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Abstract: A series of spinel nanocrystalline MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) mixed 

ferrites were successfully synthesized above 1000 °C by Solgel Autocombustion Synthesis route. 

The comprehensive characterizations of the ferrite nanostructures and study of the magnetic 

properties were carried out by XRD, SEM, and VSM like instrumentation techniques, 

respectively. The consequence of Mn
2+

 ion concentration on structural, morphological, and 

magnetic characterizations of Zn-Mn ferrite nanostructures was examined. XRD confirmed the 

single-phase spinel cubic structure of the samples with a particle size range of 28 to 35 nm. SEM 

micrographs confirmed nearly compact spherical-shaped nanoparticles. Magnetic measurement 

derived from Hysteresis-Loop revealed that there is an increase in saturation magnetization (Ms) 

with increasing Mn
2+

 concentration. The M-H loops for all the samples are narrow with low 

values of coercivity and retentivity, indicating the superparamagnetic nature of these samples. 

Thus, optimized substituting manganese for zinc in Mn-Zn nano-ferrites improves its magnetic 

properties and makes these nanoparticles a potential candidate for their applications in 

hyperthermia, drug delivery, and MRI. 

Keywords: Soft Ferrites, Mn-Zn Ferrite, X-ray Diffraction, Magnetic Properties, 

Superparamagnetism 
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1.1. Introduction 

Ferrites are the subject of much investigation due to their exciting and promising features. These 

nano-magnetic materials have attracted the interest of young magnetic material researchers due 

to their smart magnetic capabilities. Ferrites [1,2] are non-conducting ceramic ferrimagnetic 

materials composed primarily of iron oxide (Fe2O4), with minor amounts of metals such as 

cobalt (Co), manganese (Mn), nickel (Ni), zinc (Zn), and others. They have asymmetrical 

opposing magnetic moments, allowing spontaneous magnetization and hysteresis in such 

materials. Ferrites are divided into hard ferrites [3] and soft ferrites [4, 5]. Hard ferrites have a 

high coercivity and are challenging to magnetize after being demagnetized. As a result, these 

materials are excellent for fabricating permanent magnets, which are utilized in refrigerators, 

loudspeakers, washing machines, televisions, communication systems, switch-mode power 

supply, microwave absorption systems, high-frequency applications, and so on [6,7]. Hard 

ferrites are commonly found in the form of cobalt ferrites and barium ferrites. 

On the other hand, soft ferrites are easy to magnetize or demagnetize due to their low coercive 

field strengths. They have a wide variety of applications in the electronic sector, including the 

development of transformer cores, high-frequency inductors, and microwave components [8, 9]. 

Soft ferrites also have excellent resistivity, cheap cost, temporal and temperature stability, low 

loss, and high permeability [10]. Mn-Zn ferrites [11] and Ni-Zn ferrites [12, 13, 14] have 

received the most attention among soft ferrites due to their high electrical resistivity (10
7
 ohm), 

low-cost synthesis, minimal dielectric loss, exceptionally high mechanical strength, and chemical 

stability [15, 16]. 

Mn-Zn ferrites with the formula MnxZn1-xFe2O4 have gained much attention in academia over 

the last decade due to their high initial permeability and low hysteresis losses, which make Mn-

Zn ferrites appropriate for use in many everyday applications. Manganese-zinc ferrites have 

more excellent permeability and saturation induction than Ni-Zn ferrites [17]. Mn-Zn ferrites are 

employed for low-frequency applications due to their lower resistivity than Ni-Zn ferrites[18]. 

Figure 1.1 depicts a variety of Mn-Zn ferrite applications. Changes in cation concentration [19] 

and sintering conditions [20] alter the magnetic, electrical, and structural characteristics of nano-
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ferrites, resulting in a wide range of applications. Furthermore, the cation distribution in the Mn-

Zn ferrite influences its form, morphology, electrical and magnetic characteristics [21].  

 

Fig. 1.1:  Various applications of Mn-Zn ferrites [22] 

The characteristics of Mn-Zn ferrites are determined mainly by the techniques of 

synthesis [23,24] and the doping concentrations to nano-ferrites [25, 26]. Compared to the other 

methods, the solgel auto-combustion process is the most cost-effective and ideal for large 
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production. The sol-gel approach produces the finest crystallites with the greatest morphological 

control among all synthesis procedures. 

Given the relevance of Mn-Zn ferrites in various applications, the current study examines the 

effect of Mn
2+

 cation substitution on Zn
2+

 in nanoparticles MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 

0.45) ferrites produced through the sol-gel auto-combustion process. The influence of manganese 

contents on the microstructure and magnetic characteristics of MnxZn1-xFe2O4 ferrites (with X 

ranging from 0.3 to 0.45) were studied. 

1.2.  Experimentation 

1.2.1.  Precursor Materials 

Zinc Nitrate [Zn(NO3)2.6H2O], Ferric Nitrate [Fe(NO3)3.9H2O], and Manganese Nitrate 

[Mn(NO3)2.4H2O] are the essential precursor chemicals for the manufacturing of Mn-Zn ferrite 

nanoparticles. These compounds were bought with grade purity (purity 99.9%) from Sigma-

Aldrich. Citric acid with a purity of 99% was also purchased from Thermo Scientific Company. 

To keep the pH stable, an ammonia solution was utilized. As a solvent, double-distilled water 

was utilized.   

1.2.2. Synthesis procedure 

Citric acid aided sol-gel auto-combustion technology is used to synthesize manganese substituted 

zinc ferrite nanostructures. A stoichiometric quantity of Zn(NO3)2.6H2O, Mn(NO3)2.4H2O, 

Fe(NO3)3.9H2O, and C6H8O7 were combined homogeneously in 100 ml double-distilled water to 

make pure Mn-Zn-ferrite nanoparticles. At 90°C, the combined solution is put on a magnetic 

stirrer. The pH of the solution is kept at 7 by adding ammonium hydroxide drop by drop. During 

evaporation, a viscous, sticky gel forms; after drying, it self-ignites and transforms into as-burnt 

ferrite powder. The as-burnt powder is eventually turned into a fine powder after being 

completely ground. Finally, the as-prepared fine powder is calcined at 1000°C for 3 hours to get 

highly crystalline ferrite powder suitable for different characterizations. Figure 1.2 depicts the 

representation diagram of the auto-combustion sol-gel technique. 
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Figure 1.2: Schematic diagram of auto-combustion sol-gel method 

1.3.  Characterization Techniques 

The powder X-ray diffractograms recorded by model PANalytical X'pert PRO with 

CuK(=1.5406) radiation were used to study the crystalline phases of the manufactured sample. 

Scanning Electron Microscopy (SEM) was used to assess the morphology of prepared materials 

(Model- JEOL JSM-6360). A Vibrating Sample Magnetometer (Model-Lakeshore 7404) was 

utilized to conduct magnetic investigations at room temperature with a 20,000 Gauss applied 

magnetic field. 
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1.4.  Results and Discussion 

1.4.1. Structural Analysis 

X-Ray Diffraction is an essential method for studying crystal structure as well as other physical 

aspects of nanoparticles such as crystallite size, material density, and lattice constant. An X-ray 

diffraction technique with 2θ  varying from 15° to 80° was used to characterize the particles of 

the MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) series. Figure 1.3 depicts the XRD patterns of all 

Mn–Zn ferrite nanoparticles produced using the auto-combustion approach. The intense peaks 

(220), (311), (222), (400), (422), (511), (440), (620), and (533) in the XRD pattern confirmed the 

formation of Mn–Zn nanoferrites as these peaks match with the Joint Committee on Powder 

Diffraction Standards (JCPDS) card number #74-2401 and revealed single cubic spinel phase 

(with Fd3m space group) in all the MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) samples without 

impurity peaks. 

 

Fig.1.3 XRD pattern of MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) nanoparticles. 

 

The average crystallite size of the nanoferrites, calculated from the most intense peak 311, were 

found within a range of 28 to 35 nm as determined by Debye - Scherrer‟s formula as: 
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𝐃𝒙 =   
𝟎.𝟗𝛌

𝛃𝐜𝐨𝐬𝛉
  nm 

Where λ, β, and θ are the X-ray wavelength, full width at half maximum (FWHM) in radians & 

Bragg‟s diffraction angle in degrees, respectively [27]. 

The lattice parameter „𝑎‟ values of Ni-Zn ferrite samples were calculated by using Bragg‟s 

equation 

𝑎 =    𝑑2 ℎ2 + 𝑘2 + 𝑙2      Å 

Where d is the inter-planner distance and ℎ, 𝑘 
& 𝑙 are the Miller indices of the XRD diffraction 

plane. 

X-ray density (ρ
𝑥
) values were determined by [28].  

ρ
𝑥
 =  

8M

N𝑎3     g / cm
3
 

Where „8‟in represents an 8-formula unit in a unit cell, M is the molecular weight of the samples, 

N is the Avogadro‟s number (6.02252×10
23

mol
−1

), and 𝑎 is the lattice constant.  

Lattice constant (𝑎), the crystallite size (D𝑥 ), X-ray density (ρ𝑥 ) obtained in the present study are 

listed in Table 1.1.  

Table 1.1: Lattice constant (𝑎), the crystallite size (D𝑥 ), X-ray density (ρ𝑥 ) of MnxZn1-xFe2-xO4 

(X = 0.00, 0.15, 0.30, 0.45) 

Sample (X) 

MnxZn1-xFe2-xO4 

Crystalline Size(𝐃𝒙) 

(nm) 

Lattice Constant 

(𝒂) 

(Å) 

Density(𝛒𝒙) 

(gcm
-3

) 

X = 0.00 28.5 8.442 5.32 

X = 0.15 30.3 8.458 5.25 
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X = 0.30 33.6 8.471 5.20 

X = 0.45 35.1 8.480 5.14 

Figure 1.4-a depicts the change in lattice parameter ' 𝑎 ' for MnxZn1-xFe2O4 powders (X = 0.00, 

0.15, 0.30, 0.45) with Mn
2+

 ion replacement X changing from 0.00 to 0.45. The findings show 

that many Mn
2+

 and Zn
2+

 ions occupy octahedral positions. As a result, the lattice parameter and 

unit cell size increase because Mn
2+

 ions substitute for Zn
2+

 ions on the tetrahedral sites in 

MnxZn1-xFe2O4. A change in the Mn
2+

 ion ratio resulted in a measurable change in the lattice 

parameter. The movement of peak locations towards higher diffraction angles is directly 

connected to lattice parameters. The lattice parameter increased from 8.43 (X = 0.00) to 8.48 (X 

= 0.45), while the X-ray density (ρ𝑥 ) declined from 5.3 to 5.1 g/cm3. These findings were 

ascribed to the gradual dissolution of Mn
2+

 ions into the spinel structure, as well as the magnetic 

performance of the Mn-Zn ferrite, which resulted from a significant number of Mn
2+

 ions with 

large ionic radii (0.82) replacing the Zn
2+

 ion with smaller ionic radii (0.74) [29, 30, 31].  

As demonstrated in figure 1.4-b, the crystallite size increased by increasing the Mn
2+

 ion molar 

ratio. As a result, when the Mn
2+

 ion ratio increased from 0.00 to 0.45, it increased from 28 to 35 

nm. Figure 1.6 also depicts the fluctuation of X-ray density with lattice constant ' 𝑎 '. 

 

Fig.1.4: (a) Effect of Mn concentration on the lattice parameters of MnxZn1-xFe2O4 powders with 

X varying from 0.00 to 0.45. (b) Effect of Mn
2+

 ion substitution on the crystallite size of   

MnxZn1-xFe2-xO4 (X = 0.00, 0.15, 0.30, 0.45) powders 
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Fig.1.5:  Plot between X-Ray density (ρ
𝑥  

) and Lattice Constant (𝑎) 

1.4.2. Morphological Analysis 

Scanning Electron Microscopy (SEM) micrographs of MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 

0.45) nanoferrites sintered at 1000
o
C for all compositions are shown in Fig. 1.6. (a-d). According 

to SEM pictures, manganese molar ratios have a noteworthy influence on the morphology of 

MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45). The production of almost spherical nanoferrites 

particles may be seen in the micrographs. It can also be seen that the particle size increases when 

the concentration of Mn
2+

 increases from X = 0.00 to X = 0.45. As a result of the increased 

Mn
2+

 doping, the majority of nanoparticles have an agglomerated shape and a homogenous 

distribution. Particles have a roughly spherical form and a narrow size distribution that is almost 

homogenous. The average particle sizes of the nanoparticles, as estimated by the “image j 

software”, are in the range of 19 to 41 nm, which are in agreement with XRD results. 
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Fig. 1.6 SEM micrographs of a) Mn0.00Zn1Fe2O4 , b) Mn0.15Zn0.85Fe2O4 c) Mn0.30Zn0.70Fe2O4 

d)Mn0.45Zn0.55Fe2O4 

1.4.3. Magnetic Studies 

Vibrating Sample Magnetometry (VSM) is a technique for measuring the magnetic 

characteristics of nanoparticles, namely saturation magnetization (𝑀𝑠), coercivity (𝐻𝑐), and 

residual magnetization (𝑀𝑟 ). Mn-Zn ferrites have a high saturation magnetization (𝑀𝑠), which is 

why they are often employed in power applications. The magnetization that remains in the 

absence of an induced magnetic field is known as remanent magnetization (𝑀𝑟 ). Mn-Zn ferrites 

have a poor value for (𝑀𝑟 ). Coercivity (𝐻𝑐) is a ferromagnetic material's capacity to endure an 

external magnetic field without demagnetization. The M-H curve of MnxZn1-xFe2O4 (X = 0.00, 

0.15, 0.30, 0.45) nanoferrites at room temperature is shown in Figure 1.7. 
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Fig.1.7: M-H plot of MnxZn1-xFe2O4 (x = 0.00 to 0.45) nanoferrites at room temperature 

Table 1.2 depicts the essential magnetic characteristics, Saturation Magnetization (𝑀𝑠), 

Remanence Magnetization (𝑀𝑟 ), and Coercive Field (𝐻𝑐) of several samples obtained from the 

plot. The graphs reveal that remanence and coercivity have extremely low values. When 

demonstrated in Fig.1.7, the coercivity (𝐻𝑐), saturation magnetization (𝑀𝑠), and retentivity (𝑀𝑟 ), 

increased as Mn
2+

 concentration rose. Except for X = 0.00, the loops for all samples demonstrate 

superparamagnetic behaviour with very low coercivity values. 

Table 1.2: Magnetic parameters like Saturation Magnetization (𝑀𝑠), Remanence Magnetization 

(𝑀𝑟 ), Coercive Field (𝐻𝑐) and Magnetic Moment (𝜇𝐵 )  of MnxZnx-1Fe2O4 (X = 0.00, 0.15, 0.30, 

0.45) ferrite nanoparticles. 

 

MnxZnx-1Fe2O4 

Saturation 

Magnetization 

(emu/g) 

Coercivity 

(Oe) 

Magnetic 

Moment 

(𝝁𝑩 ) 

X = 0.00 4 0 0.1 
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X = 0.15 23 15 1.0 

X = 0.30 28 23 1.2 

X = 0.45 39 30 1.7 

 

Clearly, increasing the Mn
2+

 molar ratio from 0.00 to 0.45, the (𝑀𝑠) value increased from 4 

emu/g to 39 emu/g, and the coercivity value also increased from 0 to 30 Oe, when the particle 

size improved from 28 to 35 nm, as listed in Table 1.2. The variation of Magnetization with 

concentration and crystalline size; and magnetic moment with Mn
2+

 concentration is shown in 

figure 1.8 (b-d). 

 

Fig.1.8: Variation of Magnetization with a) Mn
2+

 concentration b) Crystalline size; and magnetic 

moment with Mn
2+

 concentration. 
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Changes in magnetic characteristics of nanoparticles such as coercivity (𝐻𝑐), saturation 

magnetization (𝑀𝑠), and retentivity (𝑀𝑟 ) are caused by the surface effect, cationic stoichiometry, 

and occupancy at particular sites [32, 33]. 

Manganese ions preferentially occupy the octahedral B site when manganese ion concentration 

increases, resulting in an equivalent amount of trivalent iron ions occupying the tetrahedral A-

site. The magnetic moment 𝜇𝐵  χ  in the Néel model may be described using the following 

equation: [34] 

𝜇𝐵  χ  =  𝑀𝐵  χ −  𝑀𝐴  χ     

 

In this formula, 𝑀𝐵  χ  and 𝑀𝐴  χ  indicate the magnetic moments of the tetrahedral structure 

position (A) and octahedral structure position (B) in the Mn-Zn ferrite, respectively. The 

magnetic moment 𝜇𝐵  χ   is deeply linked to the structural position, metal cation distribution, and 

the spin effect. Spinel ferrite's magnetic order is caused by the super-exchange interaction 

process of metal ions at the A and B sites. 

As the concentration of Mn
2+

 increases, so does the magnetic moment 𝜇𝐵 .This is because Mn
2+

 

preferentially occupies position B of the octahedron structure, forcing the equal quantity of Fe
3+

 

in the reaction system to enter position A of the tetrahedron structure. This causes a progressive 

rise in the super-exchange force between A–B sites, net magnetic moment, and saturation 

magnetization. 𝜇𝐵 is the experimental value of the ferrite's magnetic moment, which may be 

derived using the following formula: [35] 

𝜇𝐵 =
𝑀𝑤  × 𝑀𝑠 

5585
 

𝜇𝐵 = Experimental magnetic moment; 𝑀𝑤  = Molecular weight; 𝑀𝑠 = Saturation magnetization. 

Table 1 shows the computation results for 𝜇𝐵 . Magnetic moment 𝜇𝐵 computed values indicate an 

increasing trend from 0.1 to 1.7 with an increasing molar ratio of Mn
2+

 ions in Mn-Zn spinel 

ferrites. The table shows that the magnetic moment and saturation magnetization are closely 

connected, and that 𝜇𝐵 is proportional to 𝑀𝑠. 
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It has previously been stated that such superparamagnetic materials with low coercivity might be 

helpful in Hyperthermia, MRI Magnetic Resonance Imaging (MRI), and Drug Delivery 

applications. 

1.5. Conclusion 

For Mn-Zn ferrite nanoparticles, the following conclusions are drawn from the XRD, SEM, and 

VSM observations: 

 Nanocrystalline MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) ferrite powders have been 

prepared using a simple citric acid aided sol-gel auto-combustion technique. 

 XRD measurements verified the synthesis of a cubic spinel structure with relatively tiny 

crystallite sizes ranging from 25 nm to 35 nm, and the lattice constant (𝑎) rose somewhat 

as the Mn
2+

 ratio increased. 

 SEM micrographs show that MnxZn1-xFe2O4 (X = 0.00, 0.15, 0.30, 0.45) ferrite powder 

has a homogenous compact sphere-like structure. The average particle sizes of the 

nanoparticles, as estimated by the “image j software”, are in the range of 19 to 41 nm 

which matches with X-Ray diffraction results. 

 The magnetic moment, saturation magnetization, and coercivity improved from 0.1 to 

1.7, 4 to 39 emu/g, and 1 to 30 Oe, respectively, when the Mn
2+

 molar ratio grew from 

0.00 to 0.45. 

 The graphs for all samples, excluding X = 0.00, show superparamagnetic behaviour with 

very low coercivity values. 

 As a result of their tunable and enhanced superparamagnetic characteristics, the 

investigated spinel Mn-Zn mixed ferrite system may be helpful in a variety of 

applications such as hyperthermia, drug delivery, and Magnetic Resonance Imaging 

(MRI). 
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