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Abstract Article Info. 
This study investigates the effects of manganese (Mn) substitution on the structural, 

surface, and magnetic properties of spinel ferrite (Zn1-xMnxFe2O4) prepared by the 

hydrothermal method. X-ray diffraction (XRD) confirmed the spinel ferrite phase, with 

minor shifts in diffraction peaks due to variations in lattice parameters after Mn 

substitution. Field-emission scanning electron microscopy (FESEM) revealed spherical 

nanoparticles with average sizes ranging from 21 to 100 nm, varying with the Mn content. 

The vibrating sample magnetometry (VSM) demonstrated the highest saturation 

magnetization (Ms =17.35 emu/g) at x = 0.4, attributed to optimal Mn substitution that 

enhances superexchange interactions. However, excessive Mn concentration led to 

reduced magnetization. Additionally, the coercivity (Hc) increased slightly at x = 0.2 

(Oe= 293) due to changes in anisotropy caused by particle size and shape variations. The 

results demonstrated how Mn substitution at a moderate ratio adjusted the surface 

morphology, magnetic, and structural characteristics of Zn1-xMnxFe2O4, which makes 

them candidates for various applications. 
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1. Introduction 
Spinel ferrite is a well-known magnetic material with the chemical formula MFe2O4, 

where M represents one of the ions Zn2+, Mn2+, Co2+, or Ni2+. The spinel ferrite has a face-

centered cubic (fcc) structure  [1]. There are two types of sites within this structure: site A, 

which is occupied by divalent metal ions, and site B, which is occupied by iron ions (Fe3+) in 

addition to oxygen ions [2,3]. The distribution of cations between the two sites determines the 

magnetic properties of the prepared samples. Researchers can precisely control cation 

distribution by optimizing the synthesis parameters, such as temperature, pH, and dopant 

concentration, enabling the tailored design of ferrites for specific magnetic and technological 

applications. In the inverse spinel, half of the trivalent metal ions are occupied in the tetrahedral 

sites, with the remaining trivalent metal ions and all divalent metal ions distributed in the 

octahedral sites [4]. 

Because of their unique magnetic and electrical characteristics, spinel ferrites are being 

researched extensively. They are used in various fields, such as biomedical applications, 

catalysts, chemical sensors, data storage devices, and magnetic resonance imaging (MRI) [5]. 

The cation distribution between the tetrahedral and octahedral sites inside the spinel structure 

and the bond lengths affect the material's physical characteristics, especially its magnetic 

characteristics [6]. The exchange interactions inside the crystal lattice are greatly improved by 

substituting ions with various magnetic moments. The redistribution of cations between the 

two sites as a result of this substitution directly impacts the magnetic properties [7].  

Changing the bond angles and lattice dimensions of the spinel structure can be done by 

substituting metal ions with different ionic radii, which induces lattice distortions or strain, 

causing an increase in magnetization and intensifying magnetic coupling. The variations in the 

ion jump lengths impact saturation magnetization, coercivity, and Curie temperature through 

superexchange interactions, especially between Fe3+ ions between the A and B sites. 

Controlling substituted elements and their ratio can improve ferrite-based devices [8]. The size 

and level of aggregation of the nanoparticles in ferrite materials majorly impact their magnetic 
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characteristics. The material may display superparamagnetism through enhanced super-

exchange interactions when the particle size falls below a threshold point [9]. The degree of 

aggregation between nanostructures influences the dipole-dipole interactions. Coercivity and 

remanence can both be enhanced by stronger contacts. Multi-domain behavior and a reduction 

in superparamagnetic effects are possible outcomes of aggregated nanoparticles acting as 

bigger particles [9,10]. 

Zhu et al. (2020) [11] synthesized ZnFe2O4 using hydrothermal and ceramic methods, 

comparing their structural and magnetic properties. The hydrothermal method resulted in 

higher magnetism due to Fe ion occupancy changes caused by Zn loss during the hydrothermal 

Process. Hangai et al. (2021) [12] developed the properties of ZnFe2O4 nanoparticles coated 

with poly-2-hydroxyethyl methacrylate (PHEMA) using microwave-assisted hydrothermal 

synthesis. The nanoparticles exhibited controlled magnetic properties and no cytotoxicity, 

making them promising for biomedical applications, like cancer therapy. Aubekerov et al. 

(2022) [13] created ZnO/ZnFe2O4 nanostructures for gas sensors by immersing ZnO nanowires 

in ferrous sulfate. Raman spectroscopy confirmed structural changes, and the materials showed 

enhanced sensitivity to isopropyl alcohol vapors. Faramawy and El-Sayed (2024) [14] 

synthesized a CuFe2O4/ZnFe2O core/shell nanostructure with increased magnetization and 

reduced photoluminescence. The findings suggested applications in high-frequency 

transformer cores and photocatalysis for water purification and hydrogen production. 

Mohammed and Hamdan (2024) [15] investigated the pH effects on CoFe2O4 nanostructures 

synthesized via hydrothermal methods. Magnetic and structural properties varied with pH, 

demonstrating ferromagnetic behavior and pH-dependent crystallite size changes 

This study focuses on synthesizing high-purity spinel ferrite (Zn1-xMnxFe2O4) 

nanostructures and explores the effect of the Mn substitution ratio on the structural and 

magnetic properties. Advanced characterization techniques, including X-ray Diffraction 

(XRD) analysis, field-emission scanning electron microscopy (FE-SEM), and Vibrating 

Sample Magnetometry (VSM), were employed to investigate these effects. Additionally, this 

study examines how changes in the ion jump length within the lattice affect the magnetic 

properties to estimate a relation between structural changes and magnetic behaviors.  

 
2. Experimental Work  

The Zn1-xMnxFe2O4 was prepared from metal nitrates using the hydrothermal method. 

The metal nitrates (Zn(NO3)2·6H2O, Fe(NO3)3·9H2O, and Mn(NO3)2) at a 0.2 M concentration 

were separately dissolved in distilled water using a magnetic stirrer. 1 M NaOH was dissolved 

in deionized water at 70 °C with stirring until the solution showed a transparent appearance. 

Then, the metal salt solutions at their specific ratios were gradually added to the boiled NaOH 

solution. The pH of the solution was adjusted to 9 and stirred for 6 h at 70 °C until it turned 

black in color. The resulting solution was positioned in an autoclave at 100 °C for 3 h; then 

centrifuged for 30 min at 6000 rpm. The centrifugation was repeated three times. The resulting 

precipitate was dried at 100 °C for 30 min and ground to a black powder. The powder was 

calcined at 600 °C. The procedure was repeated at various Mn substitution ratios.  Various 

characterization techniques were utilized to assess the samples, focusing on their structural and 

morphological properties using XRD analysis, FE-SEM, and VSM, which assessed the 

magnetic properties of the prepared samples.   

 

3. Results and Discussions 
   3.1. X-ray Diffraction (XRD) 

Fig. 1 shows the XRD patterns of Zn1-xMnxFe2O4 samples prepared at different 

substitution ratios of Mn atoms (x= 0, 0.2, 0.4, 0.6, 0.8, and 1) using the hydrothermal 

technique. The polycrystalline structure for all patterns appeared with diffraction peaks at 2θ = 
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18.5287°, 30.2991°, 35.5880°, 37.0991°, 43.2598°, 53.5290°, 57.1429°, 62.7243°, 71.0874°, 

and 73.9796°, corresponding to standard diffracted lines matched with (111), (220), (311), 

(222), (400), (422), (511), (440), (620), and (533) crystalline planes, respectively, of the spinel 

ferrite structure. These diffraction lines match the JCPDS card 01-077-001-10860 lines for 

Spinel zinc ferrite. Additional minor peaks were noted in the patterns corresponding to the 

Hemetite structure (Fe2O3). These results agreed with those of Algarni et al. [8]. 

Increasing Mn substitution did not induce any phase changes in the samples, confirming 

the retention of the spinel ferrite structure. The replacement of Zn with Mn resulted in slight 

shifts of the diffraction peaks toward higher 2θ values, indicating a minor contraction in the 

lattice dimensions. The lattice parameter varied depending on the substituted cations, which 

made shifts in the diffraction patterns possible due to the variation in the ion radius of 

substituted Mn instead of Zn [rMn (0.8Å) > rZn (0.74Å)][16]. Crystallinity is reduced, in addition 

to increasing line broadening, indicating a reduction in crystallite size with increasing Mn 

substitution in the Zn ferrite sample. This result is in agreement with that of Tudorache et al. 

[17]. It is important to note that spinel ferrites MFe2O4 have very similar crystal structures, 

with some differences in their lattice parameters. Thus, they have similar XRD patterns with 

slight shifts in the diffraction angles [18,19]. Using the Bragg formula, the interplanar spacing 

values between crystal planes (d(hkl)) were measured according to the diffraction angles.  

Fig.  2 shows the variation in crystallite size with Mn content in Zn1-xMnxFe2O4, which 

was determined using the Scherrer formula (Eq. (1)) corresponding to the preferred orientation 

(311) in the XRD patterns [17] : 
 

D =
0.94λ

βcosθ
                                                                                                                                 (1)  

 

where θ is the angle of the diffracted X-ray, λ is the X-ray wavelength, and β is the line 

broadening. 

The crystallite sizes decreased to 18.0, 17.5, 14.1, 13.7, 12.9, and 8.2 nm with the 

increase of the Mn content of x = 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively. At the same time, the 

crystallite size for each direction was calculated using the Scherrer formula with the full width 

at half maximum (FWHM) of the diffracted lines, as listed in Table 1. 

According to Eq. (2), the lattice constant of a cubic structure in the spinel phase is [18]: 

d(hkl) =
a

√h2+k2+l2
                                                                                                                           (2) 

 The lattice parameter (a) was determined from the slope of the plot between the dhkl 

spacing against 1/√h2 + k2 + l2, for Zn1-xMnxFe2O4 at different Mn substitution ratios, as 

shown in Fig. 3. All lines exhibit excellent agreement between the proposed lines and the 

experimental d(hkl) values, as evidenced by the high R2 values approaching unity. The slope 

values shown in the equation of lines in each figure represent the (a) values. 

Fig. 4 shows the lattice constant (a) variation of cubic spinel structure Zn1-xMnxFe2O4 

with x. It is observed that the lattice constant seems nearly constant with increasing x from 0 

to 0.4. In contrast, the lattice constant significantly increased with an increase in the Mn 

substitution ratio up to x=1, due to the effect of substituting larger cations. 

As listed in Table 2, the lattice parameters of the prepared Zn1-xMnxFe2O4 increased 

from 8.3343 Å to 8.4737 Å with increasing x from 0 to 1. All values agree with previously 

reported spinel zinc ferrite ZnFe2O4 lattice parameters around 8.4 Å [20].  
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Figure 1: XRD patterns of Zn1-xMnxFe2O4 samples prepared at different Mn substitutions. 

 

Figure 2: The change in crystallite size with Mn content in Zn1-xMnxFe2O4. 
 

The lattice density (ρx ) of Zn1-xMnxFe2O4 at different Mn substitution ratios was 

calculated using the Smith–Wijn formula [21]: 

 

ρx =
n Mw

NA a3
                                                                                                                                      (3) 

 

where 𝑁𝐴 is Avogadro's number, n is the number of molecules per unit cell (n = 8 for spinel 

structure [21]), and  Mw is the molecular weight, which is the summation of the ratio of each 

element multiplied by its atomic weight. The ion jump lengths at the tetrahedral site (LA) and 

octahedral site (LB) were calculated as follows [22]:  

LA =
√3a

4
                                                                                                                                        (4) 

LB =
√3a

2
                                                                                                                                        (5) 
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Table 1: XRD parameters of Zn1-xMnxFe2O4 samples at different Mn substitutions. 

x 2θ (Deg.) FWHM (Deg.) d(hkl ) (Å) C.S (nm) (hkl) Phase 

0 

18.5287 0.5785 4.7848 13.9 (111) MFe2O4 

30.2991 0.7809 2.9475 10.5 (220) MFe2O4 

35.5880 0.4650 2.5207 18.0 (311) MFe2O4 

37.0991 0.7521 2.4214 11.1 (222) MFe2O4 

43.2598 0.6652 2.0897 12.9 (400) MFe2O4 

53.5290 0.6364 1.7105 14.0 (422) MFe2O4 

57.1429 0.7520 1.6106 12.0 (511) MFe2O4 

62.7243 0.7520 1.4801 12.4 (440) MFe2O4 

71.0874 0.7810 1.3251 12.5 (620) MFe2O4 

73.9796 0.8967 1.2803 11.1 (533) MFe2O4 

0.2 

18.5508 0.6653 4.7791 12.1 (111) MFe2O4 

30.2110 0.7232 2.9559 11.4 (220) MFe2O4 

35.5581 0.4770 2.5227 17.5 (311) MFe2O4 

37.1266 0.4918 2.4196 17.0 (222) MFe2O4 

43.1426 0.6073 2.0951 14.1 (400) MFe2O4 

53.3831 0.5786 1.7149 15.4 (422) MFe2O4 

56.9393 0.6652 1.6159 13.6 (511) MFe2O4 

62.4924 0.7232 1.4850 12.9 (440) MFe2O4 

70.9126 0.6364 1.3279 15.3 (620) MFe2O4 

73.9207 0.7521 1.2811 13.2 (533) MFe2O4 

0.4 

18.4950 0.5785 4.7934 13.9 (111) MFe2O4 

30.2941 0.6073 2.9480 13.6 (220) MFe2O4 

35.5536 0.5940 2.5230 14.1 (311) MFe2O4 

37.2095 0.4629 2.4144 18.1 (222) MFe2O4 

43.1966 0.6652 2.0927 12.9 (400) MFe2O4 

53.3794 0.5785 1.7150 15.4 (422) MFe2O4 

56.9646 0.6074 1.6153 14.9 (511) MFe2O4 

62.5182 0.6942 1.4845 13.4 (440) MFe2O4 

70.8221 0.4050 1.3294 24.1 (620) MFe2O4 

73.9459 0.6073 1.2808 16.4 (533) MFe2O4 

0.6 

30.2339 0.5496 2.9537 15.0 (220) MFe2O4 

35.4119 0.6073 2.5328 13.7 (311) MFe2O4 

43.1363 0.6943 2.0954 12.3 (400) MFe2O4 

56.8760 0.8967 1.6176 10.1 (511) MFe2O4 

62.5454 1.0123 1.4839 9.2 (440) MFe2O4 

0.8 

29.8836 0.5208 2.9875 15.8 (220) MFe2O4 

35.1766 0.6470 2.5492 12.9 (311) MFe2O4 

42.8435 0.5207 2.1091 16.4 (400) MFe2O4 

56.4098 0.8100 1.6298 11.1 (511) MFe2O4 

61.8766 0.8099 1.4983 11.4 (440) MFe2O4 

1 

29.5322 0.4917 3.0223 16.7 (220) MFe2O4 

35.4617 1.0125 2.5293 8.2 (311) MFe2O4 

36.5029 0.3472 2.4595 24.1 (222) MFe2O4 

56.8679 0.6075 1.6178 14.9 (511) MFe2O4 

62.6821 1.0123 1.4810 9.2 (440) MFe2O4 

 

Table 2 lists the determined lattice constants (a), lattice volume (V), lattice density (ρx), 

and ion jump lengths LA and LB. The observed correlation between the ion jump lengths and 

the Mn substitution ratio in the ZnFe2O4 structure is due to differences in ionic radii [22]. The 

ion jump lengths increased with increasing Mn content. 
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Figure 3: 𝒅(𝒉𝒌𝒍) against 𝟏/√𝒉𝟐 + 𝒌𝟐 + 𝒍𝟐Plots for lattice constant determination for the cubic 

structure of Zn1-xMnxFe2O4 at different Mn substitution ratios. 
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Figure 4: Lattice constant as a function of Mn content in Zn1-xMnxFe2O4. 

 

Table 2: lattice parameters (a), lattice volume (V), lattice density (ρx), and ion jump lengths (LA, LB) 

of spinel structure Zn1-xMnxFe2O4 samples at different x. 

X a (Å) V(Å3) ρx (g/cm3) LA (Å) LB (Å) 

0 8.3343 578.905 5.532 3.609 7.218 

0.2 8.3396 580.010 5.474 3.611 7.222 

0.4 8.3436 580.845 5.418 3.613 7.226 

0.6 8.3804 588.565 5.300 3.629 7.258 

0.8 8.4531 604.015 5.118 3.660 7.321 

1 8.4737 608.442 5.036 3.669 7.338 

 

     3.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

Figs. 5 and 6 show the top-view FE-SEM images and particle size distributions of the 

surface nanoparticles of Zn1-xMnxFe2O4 samples prepared at different substitution ratios of Mn 

(x= 0, 0.2, 0.4, 0.6, 0.8, and 1) using the hydrothermal technique. The surface morphology of 

the ZnFe2O4 sample (x=0) shows a structure of spherical particles aggregated with each other, 

forming a porous structure of uniform size across all samples. The histogram shows a uniform 

distribution with an average diameter of 63.9 nm and a standard deviation of particle size more 

significant than its average value of 27.0 nm. The incorporation of Mn into Zn₁₋ₓMnₓFe₂O₄ at 

different ratios significantly influences the particle size and distribution, affecting the magnetic 

properties. Specifically, at lower Mn substitution ratios (x = 0.2 and 0.4), the particles exhibit 

distinctive behaviors  

At x = 0.2, the particles tended to aggregate more, indicating more interaction between 

particles. The increased aggregation may enhance magnetic interactions between particles, thus 

increasing magnetization. The average particle diameter was 21.0 nm. The size distribution 

was narrow, ranging from 12 to 32 nm. The low standard deviation of 4.2 nm suggests a 

uniform particle size distribution. At x = 0.4, the average particle diameter became 24.6 nm. 

The size distribution was narrower, ranging from 19 to 30 nm. The standard deviation was even 

lower at 2.5 nm, indicating an even more uniform particle size distribution, which is crucial for 

reproducible magnetic properties in practical applications. In addition, the sample porosity 

increased. Combining a small particle size and high porosity with an enhanced surface area 

could improve performance in applications, such as catalysis and biomedical imaging, where 

surface area and uniformity are critical [23].  
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The small particle size, narrow size distribution, and uniformity at these low Mn 

substitution ratios make the Zn1-xMnxFe2O4 samples at x = 0.2 and x = 0.4 particularly 

interesting for applications requiring precise magnetic properties and high performance. These 

characteristics enhance the overall magnetic behavior, rendering them suitable for advanced 

technological applications [24]. 

Increasing the Mn substitution ratio to higher levels (x = 0.6, 0.8, and 1) in 

Zn₁₋ₓMnₓFe₂O₄ ferrite leads to an increase in the average particle size to 27.7, 45.25, and 100.5 

nm and their standard deviations to 8.8, 30.1, and 73.1 nm, respectively, as illustrated in Table 

3. Histograms for these samples show a wide and nonuniform distribution of particle sizes, 

indicating heterogeneity in particle formation. Highly merged nanoparticles at x = 1 can reduce 

the surface area and alter the magnetic interactions, contributing to the observed decrease in        

magnetization [25]. 

 

 

 
 

Figure 5: FE-SEM images of Zn1-xMnxFe2O4 samples prepared by the hydrothermal method 

with different Mn substitutions. 
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Figure 6: Particle size distribution of Zn1-xMnxFe2O4 samples prepared by the hydrothermal 

method for different Mn substitutions (x=0, 0.2, 0.4, 0.6, 0.8, and 1). 

 
 

Table 3: Average particle diameters and standard deviations from SEM images of Zn1-xMnxFe2O4 

samples prepared at different Mn substitutions. 

x Average diameter (nm) Standard deviation (nm) 

0 63.9 27.0 

0.2 21.0 4.2 

0.4 24.6 2.5 

0.6 27.7 8.8 

0.8 45.25 30.1 

1 100.5 73.1 

 

 

3.3. Magnetic Properties 

The magnetic property test of Zn1-xMnxFe2O4 samples prepared by a hydrothermal route 

at different Mn substitution ratios was examined using Vibrating Sample Magnetometry 

(VSM), as shown in Fig. 7. All samples exhibited a typical S-shaped hysteresis loop with a 

small area. With increasing Mn content, a noticeable variation in both residual magnetization 

(Mr) and coercive field (Hc) is observed. These changes indicate that Mn substitution alters the 

magnetic anisotropy and domain wall motion in the spinel structure.  
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Figure 7: Magneto-hysteresis loop of Zn1-xMnxFe2O4 samples prepared at different Mn 

substitutions. 

 

Fig. 8 displays the variation in Mr and Hc of Zn1-xMnxFe2O4 samples with x. The 

maximum Mr appeared at x = 0.4, whereas the maximum Hc appeared at x = 0.2. Both declined 

at higher Mn ratios.  

 

 
Figure 8: Variations in coercive field (Hc) and residual magnetization field (Mr) as a function of 

Mn substitution ratio of Zn1-xMnxFe2O4 samples. 
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Table 4 lists the VSM parameters of the six metal ferrite samples. The highest value of 

saturation magnetization (Ms) of 17.35 emu/g was observed at x = 0.4. The increase in Mn 

substitution up to x = 0.4 enhances the magnetization, possibly due to the optimal replacement 

of Zn ions by Mn ions, which might increase the superexchange interactions between Fe³⁺ ions 

at the tetrahedral (A) and octahedral (B) sites. Beyond x = 0.4, the magnetization decreases, 

and excessive Mn substitution disrupts the balance of the magnetic interactions. Mr follows a 

trend similar to Ms, peaking at x = 0.4 and then decreasing, indicating stronger residual 

magnetization at intermediate Mn concentrations. The Hc slightly increased from 261 A/m at 

x = 0 to 293 A/m at x = 0.2 and then decreased as the Mn substitution increased. This indicates 

that moderate Mn substitution induces more anisotropy due to particle size and shape changes, 

but further substitution reduces this anisotropy. 

The change in nanoparticle (NPs) size causes variations in physical and magnetic 

properties related to different mechanisms. For example, the physical radius of the NP, which 

determines its mobility and diffusion constant, may be smaller than the magnetic radius, which 

determines the effectiveness of the NP's magnetic moment. Clustering or agglomeration of 

nanoparticles emphasizes the importance of determining the particle radius. The particle size 

distribution also plays a vital role in accurately determining the magnetic moment of a particle 

[9]. 

Smaller particle sizes at intermediate Mn substitution ratios x = 0.2 might enhance the 

surface area, increasing superexchange interactions and magnetization. In addition, the 

variation in the ion jump length highly affects the magnetic properties [26]. Both LA and LB 

increase with increasing Mn substitution. Longer ion jump lengths at higher Mn concentrations 

may reduce the superexchange interaction efficiency, leading to decreased magnetization [26]. 

 
Table 4: Magnetization parameters of Zn1-xMnxFe2O4 samples prepared at different Mn 

substitutions. 

X Ms (emu/g) Hc (A/m) Mr (emu/g) 

0 11.57 261 2.0 

0.2 12.97 293 2.2 

0.4 17.35 261 2.9 

0.6 16.48 248 2.8 

0.8 14.31 235 2.7 

1 13.31 230 2.5 

 

 

4. Conclusions 
In this work, Zn1-xMnxFe2O4 nanostructures were successfully synthesized by the 

hydrothermal method at different Mn substitution ratios. XRD analysis confirmed the 

formation of the cubic spinel structure, with decreasing crystallite size and increasing lattice 

parameters and ion jump length as the Mn content increases. FE-SEM images showed that Mn 

substitution significantly affected particle size, distribution, and aggregation. The magnetic 

behaviour was strongly dependent on the Mn content, with the most favorable magnetic 

properties observed at an intermediate substitution ratio of x=0.4. Further Mn substitution 

reduced the magnetic performance because of changes in particle morphology and magnetic 

interactions. These findings demonstrate that controlling the Mn substitution ratio provides an 

effective approach for tuning the structural and magnetic properties of Zn1-xMnxFe2O4 

nanostructures. 
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للهياكل النانوية    والمغناطيسية والسطحية تركيبيةالخصائص ال استبدال المنغنيزعلى تأثير           

4O2MnxFeX-1Zn المائية ةحراريال حضرة بالمعالجةالم   

 
 1وسهاد عبدالكريم حمدان  1نبأ احمد ابراهيم

 قسم الفيزياء، كلية العلوم، جامعة بغداد، بغداد، العراق 1
 

 الخلاصة 
الدراسة  بحث ت )  في  هذه  المنغنيز  استبدال  الإسبينيل )Mnتأثير  لفريت  والمغناطيسية  والسطحية  البنيوية  الخصائص  ( 4O2MnxFex-1Zn( على 

غيرات في  المُحضر بالطريقة الحرارية المائية. أكد حيود الأشعة السينية  وجود طور فريت الإسبينيل، مع انزياحات طفيفة في قمم الحيود نتيجة لت

كروية بأحجام متوسطة  معلمات الشبكة البلورية بعد استبدال المنغنيز. كشف المجهر الإلكتروني الماسح ذو الانبعاث الميداني عن جسيمات نانوية  

نانومتر، وتختلف باختلاف محتوى المنغنيز. أظهر قياس المغناطيسية باستخدام عينة مهتزة أعلى قيمة للمغناطيسية التشبعية    100و  21تتراوح بين  

لتبادل الفائق. مع ذلك، أدى  ، ويعزى ذلك إلى الاستبدال الأمثل للمنغنيز الذي يعزز تفاعلات اx = 0.4وحدة كهرومغناطيسية/غرام( عند    17.35)

نتيجةً لتغيرات   x = 0.2 (Oe = 293)التركيز الزائد للمنغنيز إلى انخفاض المغناطيسية. بالإضافة إلى ذلك، زادت قوة الإكراه المغناطيسي قليلاً عند  

كيف أن استبدال المنغنيز بنسبة معتدلة قد عدلّ  في الخواص المغناطيسية المتباينة الناجمة عن اختلافات حجم الجسيمات وشكلها. وقد أظهرت النتائج

 ، مما يجعله مرشحًا مناسباً لتطبيقات متنوعة. 4O2MnxFex-1Znمورفولوجيا السطح والخصائص المغناطيسية والبنيوية لمركب 
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