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Abstract: 

This study investigated the structural, vibrational, morphological, optical, and magnetic 

properties of nickel-doped manganese ferrite (Ni₀.₃Mn₀.₇Fe₂O₄) nanoparticles synthesized via 

co-precipitation route. X-ray diffraction patterns confirmed the formation of a single-phase 

cubic spinel structure, Fourier Transform Infrared spectroscopy reveals two characteristic 

absorption bands, corresponding to metal-oxygen stretching vibrations at the tetrahedral and 

octahedral sites, respectively. Nickel substitution induces a noticeable shift in these bands 

toward higher wavenumbers, indicating modified vibrational modes. Morphological analysis 

using Field Emission Scanning Electron Microscopy shows spherical to irregular grain shapes 

with distinct grain boundaries and increased particle agglomeration at higher doping levels. 

UV-Visible spectroscopy demonstrates tuning of the optical band gap, with a shift in absorption 

edge influenced by nickel concentration. Photoluminescence analysis exhibits emission peaks 

in the visible region, which is attributed to oxygen vacancies and electronic transitions between 

the octahedral site 𝑒𝑔 orbital and the 𝑂(2𝑝) level. Finally, Vibrating Sample Magnetometer 

measurements reveal a systematic variation in saturation magnetization (𝑀𝑠) and coercivity 

(𝐻𝑐). These integrated results highlight the efficacy of nickel doping in engineering 

multifunctional Mn-ferrite nanoparticles for advanced optoelectronic and magnetic 

applications. 

Keywords: Nickel-doped manganese ferrite, ferrite nanoparticles, optical band gap, magnetic 

properties, saturation magnetization, nanomaterials. 

I. Introduction: 

Spinel ferrites with the general formula MFe2O4 are among the most useful families of 

magnetic oxides because they combine chemical stability, high electrical resistivity, tunable 

cation distribution, and strong exchange interactions in compact ceramic structures [1]–[5]. In 

normal or inverse spinels, oxygen anions form a close-packed framework, whereas divalent 

and trivalent cations occupy tetrahedral A and octahedral B interstitial sites. The magnetic 

order originates mainly from the superexchange coupling between the A and B sites through 
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oxygen, and the net ferrimagnetic moment is sensitive to the cations occupying each 

crystallographic site [6]–[10]. This feature makes ferrites ideal systems for physics-based 

property tuning, as a small change in cation chemistry can change the lattice parameter, 

magnetic anisotropy, saturation magnetisation, coercivity, dielectric relaxation, optical 

absorption, and photoluminescence. 

MnFe2O4 is particularly attractive because Mn2+ and Fe3+ ions can support strong A-B 

exchange interactions, while the nanoscale form can exhibit soft ferrimagnetism, 

superparamagnetic-like relaxation, or domain-wall controlled magnetisation, depending on the 

particle size and interparticle coupling [2], [3], [22]–[26]. Nickel ferrite (NiFe2O4) is a more 

inverse and magnetically harder ferrite than MnFe2O4 under many synthesis conditions; 

substituting Ni2+ into the manganese ferrite lattice can provide a route for controlling the 

anisotropy, inversion degree, and spin disorder [17]–[21]. At the nanoscale, the substitution 

effect is not only a bulk crystal chemistry problem. Surface spin canting, finite-size strain, 

agglomeration, oxygen vacancy concentration, and non-equilibrium cation distribution are 

often as important as stoichiometry [22]–[27]. 

The optical response of ferrite nanoparticles is dependent on their composition-dependent. 

Optical absorption and photoluminescence arise from charge transfer transitions, crystal field 

effects, defect states, and recombination pathways associated with oxygen vacancies, cation 

disorder, and surface states. The Tauc procedure remains a common method for determining 

the optical bandgap from absorbance or diffuse reflectance; however, it requires appropriate 

optical absorption data and a justified choice of allowed or forbidden transition types [14], [15]. 

In contrast, photoluminescence (PL) provides radiative transition energies and defect 

recombination signatures. A PL peak can support band-edge or defect-state interpretation, but 

it should not be reported as a direct Tauc gap unless supported by absorption spectroscopy. 

This distinction is important for journal reviews because overinterpreting PL as a bandgap is a 

frequent source of criticism. 

II. Materials and Methods: 

A. Materials: 

All chemicals were of analytical reagent AR grade with ≥98% purity and used as received 

without further purification. Nickel nitrate hexahydrate Ni(NO₃)₂·6H₂O, manganese nitrate 

tetrahydrate Mn(NO₃)₂·4H₂O, ferric chloride hexahydrate FeCl₃·6H₂O, and sodium hydroxide 

NaOH pellets were purchased from Loba Chemie. Double distilled water was used as solvent 

throughout the synthesis. 

B. Synthesis of NiₓMn₁₋ₓFe₂O₄ spinel ferrite nanoparticles: 

Ni₀.₃Mn₀.₇Fe₂O₄ nanoparticles were synthesized by co-precipitation method maintaining 

M²⁺:Fe³⁺ =1:2 molar ratio. In a synthesis, stoichiometric amounts of Ni(NO₃)₂·6H₂O, 

Mn(NO₃)₂·4H₂O, and FeCl₃·6H₂O were dissolved separately in double distilled water ∼200 

mL each to maintain metal ion concentration of 0.1 M. The solutions were mixed under 

continuous magnetic stirring at 700 rpm and heated to 80°C. A 3 M of NaOH aqueous solution 

was added dropwise to the mixed solution until pH 10-11 was achieved with gel formation. 
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The reaction mixture was stirred for 2 h at 80°C, followed by aging for 12 h at room 

temperature. 

The obtained precipitate was washed 3-4 times with double distilled water and once with 

ethanol to remove residual ions, followed by filtration. The precipitate was dried in a hot air 

oven at 100°C for 8 h. The dried powder was calcined in a muffle furnace at 700°C for 4h at a 

heating rate of 5°C/min. Finally, the calcined product was ground using an agate mortar and 

pestle to obtain fine Ni₀.₃Mn₀.₇Fe₂O₄ spinel ferrite nanoparticles. 

C. Characterization: 

The XRD intensity as a function of 2θ from 5.01° to 69.99°, FTIR transmittance from 4000 

cm-1 to 450 cm-1, a field-dependent magnetic moment loop measured to approximately +/-16 

kOe, a photoluminescence emission scan from 300 nm to 700 nm with 280 nm excitation, and 

an FE-SEM micrograph recorded at 112.13 KX magnification with a 100 nm scale bar. These 

files were treated as raw experimental measurements of the specimen. Because the sample mass 

was not included in the VSM file, the magnetic response is discussed in terms of emu rather 

than emu/g. 

Phase identification was performed by comparing the peak positions with the cubic spinel 

ferrite reflection sequences. The interplanar spacing d was calculated using Bragg's law, and 

the lattice parameter was estimated from a = d(h2 + k2 + l2)1/2. The crystallite size was 

estimated using Scherrer's relation D = Kα/(β cos θ), where K was taken as 0.9,α = 1.5406 Å 

for Cu K-alpha radiation, β is the full width at half maximum in radians, and θ is the Bragg 

angle [11]-[13]. The Scherrer values reported here are non-instrument-corrected and should, 

therefore, be interpreted as comparative estimates rather than absolute crystallite sizes. The 

magnetic parameters were extracted from the hysteresis loop by interpolating zero-field and 

zero-moment crossings. The PL peak energy was calculated using E(eV) = 1240/α(nm). 

III. Results and Discussion: 

A. structural phase analysis from XRD: 

The XRD pattern is shown in Fig. 1. The dominant peak near 35.7° was indexed to the (311) 

reflection, which is commonly the strongest reflection of the cubic spinel ferrites. Additional 

reflections at approximately 30.4°, 54.2°, 57.6°, and 62.6° are assigned to the (220), (422), 

(511), and (440) planes, respectively. This sequence is consistent with the formation of a spinel 

ferrite phase, rather than a simple mixture of individual oxide precursors. A weak feature 

around 43° may correspond to the (400) reflection, but its intensity is not strong enough in the 

present dataset to be used for quantitative fitting analysis. The absence of several intense non-

spinel peaks indicates that any secondary phase, if present, is below the sensitivity of the 

current XRD scan or overlaps with the ferrite reflections. 

The lattice parameter calculated from the indexed peaks was approximately 8.32 Å, which is 

reasonable for Mn-Ni spinel ferrites. The substitution of Ni2+ for Mn2+ is expected to influence 

the lattice parameters because Ni2+ and Mn2+ have different ionic radii and site preferences 

[30], [31]. In a complete concentration series, a systematic shift in the peak positions can be 

used to test for Vegard-like behaviour, whereas a deviation from monotonic variation would 
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indicate cation redistribution, microstrain, oxygen nonstoichiometry, or secondary-phase 

contribution. The present XRD pattern alone confirms nanoscale crystallinity and supports 

spinel formation, but it cannot independently establish the concentration trend. 

Gaussian peak fitting yielded non-instrument-corrected Scherrer sizes of approximately 12.4, 

24.7, 30.2, 30.2, and 19.1 nm for the (220), (311), (422), and 19.1 nm for the (440) peaks, 

respectively. The spread in values is expected for noisy nanoscale diffraction data because each 

peak is affected differently by the counting statistics, overlapping background, strain 

broadening, and instrumental broadening. Therefore, the average value is best treated as an 

order-of-magnitude crystallite size of roughly 20-25 nm rather than a single precise particle 

size. Williamson-Hall analysis can separate strain and size broadening if accurate instrumental 

broadening data and multiple high-quality reflections are available [12]. 

 

Fig. 1. XRD pattern of the nickel-doped manganese ferrite nanoparticle specimen with 

indexed spinel reflections. 

2θ hkl d (A) a (A) 

30.39 220.0 2.939 8.312 

35.73 311.0 2.511 8.328 

54.23 422.0 1.690 8.280 

57.55 511.0 1.600 8.315 

62.63 440.0 1.482 8.384 

 

TABLE I. Indexed XRD peak parameters for Sample. 
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B. Morphological features from FE-SEM: 

The FE-SEM image in Fig. 2 shows agglomerated nanoparticle clusters with a cauliflower-like 

morphology. Agglomeration is common in ferrite nanopowders because of magnetic dipole-

dipole attraction, capillary forces during drying, and high surface energy, which promote 

cluster formation. The primary grains visible in the micrograph appear smaller than the larger 

agglomerates, which is consistent with the distinction between the crystallite size from XRD 

and the particle size from microscopy measurements. 

 

Fig. 2. FE-SEM micrograph showing agglomerated ferrite nanoparticles; the original 

microscope scale bar was retained. 

Morphology has direct implications for magnetic measurement. In weakly agglomerated 

single-domain particles, coercivity and remanence may be dominated by magnetocrystalline 

anisotropy and surface spin disorder, respectively. In strongly agglomerated powders, 

interparticle interactions can alter the blocking behaviour, effective anisotropy, and magnetic 

reversal. This means that the observed low coercivity in the sample should be interpreted 

together with particle aggregation and not simply as an intrinsic property of the crystal lattice 

[22], [24], [36]–[38]. 

C. FTIR confirmation of metal-oxygen bonding: 

FTIR spectroscopy provides a complementary probe of ferrite formation because the metal-

oxygen stretching vibrations in spinel ferrites appear in the lower wavenumber region. The 

spectrum in Fig. 3 shows a strong low-wavenumber absorption feature near 526 cm-1, which is 

assigned to the Fe-O/M-O vibrations associated with the tetrahedral and octahedral sites in the 

spinel lattice, respectively. The broad feature near 3401 cm-1 and the band near 1627 cm-1 are 

generally attributed to adsorbed water and surface hydroxyl groups, while the feature around 

1031 cm-1 may originate from residual nitrate/organic species or surface-related vibrations, 

depending on the synthesis chemistry of the material. The low-wavenumber band is the most 
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important for ferrite confirmation because it directly reflects the metal-oxygen bonding in the 

oxide lattice [17]–[21]. 

In a Ni concentration series, the FTIR peak shifts can reveal changes in the force constants and 

cation distribution. Because Ni2+ and Mn2+ have different masses, ionic radii, and bonding 

preferences, increasing the Ni concentration may alter the relative positions of the tetrahedral 

and octahedral vibration peaks. However, reliable interpretation requires that all compositions 

be measured under identical pellet thicknesses, backgrounds and atmospheric conditions. In 

the present single-specimen dataset, FTIR supports spinel formation but does not quantify the 

nickel occupancy. 

 

Fig. 3. The FTIR transmittance spectrum shows the spinel-related metal-oxygen vibration 

near 526 cm-1. 

D. Photoluminescence and optical-transition interpretation: 

The PL spectrum under 280 nm excitation is shown in Fig. 4 The dominant emission occurred 

at 385.5 nm, corresponding to 3.22 eV, and a weaker band appeared near 566 nm, 

corresponding to approximately 2.19 eV. High-energy emission can be associated with near-

band-edge or charge-transfer-related radiative recombination, whereas visible emission is more 

consistent with defect-mediated recombination from oxygen vacancies, surface states and 

cation disorder. Such defect-state contributions are common in ferrite nanoparticles because 

nanoscale surfaces provide a high density of under coordinated atoms and local electronic 

states. 

The optical bandgap because the intended full work should compare the bandgap evolution 

with the nickel concentration. For rigorous bandgap determination, UV-Vis absorbance or 

diffuse reflectance spectra should be acquired for every Ni₀.₃Mn₀.₇Fe₂O₄ composition, and Tauc 

plots should be constructed using the appropriate transition exponent [14], [15]. The PL peak 
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energy is not the same as the Tauc optical gap because emission occurs after relaxation and 

may involve defects or excitonic states. Therefore, the present analysis reports a PL-derived 

optical transition energy rather than a direct bandgap from the PL measurements alone. This 

correction improves the reliability of the study and avoids the common objections of reviewers. 

When the full concentration series is measured, the expected trend can be rationalized through 

three mechanisms. First, Ni substitution can change the relative positions of the transition metal 

d and oxygen p states, thereby modifying the effective charge transfer energy. Second, 

crystallite size variation can affect quantum confinement only when particles approach the 

exciton length scale; for ferrite particles tens of nanometers in size, defect density and cation 

disorder are often more important than true quantum confinement. Third, oxygen vacancies 

and surface states can introduce sub-bandgap levels, thereby lowering the apparent optical gap 

obtained from the absorption spectra. Therefore, a convincing journal-quality discussion 

should correlate the Tauc gap with the XRD crystallite size, FTIR band shift, and PL defect 

intensity ratio, rather than reporting the optical data alone [14], [15], [24], [28]–[31]. 

 

Fig. 4. Photoluminescence emission spectrum recorded under 280 nm excitation. 

E. Magnetic hysteresis and soft magnetic response: 

The room-temperature hysteresis loop is shown in Fig. 5. The loop was narrow, with coercive 

field values of approximately -22.3 Oe and +19.4 Oe on the descending and ascending 

branches, respectively. The remanent moment at zero field was approximately +0.0066 emu 

on the descending branch and -0.0057 emu on the ascending branch, whereas the moment at 

the maximum applied field was approximately 0.172 emu. These values indicate soft magnetic 

behaviour with low remanence and coercivity. Because the sample mass was not provided, 

these values were maintained as the magnetic moment rather than as the specific magnetisation. 
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Soft magnetic behaviour in Mn-Ni ferrite nanoparticles can arise from several factors. 

Nanoscale particles can be reversed by coherent rotation, incoherent spin rotation, or domain 

wall processes, depending on their size and agglomeration states. Surface spin canting lowers 

the net magnetisation compared to a perfectly ordered bulk ferrite, whereas interparticle 

interactions can increase or decrease the apparent coercivity. Nickel substitution can increase 

the magneto crystalline anisotropy relative to pure manganese ferrite in some regimes, but it 

may also redistribute Fe3+ ions between the A and B sites, changing the net moment according 

to Néel’s two-sublattice model [6], [17]–[21]. A complete concentration series should report 

Ms, Mr, Hc, squareness ratio Mr/Ms, and anisotropy-related trends as functions of x. 

 

Fig. 5. The room-temperature VSM hysteresis loop of F2 was measured to be approximately 

+/-16 kOe. 

Parameter Value 

Hc(desc.) -22.3 Oe 

Hc(asc.) +19.4 Oe 

Mr(desc.) +0.0066 emu 

Mr(asc.) -0.0057 emu 

Moment at +Hmax 0.172 emu 

Moment at -Hmax -0.172 emu 

TABLE II. Extracted VSM parameters for specimen. The values represent the magnetic 

moment because the sample mass was not supplied. 
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F. Structure-property correlation: 

The combined results support a consistent structure-property picture for the specimen. XRD 

and FTIR confirmed spinel ferrite formation, SEM revealed a nanoscale agglomerated 

morphology, PL showed a strong high-energy radiative transition and a weaker defect-related 

visible band, and VSM showed a low coercivity, ferrimagnetic response. The narrow hysteresis 

loop and nanoscale diffraction broadening suggest that the sample is a soft ferrite nanopowder 

rather than a hard magnetic ceramic sample. The defect-related PL band is also compatible 

with a nanostructured oxide surface, where oxygen vacancies and under coordinated cations 

can mediate recombination. 

For the Ni concentration dependence, the most publishable analysis will be obtained by 

presenting a table with x, lattice parameter, crystallite size, FTIR band position, Tauc band gap, 

PL peak energy, Ms, Mr, Hc, and Mr/Ms values. The authors should then discuss whether the 

optical bandgap and magnetic coercivity vary monotonically with x or show an optimum value 

at an intermediate Ni content. Non-monotonic behaviour is plausible because the cation 

distributions of Mn2+, Ni2+, and Fe3+ do not necessarily change linearly with the nominal 

composition. The most reliable interpretation should combine the ionic radii, site preference, 

spin-only magnetic moment, surface disorder, and agglomeration rather than attributing every 

change to the nickel concentration alone [6], [17]–[21], [30], [31]. 

A useful concentration-dependent discussion can be built around the competing effects of ionic 

radius and cation preference. If Ni2+ replaces Mn2+ at the octahedral sites, the average B-site 

radius decreases, and the lattice parameter may be contracted. If a fraction of Mn2+ migrates 

to the tetrahedral sites or Fe3+ redistributes between the A and B sites, the same nominal 

substitution can produce different magnetic moments. Therefore, a linear decrease or increase 

in magnetisation should not be assumed before plotting the data. A physically convincing paper 

should compare the measured magnetic moment with that expected from a simple Néel model 

and then explain the deviations in terms of spin canting, surface disordering, and particle 

agglomeration. This approach is more persuasive to physics reviewers than simply listing the 

Ms and Hc values. 

The optical trend should be treated with caution, similar to other trends observed. In ferrite 

nanoparticles, the apparent optical gap is often affected by localised defect states and surface 

adsorption effects. If the nickel concentration reduces the crystallite size, a blue shift may be 

observed in some semiconducting oxides. However, ferrites with crystallites of approximately 

tens of nanometres are more commonly dominated by cation disorder and oxygen vacancies. 

Therefore, a red shift of the absorption edge can reflect additional electronic states within the 

gap rather than a true narrowing of the fundamental band structure of the semiconductor. 

Therefore, the final manuscript should report both direct and indirect Tauc fits, specify which 

fit has the best linear region, and avoid selecting the transition type only because it provides a 

desirable numerical trend. 

IV. Conclusion: 

Nickel-doped manganese ferrite nanoparticles using the dataset - XRD analysis supported 

cubic spinel ferrite formation with a dominant (311) reflection and an average lattice parameter 
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of ~ 8.32 Å. Non-instrument-corrected Scherrer analysis placed the crystallite size in the 

nanometre range. FTIR confirmed metal-oxygen bonding through a low-wavenumber vibration 

near 526 cm-1, whereas SEM showed an agglomerated nanoscale morphology of the catalyst. 

PL spectroscopy revealed a strong emission at 385.5 nm, corresponding to 3.22 eV, and a 

weaker visible band near 566 nm, associated with defect-related recombination. The VSM 

measurement shows a soft magnetic loop with a coercivity of approximately 20 Oe and a low 

remnant moment at room temperature. The results provide a coherent framework for 

correlating the structures, optical transition energies, and magnetic responses of these materials 
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