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Abstract: A series of MgxSrxMnxCo1-3xFe2O4 nanoferrites (with x =0, 0.1, 0.2, 0.3, 1/3) were 
synthesized by glycol-thermal technique. X-ray diffraction (XRD) patterns of the as-prepared 
samples show single-phase cubic spinel structure. The average crystallite sizes, lattice 
parameters, XRD densities and porosities were estimated from XRD data. The average 
crystallite sizes were found in range of 7.5 to 9 nm. Mössbauer spectroscopy measurements 
were performed in order to investigate the magnetic order of the materials and the distribution 
of Fe3+ ions in the tetrahedral and octahedral sites. Room temperature magnetic measurements 
of the series were studied using a vibrating sample magnetometer. The results show that the 
values of the coercive fields and saturation magnetizations which increase with increase in Co 
content from 15 Oe and 56.51 emu/g for x=0.3 to 114 Oe and 76.61 emu/g for x= 0.1 
respectively. Significant correlations between magnetizations and coercive fields are observed. 
A significant change in properties is observed for the MgxSrxMnxCo1-3xFe2O4 compound. These 
results are contrasted with low temperature measurements from 2 K to 300 K and magnetic 
fields to 5 Tesla. 
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1.  Introduction 
Nanoparticles have special magnetic and electrical properties that are significantly different from their 
corresponding bulk materials [1, 2]. Reduction in the scale of the bulk materials to less than 100 nm 
can produce materials that exhibit exceptional properties such as superparamagnetic relaxation 
phenomena and spin-canted structure due to surface effects [3]. Magnetic nanoparticles have been 
attracting considerable interest because of a variety of possible applications [4-5]. Therefore 
understanding the magnetic properties of nanoscale particles is a central issue in magnetic materials. 
Ferrites and related compounds have been found to be suitable for many applications such as making 
cores for audio frequency, high frequency transformers, coils, chokes, permanent magnets, magneto-
optical displays, microwave absorbers and guides in gas sensors [6-7]. Spinel nanoferrites are amongst 
materials with interesting optical, magnetic and electrical properties [8]. By changing the divalent 
elements in the tetrahedral sites of the spinel, the magnetic properties can be tuned. CoFe2O4 ferrite is 
known for its good magnetostriction properties, magneto-crystalline anisotropy and moderate 
saturation magnetization. These features make CoFe2O4 an interesting system study. Abdallah et al [9] 



reported enhanced magnetic properties of a sample Mn0.3Co0.7Fe2O4 by Mg and Sr substitutions. The 
results showed significant changes in the magnetic properties compared to the initial parent material. 
Jigajeni et al [10] have also reported that Mn0.2Mg0.3Co0.7Fe1.8O4 is a good candidate for 
magnetoelectric applications because of favorable values of resistivity, saturation magnetization and 
coercive field. We have therefore extended these studies by performing simultaneous substitutions of 
Co by Mg, Sr and Mn in CoFe2O4 for a series of samples with equal atomic proportions of substituting 
elements. The intention is to investigate any structural and magnetic changes due to the symmetry in 
the stoichiometry of the substituting elements. 

2.  Experimental details  
MgxSrxMnxCo1-3xFe2O4 (x = 0, 0.1, 0.2, 0.3, 0.33) nanoferrites were synthesized by the glycol-thermal 
method in a Watlow series model PARR 4843 stirred pressure reactor. The starting materials were 
high purity CoCl2.6H2O, Fe2Cl3.6H2O, MnCl2.4H2O, MgCl2.6H2O and SrCl2.6H2O. Full details of the 
synthesis method used in the present case have been reported elsewhere. The phase and structural 
characterization of the samples were obtained by a Phillips X-ray diffractometer (XRD) type PW1710 
using CoKα radiation. The average crystallite size was calculated from the most intense (311) XRD 
peak. The morphology of nanoparticle was investigated by high-resolution transmission electron 
microscopy (HRTEM) (type: Jeol_JEM-1010). The microstructures of samples were investigated by 
high-resolution scanning electron microscope (HRSEM). 57Fe Mössbauer spectra were obtained by a 
conventional spectrometer using a 57Co source sealed in Rh matrix and vibrated at constant 
acceleration. Magnetic measurements were performed at room temperature using a LakeShore model 
735 vibrating sample magnetometer (VSM). A mini cryogen free measurement system was used to 
perform low temperature magnetization measurements from 2 to 300 K. 

3.  Results and discussion 
Figure 1 shows the X-ray diffraction patterns of the as-prepared samples of MgxSrxMnxCo1-3xFe2O4 
series. The patterns indicate that single phase spinel structures were formed and no impurity peaks 
were observed. All the patterns are in match with the standard patterns of spinel ferrite. The average 
grain sizes were calculated using the Scherrer equation )cos/(9.0 D , where β is the full-width 
at half-maximum of the most intense (311) XRD peak [11]. 

 

Fig. 1. X-ray patterns for the as-prepared samples 
of MgxSrxMnxCo1-3xFe2O4 nanoparticle ferrites. 

The lattice parameter a, was calculated using 
Bragg’s law and equation 1/2222  )+l+ka=d(h  
where d is the inter-planar spacing [12]. The 
XRD densities ߩ௑ோ஽  were calculated using the 
formula 3

0 /8 aNM AXRD   where ܯ௢ is the 
molecular weight and ஺ܰ is the Avogadro’s 
number. The calculated lattice parameters a, 
crystallite sizes D, X-ray densities XRD , are 
presented in Table 1.The lattice parameter of the 
sample for x = 0 was found to be similar to a 
reported value [13]. However, there is no 
significant changes in the lattice parameters after 
substitution of Co except for the sample at x = 
0.33 which shows a relatively high lattice 
parameter value. The XRD density values are 
observed to decrease with decreasing Co content.  
 
 



The microstructure and the surface morphology were studied by means of HRTEM and HRSEM 
respectively. Figure 2 shows typical HRTEM micrographs showing uniform and nearly spherical 
nanoparticles with some agglomeration. Agglomeration can enhance the magnetic interaction between 
the nanoparticles [14]. The boundaries between the crystallites can also be clearly observed. The 
values of the crystallite sizes estimated from the images are also given in table 1 and appear to be 
consistent with the estimates from the XRD data. Figure 3 shows the HRSEM surface morphology of 
the as-prepared MgxSrxMnxCo1-3xFe2O4 which also support the observation from HRTEM.  
Figure 4 shows room-temperature Mössbauer spectra for the as-prepared MgxSrxMnxCo1-3xFe2O4 
samples at 300 K. Two sextets were used to fit the Mössbauer data and an additional one was required 
for the sample at x = 0.1 in order to obtain a better fit to the data. This additional sextet is attributed to 
the presence of Fe3+ in the grain boundaries [15].  

Table 1: The lattice parameters (a), crystallite sizes (D), X-ray densities )( XRD of the series 
MgxSrxMnxCo1-3xFe2O4. 

x a (Å) 
±0.003 

DXRD (nm) 
±0.01 

DHRTEM (nm) 
±1.69 

XRD  (g/cm3) 
0.001 

0.0 8.380 8.27 8.55 5.30 
0.1 8.387 7.91 8.33 5.26 
0.2 8.387 8.34 8.66 5.24 
0.3 8.379 7.28 7.42 5.23 
0.33 8.395 7.20 7.83 5.18 

 

   

Figure 2. HRTEM images for the as-prepared MgxSrxMnxCo1-3xFe2O4samples. 

 

   

Figure 3. HRSEM micrographs for the as-prepared MgxSrxMnxCo1-3xFe2O4 samples. 



The results of the hyperfine parameters are presented in table 2. Larger values of hyperfine fields are 
assigned to the B-sites [9, 16]. A decrease in hyperfine fields is observed which is associated with the 
reduction of Co content in the samples for 1.0x . The isomer shift values are associated with Fe3+ 
ions [17] and show no significant changes with composition. 
Figure 5 shows the hysteresis loops of the as-prepared MgxSrxMnxCo1-3xFe2O4 measured at an applied 
field of about 14 kOe at 300 K. Slightly substituting Co by Mg, Sr and Mn atoms significantly 
increases the value of the magnetization from 32.79 emu/g to 76.61 emu/g for x=0.1. There after the 
magnetization decreases with increasing x to 32.87 emu/g when x = 0.33. However, more reliable 
trends in coercive fields and magnetization need to be deduced for 14H kOe. Room temperature 
magnetic properties can be understood in term of cations distribution [8] based on superexchange 
interaction between A and B sites. The increases in the saturation magnetization can be attributed to 
the magnetic moments of 5 B  Mg or Mn with the addition of Mn favoring more negative exchange 
interactions. The result show the coercivity decreases proportionally with the increase in x reflecting 
the decline in the Co atoms which are associated with high uniaxial anisotropy [18]. Table 3 also 
shows magnetic parameters deduced from magnetization measurements at room temperature. The 
magnetic moments can be deduced from saturation magnetizations [19]. 

 

 

Figure 5. Room temperature hysteresis loop of 
MgxSrxMnxCo1-3xFe2O4 as-prepared. The inset shows 
magnified view of M – H curves. 

Figure 4. Mössbauer spectra for the as-
prepared MgxSrxMnxCo1-3xFe2O4 samples at 
300 K. 

Table 2. Isomer shifts (δ), hyperfine magnetic fields (H), line widths (Γ) and Fe3+ fraction population 
(f) on A- and B- sites for the as-obtained MgxSrxMnxCo1-3xFe2O4 samples. 

x δ (mm/s) H (kOe) Γ (mm/s) f (%) 
δA 

±0.03 
δB 

±0.04 
HA 
±9 

HB 
±4 

H3rd 
±7 

ΓA 
±0.09 

ΓB 
±0.08 

fA 
±3 

fB 
±7 

0 0.31 0.31 453 485 - 0.32 0.24 50 50 
0.1 0.30 0.34 473 493 439 0.26 0.21 41 24 
0.2 0.31 0.31 442 480 - 0.42 0.17 49 51 
0.3 0.32 0.32 419 467 - 0.55 0.21 70 30 

0.33 0.38 0.34 161 409 - 0.94 1.35 47 53 



The values of MR/MS indicate the hysteresis loop squareness [15], which can be a guide to how the 
nanoparticles could be used in different applications. It is also observed that the highest squareness 
value is observed when x = 0.2.  
Low temperature magnetic measurements at a maximum applied field of 50 kOe were performed 
which can provide more reliable trends in the current series of compounds. M - H curves in figure 6 
reveal some distortion of the hysteresis loops at 2 K for the samples at x = 0.1 and x = 0.2. We suggest 
this distortion to be due to the decoupling between the hard and soft magnetic phases. Upadhyay et al 
[20] have explained similar hysteresis loop behavior in terms of freezing of disordered spins. No 
distortions of the loops are observed for the samples at x = 0, 0.3, 0.33. The magnetization does not 
saturate even in fields of 50 kOe. Figure 7 shows the variation of the coercivity and the magnetization 
with the temperature. Both parameters are sensitive to temperature change and the effect of spin 
freezing [9]. Significant increases in coercive fields with temperature are observed for samples with x 
= 0.1, 0.2 and 0.3. The highest coercive field is obtained for x = 0.1 and the least for x = 0.3. The 
samples corresponding to x = 0 and 0.33 do not show significant changes in coercive fields at low 
temperatures. 
 

Table 3. Magnetic parameters of MgxSrxMnxCo1-3xFe2O4 measured at 300 K. 
x Hc (Oe) MS 

(emu/g) 
MR 

(emu/g) 
MR/MS 

Bn  ( B ) 

0.0 198.15 32.79 2.59 0.078 2.37 
0.1 114.92 76.61 6.14 0.077 3.18 
0.2 105.61 70.56 5.73 0.081 2.94 
0.3 15.34 56.51 0.97 0.017 2.34 

0.33 5.89 32.87 0.24 0.007 1.36 

 

 

Figure 6. H – M loops for MgxSrxMnxCo1-3xFe2O4 
as-prepared measured at 2 K. 

 
 

Figure 7. Variations of coercivity and saturation 
magnetization as function of measuring 
temperature for the as-prepared samples of 
MgxSrxMnxCo1-3xFe2O4. 



4.  Conclusions 
MgxSrxMnxCo1-3xFe2O4 series have been successfully synthesized using glycol-thermal technique. 
XRD patterns indicated the formation of single phase spinel crystallites which are nearly spherical in 
shaped with sizes from about 7.5 to 8.5 nm. Hence simultaneous substitution of Co by Mg, Mn and Sr 
was achieved. Low temperature measurements show interesting trends in the magnetization and 
coercive fields. The samples with the highest and least Co content (x =0 and x = 0.33) show the least 
sensitivity to changes in coercive fields and magnetization at low temperatures. Significant 
enhancement of the coercive fields are obtained for 3.01.0  x . 
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