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Abstract 

A composition series of NiₓMn₁₋ₓFe₂O₄ nanoparticles (x = 0, 0.3, 0.5, 0.7 and 1.0) was 

investigated to establish how Ni²⁺ substitution modifies the coupled structural, optical and 

magnetic behavior of manganese ferrite. The samples were prepared by co-precipitation 

followed by thermal treatment, and the resulting powders were examined by X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), 

energy-dispersive X-ray spectroscopy (EDX), UV-Visible spectroscopy, photoluminescence 

(PL) spectroscopy and vibrating sample magnetometry (VSM). XRD confirms a cubic spinel 

ferrite framework for all compositions, with a lattice parameter decreasing from 8.3317 Å for 

x = 0 to 8.3137 Å for x = 1.0, indicating lattice contraction in the Ni-rich end member. FTIR 

supports ferrite formation through the tetrahedral metal-oxygen vibration, which shifts from 

513 to 554 cm⁻¹ with increasing Ni content. SEM reveals agglomerated quasi-spherical 

nanoscale domains, while EDX verifies progressive replacement of Mn by Ni and cation-

normalized formulas close to AB₂O₄ stoichiometry. UV-Visible Tauc analysis gives a non-

monotonic direct optical band gap, increasing to 2.200 eV at x = 0.3 and then decreasing to 

1.823 eV for x = 1.0. PL spectra show near-UV/violet emission around 378-382.5 nm and 

weaker defect-related visible emission, indicating surface and vacancy-associated 

recombination. VSM results show ferrimagnetic hysteresis, with the apparent high-field 

moment increasing toward the Ni-rich composition. The integrated results demonstrate that Ni 

substitution is an effective route for tailoring multifunctional spinel ferrites for optoelectronic, 

magnetic, sensing and photocatalytic applications. 

Keywords: Ni-doped manganese ferrite, spinel ferrite, optical band gap, photoluminescence, 

VSM, ferrimagnetism, nanoparticle. 

1. Introduction 

Spinel ferrites with the general formula MFe₂O₄ are technologically important magnetic oxides 

because they combine chemical stability, high electrical resistivity, tunable cation distribution 
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and composition-dependent optical and magnetic response (Goldman, 2006), (Smit & Wijn, 

1959). Their oxygen sublattice forms a close-packed framework, whereas metal cations occupy 

tetrahedral A sites and octahedral B sites. The physical properties of such ferrites are controlled 

not only by the nominal chemical formula but also by the distribution of divalent and trivalent 

cations between these sites, crystallite size, lattice strain, surface disorder and defect 

concentration. This makes mixed ferrite nanoparticles particularly useful for studying 

structure-property relationships and designing materials that can operate in optical, magnetic, 

catalytic, and electronic environments. 

Manganese ferrite and nickel ferrite represent two important end members of the spinel ferrite 

family. MnFe₂O₄ is often considered a relatively soft ferrite with a high magnetic moment 

contribution from Mn²⁺, whereas NiFe₂O₄ commonly displays inverse-spinel character, strong 

B-site preference of Ni²⁺ and significant magnetic anisotropy (Verwey & Heilmann, 1947; 

Goldman, 2006) When Ni²⁺ substitutes for Mn²⁺ in NiₓMn₁₋ₓFe₂O₄, the replacement changes 

the local bond length, A-B superexchange interaction, cation redistribution and surface spin 

arrangement. At the nanoscale these effects become more complex because surface-to-volume 

ratio, spin canting, agglomeration and non-equilibrium site occupancy can modify the expected 

bulk trends (Chinnasamy, et al., 2001; D. & D., 2009) Therefore, a systematic composition 

series is necessary to separate simple composition effects from size, strain and surface effects. 

Optical properties are also strongly composition-sensitive in transition-metal ferrites. The 

valence and conduction band edges arise from hybridized O 2p and transition-metal 3d states, 

while Fe³⁺/Fe²⁺ charge transfer, Mn-related states, Ni-related crystal-field effects, oxygen 

vacancies and surface defects can introduce additional sub-gap absorption or radiative 

recombination centers. Thus, UV-Visible and PL spectroscopy provide complementary 

evidence: UV-Visible absorption reveals the optical absorption edge and apparent band-gap 

tuning; PL identifies radiative recombination pathways and defect-related emission. For ferrite 

nanoparticles, Tauc-derived band gaps should be interpreted comparatively because broad 

absorption and scattering often obscure a sharp absorption edge. 

A major challenge in publishing ferrite nanoparticle research is avoiding over-interpretation of 

isolated parameters. A small change in lattice parameter can be physically meaningful only 

when supported by consistent changes in vibrational frequency, composition, and 

microstructure. Similarly, an apparent change in band gap should not be attributed only to 

quantum confinement without considering defect absorption, particle agglomeration, and 

baseline effects in absorbance spectra. Magnetic measurements also require caution because 

measured moment depends on sample mass, packing, background correction, and high-field 

approach to saturation. For this reason, the present manuscript explicitly states the data-

treatment assumptions and uses cross-correlation as the main interpretation strategy. This 

approach is aligned with the requirements of high-quality journal reporting, where 

reproducibility, transparent limitations and consistency between independent techniques are as 

important as numerical trends. 

The present work investigates NiₓMn₁₋ₓFe₂O₄ nanoparticles with x = 0, 0.3, 0.5, 0.7 and 1.0 

using a multi-technique approach. The objective is to correlate phase formation, metal-oxygen 

bonding, morphology, composition, band-gap tuning, defect emission and magnetic response. 
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Unlike single-technique studies, this paper treats XRD, FTIR, SEM, EDX, UV-Visible, PL and 

VSM as mutually connected evidence. The central hypothesis is that Ni substitution modifies 

the ferrite lattice and bonding environment, and that these changes propagate into the optical 

and magnetic behaviour through lattice contraction, site occupancy, surface defects and A-B 

exchange interactions. 

A further motivation for studying the complete x = 0-1 series is that end-member behaviour 

alone cannot identify the optimum composition. A material may show the largest magnetic 

moment at one end of the series, while the best optical response or lowest coercive loss occurs 

at an intermediate composition. In real applications such as recyclable photocatalysts, magnetic 

sensors or optoelectronic-magnetic hybrid components, balanced performance is often more 

important than maximizing a single parameter. A composition map therefore provides more 

useful guidance than isolated single-composition characterization. The present manuscript is 

written from this perspective and emphasizes how the measured structural, optical, and 

magnetic parameters evolve together. 

2. Experimental details 

NiₓMn₁₋ₓFe₂O₄ nanoparticles with nominal compositions x = 0, 0.3, 0.5, 0.7 and 1.0 were 

synthesized by an alkaline co-precipitation route. Analytical-grade nickel nitrate, manganese 

nitrate and ferric chloride precursors were dissolved in double-distilled water according to the 

required stoichiometry, maintaining the total divalent-to-ferric cation ratio appropriate for the 

spinel formula. Sodium hydroxide solution was added under continuous stirring to precipitate 

mixed metal hydroxide intermediates. The precipitate was aged, repeatedly washed to remove 

soluble ions, dried, ground and thermally treated about 700 OC to obtain crystalline ferrite 

powders. The sample codes F1, F2, F3, F4 and F5 correspond to x = 0, 0.3, 0.5, 0.7 and 1.0, 

respectively. 

Powder XRD patterns were recorded using Cu Kα radiation and analyzed by peak fitting 

around the principal spinel reflections. The cubic lattice parameter was calculated from the 

interplanar spacing using a = d(h² + k² + l²)¹/², and crystallite size was estimated from the 

Scherrer equation D = Kλ/(β cosθ), where K = 0.9, λ = 1.5406 Å, β is the full width at half 

maximum in radians and θ is the Bragg angle (Cullity & Stock, 2001). Because an instrumental 

broadening standard was not supplied, the crystallite size and microstrain values are treated as 

apparent comparative parameters. FTIR spectra were recorded from 4000 to 450 cm⁻¹ to 

identify metal-oxygen vibration bands and surface functional groups. SEM was used to 

evaluate morphology and agglomeration, and visible particle/domain sizes were estimated 

from micrographs using the scale bar. EDX was used for selected-area elemental 

quantification. Since oxygen is a light element and EDX oxygen quantification is less reliable 

than metallic-cation quantification, spinel formulas were calculated by normalizing metallic 

cations to three cations per AB₂O₄ formula unit. 

UV-Visible spectra were processed to evaluate optical absorption behavior and apparent direct 

band gaps using the Tauc relation (αhν)² = B(hν - Eg). Absorbance was used as a proportional 

measure of α for comparative analysis under constant measurement conditions. PL emission 

spectra were measured in the 300–700 nm range using 280 nm excitation to identify 
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recombination and defect-related emission. VSM M-H curves were recorded over 

approximately ±16 kOe. The uploaded VSM data provide magnetic moment in emu but not 

sample mass; therefore, the magnetic values are reported as apparent moment rather than mass-

normalized magnetization in emu g⁻¹. The coercive field Hc, remanent moment Mr, squareness 

ratio Mr/Ms and loop-area indicator were extracted from the hysteresis curves. 

3. Results and discussion 

3.1. XRD phase formation and FTIR bonding correlation 

The XRD patterns shown in figure, the main spinel ferrite reflections corresponding to planes 

such as (220), (311), (400), (422), (511) and (440). The presence of these reflections across the 

full composition range confirms that the ferrite lattice is retained from the Mn-rich to the Ni-

rich end member. The (311) reflection, which is typically the most intense spinel ferrite peak, 

was used as a principal basis for crystallite-size and lattice comparisons. The average lattice 

parameter varies only slightly in the intermediate region but decreases to 8.3137 Å for x = 1.0. 

This contraction is consistent with incorporation of Ni²⁺ into the ferrite framework and with 

the smaller effective size of Ni-related octahedral coordination relative to Mn-rich 

environments. 

The apparent crystallite size from the (311) peak lies in the nanocrystalline range, varying from 

19.57 nm for x = 0 to 27.15 nm for x = 0.3, 20.78 nm for x = 0.5, 15.63 nm for x = 0.7, and 

19.66 nm for x = 1.0. The non-monotonic trend indicates that crystallite growth is controlled 

by more than ionic radius alone. Nucleation density, local supersaturation, thermal treatment, 

defect accumulation and cation redistribution can all influence line broadening. The minimum 

D(311) at x = 0.7 coincides with higher structural disorder in the Ni-rich mixed composition, 

indicating that intermediate substitution may generate local strain before the end-member Ni 

ferrite lattice is stabilized. 

 

Figure 1. XRD patterns of NiₓMn₁₋ₓFe₂O₄ nanoparticles showing characteristic cubic spinel 

reflections 
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FTIR results shown in figure 2 provide an independent confirmation of ferrite bond formation. 

The high-frequency metal-oxygen band assigned to tetrahedral-site vibration shifts from 513 

cm⁻¹ for x = 0 to 526, 543, 547, and 554 cm⁻¹ for increasing Ni content shown in figure 3. In 

spinel ferrites, tetrahedral and octahedral M-O vibrations are sensitive to cation mass, bond 

length and force constant (Waldron, 1955). The observed shift toward higher wavenumber 

indicates a strengthening of the local metal-oxygen bonding environment. The lower-frequency 

octahedral vibration appears as an absorption edge at the lower measurement limit of 450 cm⁻¹; 

therefore, it is interpreted as an unresolved edge/shoulder rather than a fully resolved peak. The 

weak O-H and H-O-H bands indicate surface hydroxyl or adsorbed water species, which are 

common in oxide nanoparticles (Noei, et al., 2008; Borah, et al., 2021) and may contribute to 

surface states. 

 

Figure 2 : FTIR Show the confirmation of ferrite bond formation 
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Figure 3. Shift of the tetrahedral FTIR metal-oxygen vibration band with Ni substitution. 

The XRD-FTIR agreement is particularly significant because both techniques respond to 

different aspects of the same structural modification. XRD provides long-range periodic 

information through Bragg reflections (Wang L. , 2017, p. 75), while FTIR reflects short-range 

metal-oxygen force constants (Varsamis, Makris, Valvi, & Kamitsos, 2021, p. 10015). If Ni 

substitution only occurred as segregated Ni-rich impurities, the lattice contraction and 

systematic FTIR shift would not be expected to remain correlated across the series. The 

simultaneous structural contraction and vibrational hardening therefore support incorporation 

of Ni into the spinel framework. However, the small non-monotonic variations in intermediate 

compositions also suggest that the lattice is not perfectly ideal; local cation disorder, 

microstrain and size dispersion are present and can influence the subsequent optical and 

magnetic results. 

3.2. Morphology and compositional verification 

SEM analysis shown in figure micrographs reveal granular, agglomerated and quasi-spherical 

nanoparticle domains. The apparent SEM mean size increases from 25.02 nm at x = 0 to 29.19 

nm at x = 0.3, 29.81 nm at x = 0.5 and 33.43 nm at x = 0.7, followed by a slight decrease to 

32.18 nm for x = 1.0. These SEM values are larger than the XRD crystallite sizes, showing that 

the visible particles are not necessarily single coherent crystallites. Instead, the SEM domains 

represent agglomerated or multi-crystallite particles. This distinction is important because 

ferrite nanoparticles have high surface energy (Namai, et al., 2012, p. 1037) and can experience 

magnetic dipole-dipole interaction (Qiu, Jensen, Charity, Towner, & Mao, 2010, p. 17730), 

van der Waals attraction and hard aggregation (Nasirpouri, et al., 2023, p. 25145) during drying 

and calcination. 
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Figure 4. SEM micrographs showing agglomerated nanoscale morphology across the 

composition series. 

The EDX data confirm the elemental presence of Mn, Ni, Fe and O in the appropriate 

compositions. The cation-normalized formulas are Mn₀.₉₂Fe₂.₀₈O₄ for x = 0, 

Mn₀.₇₃Ni₀.₃₀Fe₁.₉₇O₄ for x = 0.3, Mn₀.₅₁Ni₀.₅₀Fe₁.₉₈O₄ for x = 0.5, Mn₀.₃₂Ni₀.₆₂Fe₂.₀₅O₄ for x = 0.7 

and Ni₁.₀₃Fe₁.₉₇O₄ for x = 1.0. The gradual increase of Ni coefficient and corresponding 

reduction of Mn coefficient verify successful substitution. The total metallic cation coefficient 

remains close to three for all samples, satisfying the AB₂O₄ spinel requirement. No foreign 

elements are present in the quantified EDX tables, suggesting that the selected areas are 

chemically consistent with the target ferrite phase. The EDX oxygen values are not over-
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interpreted because light-element quantification in EDX is more uncertain than metallic cation 

ratios (Tong & Mingard, 2026; Newbury & Ritchie, 2014) 

Composition verification is central for claiming controlled doping (Buonsanti & Milliron, 

2013; Chen, et al., 2009) In the present series, the EDX-derived Ni coefficient increases from 

zero in F1 to approximately 1.03 in F5, while the Mn coefficient decreases from 0.92 to zero. 

The Fe coefficient remains between 1.97 and 2.08, close to the expected ferrite value. These 

values confirm that the intended substitution occurs primarily on the divalent-cation sublattice 

rather than by major Fe deficiency or uncontrolled secondary metal enrichment. Minor 

deviations from ideal stoichiometry are reasonable for selected-area EDX because surface 

roughness (Newbury & Ritchie, 2014, p. 498), agglomeration (Small, 2002, p. 555), interaction 

volume (Rades, et al., 2014, p. 49582) and light-element uncertainty influence the measured 

atomic percentage. For a journal manuscript, the key point is therefore not exact equality with 

the nominal formula but the systematic and chemically meaningful trend across the full series. 

3.3. UV-Visible absorption, band-gap tuning and PL response 

The UV-Visible spectra show broad absorption over the UV and visible regions shown in figure 

5. Such broad absorption is typical of transition-metal oxide nanoparticles because band-edge 

absorption overlaps with charge-transfer transitions, defect tails and scattering contributions 

(Manthiram & Alivisatos, 2012; Nguyen‐Phan, et al., 2015). The direct Tauc analysis gives a 

corrected optical band gap of 2.083 eV for MnFe₂O₄. A higher value of 2.200 eV is obtained 

for x = 0.3, followed by a reduction to 2.039 eV for x = 0.5, 1.896 eV for x = 0.7 and 1.823 eV 

for NiFe₂O₄. This non-monotonic variation indicates that the optical response is controlled by 

competing mechanisms. The initial increase at low Ni content may arise from improved 

crystallinity, modification of surface states or reduced defect-tail contribution. At higher Ni 

content, enhanced Ni-O/Fe-O hybridization, increased density of localized states and changes 

in cation distribution can lower the apparent optical transition energy. 

The relationship between crystallite size and band gap is not purely governed by quantum 

confinement (Becerril‐Romero, et al., 2020; Wang, Berg, Donegá, Jong, & Jongh, 2016, p. 

33689) Although nanoscale crystallites can show size-dependent optical behaviour, the 

measured crystallite sizes exceed the range where a simple strong-confinement model would 

dominate in ferrites. Therefore, the band-gap variation is better understood as a combined effect 

of lattice contraction, cation redistribution, defect states and electronic hybridization. The x = 

0.7 and x = 1.0 samples show lower band gaps and significant visible response, making them 

potentially useful for visible-light-driven optoelectronic or photocatalytic applications. 
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Figure 5 The UV-Visible spectra show broad absorption 

The optical absorption behaviour is also affected by morphology. Agglomerated nanoparticles 

can enhance diffuse scattering and produce a sloping background in absorbance spectra. In 

addition, surface hydroxyl groups and oxygen vacancies may introduce tail states below the 

fundamental transition. For this reason, baseline-corrected Tauc analysis was used for 

comparison. The calculated Eg values should be interpreted as apparent optical transition 

energies rather than perfect single-crystal band gaps. This interpretation is scientifically safer 

and more suitable for peer review, because ferrite nanoparticles rarely exhibit a sharp direct 

absorption edge like a high-quality bulk semiconductor. 

PL spectra measured under 280 nm excitation show a dominant near-UV/violet emission peak 

around 378-382.5 nm for all samples shown in figure 6, with weaker visible emission attributed 

to defect-related states. The global PL peak appears at 379.5 nm for x = 0, 382.5 nm for x = 

0.3, 378.0 nm for x = 0.5, 380.0 nm for x = 0.7 and 379.5 nm for x = 1.0. The integrated PL 

intensity decreases from 2645.9 for x = 0 to 2318.1 for x = 0.3 and 2026.1 for x = 0.5, increases 

slightly to 2194.8 for x = 0.7 and returns to 2030.4 for x = 1.0. The reduction of PL intensity 

for Ni-containing samples suggests that Ni substitution introduces non-radiative recombination 

pathways or changes the population of radiative defect centers. The PL response supports the 

presence of surface defect states, oxygen-vacancy-associated recombination and cation-

disorder-assisted transitions. 
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Figure 6. PL emission spectra recorded under 280 nm excitation. 

3.4. Magnetic hysteresis and Ni-dependent ferrimagnetic behaviour 

VSM M-H loops confirm ferrimagnetic behaviour for the NiₓMn₁₋ₓFe₂O₄ series shown in figure 

7. the saturation parameter is reported as apparent high-field moment in emu. The apparent Ms 

increases from 0.0073 emu for x = 0 to 0.1719 emu for x = 0.3, 0.3014 emu for x = 0.5, 0.5049 

emu for x = 0.7 and 0.7697 emu for x = 1.0. This strong increase suggests that the Ni-rich 

compositions provide enhanced magnetic alignment under applied field in the measured 

samples. The trend is consistent with increased ferrimagnetic contribution, improved exchange 

connectivity and composition-dependent spin ordering. 

The coercivity displays a non-monotonic trend. The Mn-rich F1 sample gives a higher apparent 

Hc of 281.17 Oe, while F2, F3 and F4 show much lower coercivities of 20.88, 16.42 and 15.79 

Oe, respectively. This indicates soft magnetic behaviour in the mixed compositions, which is 

favourable for applications requiring easy magnetization reversal and low hysteresis loss. The 

F5 NiFe₂O₄ sample shows Hc = 132.66 Oe and the largest loop area. This increase is consistent 

with stronger effective anisotropy, higher remanence and enhanced magnetic energy 

dissipation in the Ni-rich sample. The squareness ratio Mr/Ms is low for F2-F4, indicating that 

these samples do not retain a large fraction of magnetization after field removal. F5 shows a 

higher squareness ratio of 0.1185, suggesting stronger magnetic retention. 
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Figure 7. VSM M-H hysteresis loops confirming ferrimagnetic behaviour in the 

NiₓMn₁₋ₓFe₂O₄ series. 

Compared with ideal bulk ferrites, nanoparticle ferrites commonly show reduced remanence 

and altered coercivity because a large fraction of spins are located near surfaces and interfaces. 

Surface atoms have incomplete coordination and may experience broken exchange bonds, 

producing spin canting and non-collinear magnetic structure (Hellman, et al., 2017; Ziese, 

2002, p. 16) Agglomeration can either strengthen interparticle magnetic coupling or create 

randomly oriented clusters that reduce remanent alignment. The low Mr/Ms values of the 

mixed compositions indicate that magnetization can be reversed easily and that the particles do 

not behave as strongly square, hard magnetic materials. Such behaviour is advantageous for 

low-loss magnetic applications, but for biomedical or colloidal use further tests such as zero-

field-cooled/field-cooled magnetization and dynamic relaxation would be required. 

The magnetic trends can be interpreted through cation distribution and A-B superexchange. In 

spinel ferrites, the net ferrimagnetic moment is the difference between the magnetic moments 

of the B and A sublattices, and the strongest exchange interaction is usually the A-O-B 

superexchange pathway (Magnetism and the chemical bond, 1963; Néel, 1948) Ni²⁺ commonly 

prefers octahedral B sites, while Mn²⁺ and Fe³⁺ distributions depend on synthesis route and 

particle size. As Ni increases, the balance of sublattice magnetization and anisotropy changes. 

Surface spin disorder and agglomeration further influence the measured hysteresis. The larger 

SEM particle domains and stronger agglomeration in Ni-rich samples may also contribute to 

stronger interparticle magnetic coupling. 

3.5. Integrated structure-property mechanism and application relevance 

The combined results demonstrate a clear composition-structure-property relationship. Ni 

substitution contracts the lattice, shifts metal-oxygen vibrations to higher frequency, alters 
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particle aggregation, tunes the optical band gap, modifies defect-mediated PL intensity and 

changes magnetic reversal behaviour. The x = 0.3 sample shows the largest apparent direct 

band gap and good crystallite growth, suggesting that low Ni substitution can reduce defect-

tail absorption or modify electronic transitions. The x = 0.7 and x = 1.0 compositions show 

narrower band gaps and stronger magnetic response, making them attractive for 

multifunctional applications where visible-light absorption and magnetic recovery are both 

useful. 

For photodetector and photocatalytic applications, broad visible absorption and defect-assisted 

charge separation are beneficial, but excessive defects can also increase recombination. The 

Ni-rich samples may therefore provide stronger light absorption, while intermediate 

compositions may offer a better balance between charge generation and recombination. For 

magnetic applications such as sensors, electromagnetic interference shielding and magnetic 

separation, the measured soft ferrimagnetic behaviour of the mixed compositions is useful 

because low coercivity enables fast response. The high moment and higher loop area of 

NiFe₂O₄ may be useful where stronger magnetic retention or energy dissipation is desired. 

From an application viewpoint, different compositions serve different functions. The x = 0.3 

sample is attractive when a relatively wider optical gap and lower magnetic loss are desired. 

The x = 0.7 sample combines reduced optical gap, low coercivity and high apparent moment, 

making it suitable for magnetic-assisted visible-light processes. The x = 1.0 sample provides 

the strongest apparent magnetic response and narrower optical gap, but its higher coercivity 

and loop area imply greater magnetic energy loss. Thus, the optimum composition depends on 

whether the target application prioritizes optical absorption, magnetic recoverability, low 

hysteresis loss or defect-mediated surface activity. The data indicate that intermediate Ni 

substitution is particularly useful when balanced optoelectronic-magnetic behaviour is 

required. 

The integrated dataset also suggests that the ferrite series should not be classified simply as an 

optical or magnetic material. Instead, the same compositional change that controls lattice 

contraction also changes electronic states and magnetic sublattice balance. This is 

advantageous for multifunctional material design because one synthesis variable, the Ni 

fraction, can be used to tune several properties simultaneously. Such coupling is useful in 

applications where a ferrite powder must absorb light, generate charge carriers and then be 

magnetically recovered from a reaction medium, or where an optically active oxide is required 

to retain magnetic functionality for sensing or separation. 

Overall, NiₓMn₁₋ₓFe₂O₄ nanoparticles behave as tunable multifunctional materials. Their 

performance cannot be assigned to a single descriptor such as crystallite size or Ni content 

alone. Instead, the observed behaviour arises from the coupled action of lattice parameter, 

cation distribution, metal-oxygen bond strength, agglomeration, defects and spin interactions. 

This integrated interpretation is important for designing ferrite nanoparticles for 

optoelectronic-magnetic hybrid devices. 
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Table 1. Optical, photoluminescence and magnetic parameters extracted from UV-Visible, 

PL and VSM analysis. 

Sample x Eg (eV) PL peak 

(nm) 

PL 

integral 

Ms* 

(emu) 

Hc (Oe) Mr/Ms 

F1 0.0 2.083 379.5 2645.9 0.0073 281.17 0.0448 

F2 0.3 2.200 382.5 2318.1 0.1719 20.88 0.0357 

F3 0.5 2.039 378.0 2026.1 0.3014 16.42 0.0210 

F4 0.7 1.896 380.0 2194.8 0.5049 15.79 0.0175 

F5 1.0 1.823 379.5 2030.4 0.7697 132.66 0.1185 

Ms* denotes apparent high-field magnetic moment in emu, not mass-normalized 

magnetization, because sample mass was not provided. 

4. Conclusions 

A complete composition series of NiₓMn₁₋ₓFe₂O₄ nanoparticles was investigated using 

structural, vibrational, morphological, compositional, optical, luminescent and magnetic 

techniques. XRD confirms cubic spinel ferrite formation across x = 0–1, while the lattice 

parameter decreases toward NiFe₂O₄. FTIR corroborates metal-oxygen bonding and shows a 

systematic shift of the tetrahedral vibration from 513 to 554 cm⁻¹, indicating modification of 

bond strength with Ni substitution. SEM shows agglomerated nanoscale domains whose mean 

apparent size is larger than the XRD crystallite size, confirming multi-crystallite aggregation. 

EDX verifies progressive replacement of Mn by Ni and cation-normalized formulas close to 

the AB₂O₄ spinel requirement. 

UV-Visible analysis demonstrates composition-dependent optical band-gap tuning. The direct 

band gap increases to 2.200 eV at x = 0.3 and then decreases to 1.823 eV for x = 1.0. PL spectra 

reveal near-UV/violet emission around 378-382.5 nm and weaker defect-related emission, 

showing that surface states and oxygen-vacancy-related centers contribute to recombination. 

VSM confirms ferrimagnetic hysteresis, with low coercivity in the mixed compositions and a 

larger apparent moment in the Ni-rich sample. The overall results show that Ni substitution 

provides an effective pathway for tuning structural disorder, optical absorption, defect emission 

and magnetic response in manganese ferrite nanoparticles. These materials are promising for 

optoelectronic, photocatalytic, magnetic sensing, EMI shielding and magnetic separation 

applications, provided that future studies optimize particle dispersion, mass-normalized 

magnetization and device-level performance. 
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