 
describe the localized Fe 3d electrons and to open the 
underestimated gap observed in standard GGA calculations [16-
18]. The observed semiconducting nature supports the potential 

applicability of ZnFe₂O₄ in visible-light-driven photocatalysis 
and spintronics [19]. 

 
Fig. 2. M-H Loops of ZnFe2O4 

Total Density of States (TDOS) 

The total density of states, presented in Figure. 4, highlights 
the spin polarization of the system, evident from the asymmetry 
between spin-up and spin-down channels. A high density of 
states is present in the valence band between −6 eV and 0 eV, 
while the conduction band shows a moderate rise just above 
1.88 eV. These features confirm the semiconducting and 

ferrimagnetic nature of ZnFe₂O₄, consistent with experimental 
magnetic measurements [20-21]. 
Projected Density of States (PDOS) 
Fe 3d Contribution (Figure.5) 

Fe atoms contribute dominantly to the states near the Fermi 
level. The Fe 3d spin-down states are primarily found in the 

valence band region, while Fe 3d spin-up states mainly form the 
bottom of the conduction band. This spin asymmetry is 
responsible for the magnetic moment of the Fe atoms. The 
strong hybridization between Fe 3d and O 2p orbitals supports 
the super exchange interaction mechanism, typical in spinel 
ferrites [22-23]. 

O 2p Contribution (Figure 6) 
Oxygen atoms show major contributions in the valence 

band. The O 2p states strongly hybridize with Fe 3d states, 
forming a broad band between −6 eV and 0 eV. This 
hybridization is essential for the covalent bonding and 
electronic charge transfer within the crystal [24]. 
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Zn 3d Contribution (Figure .7) 

Zn contributes significantly through its 3d orbitals located 

around −6.5 eV, deep in the valence band. The Zn 4s and 4p 
states show negligible contribution near the Fermi level, 
confirming that Zn remains in a non-magnetic, closed-shell 
configuration and does not participate actively in magnetic or 
charge transport phenomena [25]. 

Spin Polarization and Magnetic Nature  
The total and partial DOS (Figure.4) indicate that ZnFe₂O₄ 

is a spin-polarized semiconductor. The Fe ions are in a 
ferrimagnetic configuration, where the magnetic moments at 
tetrahedral and octahedral sites are antiferromagnetically 
aligned but unequal in magnitude, yielding a net magnetic 
moment. This behaviour is consistent with the inverse spinel 
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structure and has been validated by both experimental 

magnetization studies and theoretical predictions [26-28]. 

IV. CONCLUSION 

Zinc ferrite nanoparticle has been successfully synthesised 
using simple Sol-Gel technique at 900 C. PXRD patterns 
confirmed the formation of single-phase cubic spinel ZnFe₂O₄. 
The Scherrer equation was used to determine the average 

crystallite size, which fell between 10 and 20 nm. No secondary 
phases were detected. The PXRD result shows the quantitative 
sample analysis and sample is in pure phase. The greatest 
magnetisation of the M-H loops was discovered to be 0.4 
emu/gm Mmax at Hmax (+/-)5Koe, with minimal coercivity Hc 
and Mr. VSM research at room temperature revealed 

superparamagnetic behavior, with minimal remanence and 
coercivity. 

A comprehensive first-principles DFT investigation was 
conducted on ZnFe₂O₄ to elucidate its electronic and magnetic 
properties The TDOS and PDOS analysis confirmed the 
semiconducting and ferrimagnetic nature of the material, with 

significant contributions from Fe 3d and O 2p states near the 
Fermi level. The observed spin polarization and magnetic 
ordering are in agreement with the inverse spinel structure of 
ZnFe₂O₄. These results demonstrate the material’s suitability 
for applications in photocatalysis and spin-based electronic 
devices.  
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