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Abstract  

 Ferrite samples of Li+ substituted MnFe2O4 nano particles were synthesized by sol -gel auto-

combustion method. The samples were obtained by annealing at relatively low temperature of 600°C 

and characterized by x-ray diffraction, transmission electron microscopy, vibrating sample 

magnetometry, and infrared (IR) spectroscopy. Lattice parameter, x -ray density, specific surface area, 

and porosity are found to increase, whereas bulk density and crystallite size showe d the decreasing 

trend with the increasing Li+ content. Splitting of major absorption bands related to Li + substituted 

ferrites were observed in IR spectra. Substitution of Li + ions for Fe3+ caused a decrease in the 

saturation magnetization from 75.69 to 5 8.57 emu/g and the coercivity increased from 157 to 308 Oe. 

DC resistivity decreases with increase in Li + content. The temperature dependent results indicate that 

the value of dielectric constant () and loss tangent () increase with the increase in temperature.  

 

Introduction 

 Manganese ferrite (MnFe2O4) has received a great attention in the area of magnetic 

storage device, microwave, and electronic device because it has high magnetic permeability 

and high electrical resistance [1]. Many research groups have investigated to enhance the 

magnetic property of magnetic materials such as manganese ferrite. MnFe 2O4 is a 

ferromagnetic material (TN = 560 K) having the spinel structure with two in equivalent sub -

lattices of tetrahedral (A) and octahedral (B) symmetric for the magnetic ions sites. MnFe2O4 

is nearly normal but degree of inversion ranging from 7% to 20% have been reported. 

Li0.5Fe2.5O4 is a low-cost substations and is a promising candidate for cathode materials in 

rechargeable lithium batteries. They are based on the inverse spinel structure with lithium and 

three-fifths of the total Fe3+ occupying octahedral sites. Two separate crystallographic forms 

of Li0.5Fe2.5O4 have been isolated; a superstructural form in which the lithium and iron 

atoms are ordered and a disordered form in which lithium and iron have a random statistical 

distribution over all the octahedral positions. Keeping the important features of MnFe 2O4 in 

mind and taking interesting crystallography of Li0.5Fe2.5O4 into consideration, it is worth to 

study the properties on the composition of these ferrites. In this contribution,  we report a 

systematic study of the Li+ substituted MnFe2O4 for its structural, magnetic, and electrical 

properties. 

Keywords :  MnFe2O4 ferrite; Sol-gel method, Magnetization, Resistivity, IR, XRD, TEM. 

 

Material Method 

 Sol-gel synthesized compounds of nano-crystalline Li3xMnFe2–xO4 (where, x = 0.0, 

0.1, 0.2 and 0.3 ferrite material were prepared by mixing stoichiometric  amounts of lithium 

nitrate, manganese nitrate, and ferric nitrate. The citric acid is used as a chilling agent. The 

calculated weighed amounts of these metal nitrates were completely dissolved in the double 
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distilled water and the solution was stirred for  30 min. This solution was then added to citric 

acid in such a way that in the final sample, the molar ratio of these nitrates and citric acid 

becomes 1 : 3. A small amount of ammonia was drop-wise added to maintain the pH of the 

solution at 7 with stirring the solution constantly. The detail of sol -gel synthesis method was 

reported in our previous reports. As prepared ferrite powder was sintered at 600°C. The 

chemical reaction involved in the presently investigated samples is shown in fig. 1.  

 The sintered ferrite powder was mixed with an appropriate amount 5 wt. % poly -vinyl 

alcohol as a binder.  The granulated powder was uniaxially pressed at a pressure of 5 

granulated powder was uniaxially pressed  at a pressure of 5 tones to form pellet of 10 mm in 

diameter and 3 mm in thickness. X-ray diffraction (XRD) (using Cu-K radiation of 

wavelength 1.5406 Å)  investigation was analyzed at room temperature to confirm the 

crystallographic phase formation of Li3xMnFe2–xO4 noncrystalline ferrite material. To 

observe the morphology of the product material, transmission electron microscopy (TEM) 

technique was carried out. The infrared (IR) spectroscopy measurement was carried out to 

study the stretching of bands frequencies and crystal phenomenon in the present investigat ed 

samples. The magnetic measurements were performed at room temperature using a commercial 

PARC EG & G VSM 4500 vibrating sample magnetometer. DC electrical resistivity 

measurement was carried out by using two probe techniques from room temperature to bey ond 

Curie temperature. The dielectric properties, i.e., the dielectric constant () and dielectric-

loss tangent (tan d) as a function of temperature were studied using LCR -Q meter (Hioki).  

 

Results and Discussion 

 
Fig. 1 : Chemical reaction of Li3xMnFe2–xO4 synthesized by sol-gel auto-combustion method  

 Structural Properties 
 The phase identification and lattice constant determination were performed on an x -ray 

diffractometer. Fig. 2 shows the XRD pattern of all the samples, showing well -defined 

 

 reflections without any ambiguity, exhibits the formation of Li 3xMnFe2–xO4 (x = 0.0, 

0.1, 0.2 and 0.3).  For x  = 0.0, samples shows the formation of single phase cubic spinel 

structure. As the Li+ concentration x increases, the peaks corresponding to Li starts to appear 

in the x-ray diffraction pattern showing the presence of disordered spinel structure.  

 The XRD data was also processed for Rietveld refinement for the sample purity and to 

generate the lattice constant with standard deviations. Rietveld refined x -ray diffraction 

pattern of the typical composition x = 0.3 is shown in fig. 3.  
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Fig. 3 :  Rietveld refined x-ray diffraction pattern of the typical comosition x = 0.3. Figure 

shows observed intensity (Yobs), calculated intensity (Ycalc) and difference in observed and 

calculated intensities (Yobs – Ycalc). Peak positions of different phases are shown at the base 

line as small markers ( |)  

 Using the Bragg’s law in the form, a =  and XRD data the values of 

lattice constant and hence x-ray density was calculated and are presented in Table I. The 

values of lattice constant were calculated for each plane and average value was taken as a 

lattice constant for that compound. It is observed from Table I that as the Li+ concentration 

“x” increases, the value of lattice constant also increases. Lattice constant was also calculated 

using the Rietveld refinement and those values are listed in Table I. Further, it is to be noted 

that both the values of lattice constant calculate by XRD and Rietveld are in good agreement 

with each other. Density plays a key role in controlling the properties of monocrystalline 

ferrites. The bulk density was calculated by using Archimedes principle. The effect of  Li+ ion 

on the bulk density and on the porosity is shown in fig. 4.  
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 It is observed from fig. 4 that due to incorporation of Li + ions in the MnFe2O4 ferrite 

matrix bulk density decreases and porosity increases.  

Table I. Lattice constant (a), x -ray density (dx), crystallite size (t), and specific surface area 

(S) of Li3xMnFe2–xO4. Parentheses enclose the values of estimated errors.  

  a (Å)   t (nm) 

  XRD Rietveld dx (Å) XRD TEM 

 Comp. x              (±0.002 Å)  (±0.002 Å)                          (±2 nm)      S (m2/gm) 

 0.0 8.452 8.448 5.074 23 26 57.70 

 0.1 8.459 8.452 4.985 22 24 61.66 

 0.2 8.467 8.460 4.894 20 21 69.75 

 0.3 8.472 8.469 4.809 20 20 73.14 

 The crystallite size (t) of the powder estimated for (311) peak was determined using 

Scherrer formula. 

(t)311 =  

 where   is the full-width at half-maximum (in 2),  is the corresponding Bragg’s angle, 

and C = 0.9.  The average crystallite size calculated using eq. 1. It is observed, as the Li + 

content increases the value of crystallite size decr eases. The value of crystallite size 

calculated from Scherrer formula is in the range of 20 -23 nm. The specific surface area (S) for 

all the compositions of Li3xMgFe2–xO4 ferrite system was calculated by using the relation.  

S =  

 where t is crystallite size and dB is the bulk density. It is observed from table I that as 

the Li+ substitution increases the specific surface area also increases.  

 The shape, size and morphology of the particles were examined by direct observation via 

TEM. The typical TEM micrograph for the x = 0.1. The observations reveal that the particles 

are approximately spherical in shape and slightly agglomerated. The average size of these 
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particles for x = 0.0, 0.1, 0.2 and 0.3 is about  26, 24, 21 and 20 nm, respectively, which is in 

accordance with the XRD analysis. Table I lists the results from XRD and TEM analysis. 

Further, from the table I, it is clear that the particle sizes observed from TEM micrographs are 

larger than that calculated from XRD analysis. This may be due to the sample with more 

serious aggregation leads generally to larger difference between XRD and TEM 

measurements. Fig. 5 (b) shows the selected area electron diffraction (SAED) pattern of the 

typical sample x = 0.1. The diffraction  rings are appearing clearly in fig. 5 (b) indicating the 

nano-crystalline nature of the prepared sample.  

              

 

Fig. 5 

 

Morphological Properties  

 The morphologies and particle sizes of samples were studied by transmission electron 

microscopy (TEM). Figure 3 shows the typical TEM image of the sample x = 0.1. From the 

figure, it is clear that the particles are spherical in shape and are agglomerated to some extent. 

This agglomeration can be attributed to the magnetic dipole interactions arising bet ween 

ferrite particles. 

 The average crystallite size (t) was determined using the line broadening of most intense 

(311) diffraction peak using the following Debye Scherrer formula.  

t =  

 where,  is the wavelength, B is full width at half maximum intensity in radian,  is 

Bragg angle. The crystallite size is decreases from 25 nm to 16 nm increasing Li + content x. 

The variation of the crystallite size with Li content is shown in Fig. 4. The specifi c surface 

area (S) was calculated from the diameter of the particle in nanometers and the measured 

density in gm/cm3 using the following relation.  

S =  

 where, D is the particle size and m is the bulk density. The variation is shown in Fig. 4. 

The specific surface area decreases with increasing Li+ content. The increase in S is due to 

the decrease in crystallite size.  
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Fig. 3 : Transmission electron microscopy image of x = 0.1  

 

Fig. 4 : Variation of Crystallite size (t) and surface area (S) with L i+ content x.  

 

 Magnetic Properties  

 In order to determine the magnetic behavior of the nono -crystalline Li3xMnFe2–xO4 

ferrite system, the magnetization measurements were carried out at room temperature. 

Magnetization curves were obtained by applying the magnetic field of 9 kOe and the plots are 

shown in fig. 7. It is seen from fig. 7 and table III that as the Li + content “x” increases the 

saturation magnetization (Ms) decreases.  
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 Table II. Band positions and bond lengths of    Li 3xMnFe2–xO4. 

 Comp. “x”  v1 (cm–1) v2 (cm–1) v3 (cm–1) RA RB 

 0.0 577 434 - 0.671 1.088 

 0.1 704 438 490 0.673 1.104 

 0.2 708 732 492 0.674 1.123 

 0.3 710 431 502 0.676 1.134 

 The decrease in Ms is due to the replacement of Fe3+ ions of higher magnetic moments 

of 5 B with Li+ ions having lower magnetic moment of 0 B. This decrease in magnetization 

of ferrite suggests the presence of  anti-phase boundaries. Thus, we conclude that the presence 

of Li+ metal cations must play significant role in suffering the saturation magnetization.  

 The values of saturation magnetization and coercivity (Hc) obtained from Fig. 7 are 

given in table III. It is clearly seen from table III that Hc increases as Li substitution 

increases. This increase in Hc is mainly influenced by the rapid increase of the effective 

anisotropy constant, which was related to the substitution of Fe 3+ by Li+ ions. The internal 

area of hysteresis loop represents the capability of magnetic energy storage of the material. 

The Ms is related to Hc through Brown’s relation.  

Hc =  

 According to Brown’s relation. Hc is inversely proportional to Ms, which is consistent 

with out experimental results (Table III). The magneton number was estimated by using the 

following relation. 

nB =  

 From the magnetization results presented above, the values of observed magneton 

number are given in table III. Table III shows that the magneton  number decreases as the Li+ 

content “x” increases. This decrease in magneton number confirms the reduction in the 

magnetization.  
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Table III. Saturation magnetization (Ms), Magneton number (h B) and Coercivity (Hc) of 

Li3xMnFe2–xO4. 

 Comp. “x”  Ms (emu/g)  Hc (Oe) 

 0.0 75.69 3.13 157 

 0.1 69.30 2.82 182 

 0.2 63.67 2.55 225 

 0.3 58.57 2.31 308 

 Variation of dielectric constants with temperature :  

 The variation of dielectric constant () and dielectric loss tangent (tan ) with 

temperature is taken at a constant frequency of 1 kHz. The measurement were carried out in 

the temperature range of 403–773 K. It is observed from fig. 8 that the dielectric constant 

increases with increase in temperature for all samples.  The dielectric constant of any material 

in general is due to the dipolar electronic, ionic and interfacial polarization, which is strongly 

temperature dependent. The interfacial polarization increase with increase in temperature,  

this may be due to the creation of crystal in temperature, this may be due to the creation of 

crystal in temperature, this may be due to the creation of crystal defects. Li + substituted 

MnFe2O4 temperature dependence variation of the dielectric constant is in very good 

agreement with other spinel ferrite, for which the die lectric constant increases with increasing 

temperature. The variation of the dielectric -loss tangent (tan ) with temperature is shown in 

fig. 9. It is observed from fig. 9 that the dielectric -loss tangent increases with increasing 

temperature. According to Rabkin and Novikova, the process of dielectric polarization in 

ferrite occurs through a mechanism similar to the conduction process.  
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 From the electronic exchange Fe3+ « Fe2+ and Mn2+ Mn3+, one obtains the local 

displacement of the electron in the di rection of the applied electrical field. This displacement 

determines the polarization of both types of charge carrier, n and p, which contributes to the 

polarization and depends on temperature. The temperature dependence of the dielectric 

constant and dielectric-loss tangent can be explained by the polarization effect.  As 

temperature increases, the electrical conductivity increases due to the thermal activity and 

mobility of the electrical charge carriers according to the hopping mechanism. Thus, the 

dielectric according to the hopping mechanism. Thus, the dielectric polarization increases, and 

consequently increases the dielectric constant and dielectric loss tangent. Further, it can be 

observed from figs. 8 and 9 that dielectric constant and dielectric lo ss tangent both increases 

in Li+ substitution. 

 

Fig. 9 : Variation of dielectric loss tangent with temperature.  

 As pointed out by Iwauchi, there is a strong correlation between the conduction 

mechanism and the dielectric behavior of ferrites. It is known  that dielectric properties are 

approximately inversely proportional to the square root of resistivity. Hudson has shown that 

the dielectric losses in ferrites are generally reflected in the resistivity measurement, 

materials with low resistivity exhibiting high dielectric losses and vice versa. Our dielectric 

and resistivity results on Li+ substituted MnFe2O4 are a confirmation of the ocrrelation 

between dielectric constant and resistivity proposed earlier by Rabinkin and Novikova.  

 

Conclusions  

 Ultrafine crystals of Li+ substituted MnFe2O4 ferrite are prepared at a relatively low 

temperature (600°C) via sol-gel auto combustion route. It was found that Li+ ions show their 

presence at higher level substitution resulting in superstructure peaks as evidence by XRD. 

Experimental results revealed that the lattice constant and cell volume increase with the 

increasing Li+ substitution. Particle size and bulk densi ty decreases whereas porosity and 

specific surface area increases with increase linearly from 75.69 to 58.57 emu/g with 

increasing Li+ content. This behavior is ascribed to the reason that the increasing 

concentration of nonmagnetic ions weakens the  inter-site exchange interaction. Infrared 

spectra confirm the transition to ordered lithium ferrite with Li + doped MnFe2O4. DC 

resistivity decreases with increase in Li+ content. The DC resistivity decreases as temperature 
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increases which indicate that the sample have semi-conducting nature. Verwey hoping 

mechanism explains the observed variation in resistivity. The temperature dependent results 

indicate that the values of dielectric constant () and loss tangent (tan ) increase with the 

increase in temperature. 
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