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ABSTRACT 

Spinel type polycrystalline Ni0.6-xZn0.4SrxFe2O4 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) ferrites are synthesized by 

solid state reaction method. X-ray diffraction (XRD) pattern reveals the formation of spinel structure with two 

secondary phases Sr2FeO4 and SrFe12O19 for higher concentration of Sr (0.15 and 0.20). An increase in lattice 
constant is observed with the increase of Sr content in the lattice. The density of the samples is found to 

decrease whereas porosity increases with the substitution of Sr2+  ions. Microstructural investigation shows that 

the grain size increases with the increase of Sr content. Magnetic hysteresis is investigated at room temperature. 
All the samples exhibit lower coercivity values indicating that the materials belong to the class of soft ferrites. 

The saturation magnetization is found to decrease with Sr content which is attributed to Néel’s two sub-lattice 

model of ferrites. The real permeability of the samples remains almost constant up to a certain frequency and 

then falls rapidly. Improved dielectric constant is observed in the Sr2+ substituted samples. The electrical 

conduction in these ferrites is explained on the basis of hopping mechanism between the Fe2+ and Fe3+ ions. 

Keywords: X-ray diffraction, initial permeability, saturation magnetization, dielectric constant. 

 

1. INTRODUCTION 

Ferrites are magnetic ceramics usually composed of oxides of iron and other metals having 

structure of mineral spinel. Among the magnetic ceramics, magnetic oxides are most important 

and rather the only relevant materials from the point of view of their applications. The soft ferrites 

have spinel type crystal structure. Spinel ferrites of different compositions have been studied and 

used for a long time to get useful products [1, 2]. The magnetic properties of ferrite depend on 

cation distribution on different lattice sites, preparation condition [3], sintering temperature, 

sintering time, and heating and cooling rate. Solid state reaction method is one of the methods for 

synthesizing ferrites. In this method the sintering temperature is high. So it is responsible for the 

change in magnetization and resistivity of material. From the applications point of view, Ni-Zn 

ferrites represent the most important type. Different Ni-Zn ferrites are widely used in many power 

electronics and magnetic devices due to their magnetic permeability and low magnetic losses [4, 5] 

and also used in electrode materials for high temperature applications because of their high 

thermodynamic stability, electrical resistivity, electrolytic activity and resistance to corrosion. 

Substituted Ni-Zn ferrites are widely used in surface mounting system such as multilayer chip 

inductor (MLCI) for their high permeability in the radio frequency range, low sintering 

temperature and relative significant resistivity. Many researchers studied on Ni-Zn ferrites and 

substituted Ni-Zn ferrite in order to obtain ferrite materials having favourable magnetic and 
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electrical properties with low losses especially at high frequencies [6, 7]. Gabal et al. [8] 

investigated a series of Cr-substituted Ni–Zn ferrites prepared via oxalate decomposition route to 

characterize the effect of Cr-substitution on structural, magnetic and electrical properties. It was 

found that x-ray densities exhibit a slight change with increasing the substitution content. The 

saturation magnetization, Néel temperature were found to decrease, whereas coercivity increased 

with increasing Cr content. Zinc doped nickel ferrite prepared by sol–gel method and its magnetic 

and electric properties were investigated by Atif et al. [9]. Slight increase in lattice parameter with 

increasing zinc content was reported. They also reported that the magnetization initially increased 

by varying zinc contents up to certain amount and afterwards it began to decrease with further 

increase in zinc content. It had been seen that the dielectric constant decreased with increasing 

frequency. Hossain et al.[10] investigated the structural and magnetic properties of various Ni 

substitutedZn1-xNixFe2O4 synthesized by solid state reaction technique. It was observed that the 

mixed Zn-Ni ferrites for small Ni concentration were not saturated at 10 K in the presence of 5T 

field. In Ni–Zn–Mn and Ni–Zn–Co systems, the effect of Mn or Co substitution on the resistivity 

and dielectric properties have been investigated by Ramesh et al. [11]. The resistivity for the Ni–

Zn–Mn system has been found to increase initially with the Mn concentration and then it 

decreased continuously though marginally at higher concentrations. Whereas for the Ni–Zn–Co 

system, the variation of resistivity is minimal at lower concentrations of Co and vary significantly 

with increasing Co concentration as reported by Ramesh et al. [11]. Ali et al. [12] have 

investigated the structural, morphological and electrical properties of Sn-substituted Ni-Zn ferrites 

synthesized by double sintering technique. An extra intermediate phase has been detected along 

with the cubic spinel phase of Ni-Zn ferrite. The effect of Sn substitution on the lattice constant 

didn’t follow the Vegard’s law [13]. It was observed that the resistivity decreases exponentially 

with increasing temperature indicating semiconducting behaviour of the prepared ferrites. 

Substitution of Sn in Ni-Zn ferrite can change the grain size which in turn can enhance the initial 

permeability of the material suitable for power applications. On the other hand, Sn in Ni-Zn ferrite 

can reduce the resistivity with temperature which can make it suitable as a semiconductor material 

for electronic applications. In this present article Sr substituted Ni-Zn ferrite is synthesized and 

some magnetoelectric properties such as saturation magnetization, remanant magnetization, 

coercive field, permeability, resistivity and dielectric constant of the samples are discussed.  

2. EXPERIMENTAL TECHNIQUES 

2.1 Synthesis 

Ni-Zn-Sr mixed ferrite with composition Ni0.6-xZn0.4SrxFe2O4 (where x = 0.0, 0.05, 0.10, 0.15 and 

0.20) are prepared by standard solid state reaction method. Required stoichiometric amounts of 

Ni2O3 (99.99%), SrCO3 (99.9%), ZnO (99.9%), Fe2O3 (99.9%) are mixed mechanically by milling 

to decrease the particle size of the powders to the micron range for the preparation of Ni-Zn-Sr 

ferrites. For this preparation, mortar and pestle are used for milling operation and each sample was 

milled for 6 hrs. The resulting powder is calcined at 800°C for 4 hours and grounded into fine 

powder by milling for 2 hours again. Grounded powder is then used in X-ray diffractometer for 

XRD for phase identification and Vibrating Sample Magnetometer (VSM) for magnetic properties 

measurement. For the investigation of surface morphology, dielectric and magnetic properties the 

powders are then pressed into disc and toroid shaped samples at a pressure of 2 tons/cm
2
. These 

discs and toroids are sintered at 1250 °C for 3 hours for characterization. 
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2.2 Measurements Technique 

The X-ray diffraction (XRD) provides substantial information on the crystal structure. In order to 

study crystalline phases of the samples PHILIPS PW 3040 X’pert PRO X-ray diffractometer with 

Cu-K  radiation is used at room temperature with a range of 2θ from 20 to 70°. Lattice parameter 

(a0), theoretical density (ρth), bulk density (ρB) and porosity (P) are calculated for all the samples 

using the following Eqs. (1)-(5). 
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Where h, k and l represents the crystal plane's Miller indices, NA denotes the number of Avogadro, 

M means molecular weight, a0 is the lattice constant of spinel structure, m is the mass, r indicates 

radius and t signifies the pellet or ring thickness.
  

The grain structures of the sample are visualized under a high resolution Scanning Electron 

Microscope (SEM). Measurement of the magnetic hysteresis loop and the magnetic properties of 

the materials are performed using a Vibrating Sample Magnetometer (VSM) (Model no.: Micro 

Sense EV 9) within a range of 10 kOe (1 Tesla). For dielectric tests, etched, well-polished pellets 

are used. For good electrical contact, silver paste has been used on both sides of the samples. 

Wayne Kerr Impedance Analyzer is used to carry dielectric measurements at room temperature in 

the frequency range 20 Hz to 100 MHz. The variation of dielectric properties (dielectric constant, 

dielectric loss) and magnetic properties (magnetic loss, relative quality factor, resistivity) for all 

the samples are measured and calculated using the following Eqs. (6)-(9). 

Dielectric constant,                      

0C

C
  (6) 

Dielectric loss,                             








tan  (7) 

RQF,                                            




tan
RQF  (8)  
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Resistivity,                                   
l

RA
  (9)                                                          

 where, C is the capacitance of the samples and C0is the capacitance of the capacitor without the 

dielectric materials and
l

A
C 0

0


 , 0 is the permittivity of the free space and A = 𝜋r

2 
is the area 

of the cross section of the pellet shaped sample, R is the resistance of the sample, l is the thickness 

of the pellets and A is the surface area.  

The measurement of complex permeability of the ring shaped samples are measured at room 

temperature in the frequency range from 100 Hz to 100 MHz using the following formulas,                                          

Real part,                                  𝜇𝑖′ = 
0L

Ls
 (10) 

Imaginary part,                          𝜇𝑖′′= 𝜇𝑖′𝑡𝑎𝑛      (11) 

Where, LS is the inductance of the sample and 
mdSNL  /2

00   is the inductance of the 

winding coil without the sample that is derived from geometry of the samples, N represents the 

number of turns of the coil (N = 5), S indicates the cross sectional area of the ring shaped samples 

as given below, 

                        hdS           (12) 

and 

                       
2

12 dd
d


        (13) 

Where, d1is the inner diameter and d2 is the outer diameter, h represents the height of the ring. 

Again, d indicates the mean diameter of the toroidal sample and can be written as, 

                        
2
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Then Eq.(10) can be written as  

                           𝜇𝑖′ =

h
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The relative quality factor (RQF) is determined from the ratio
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3. RESULTS AND DISCUSSION 

3.1 XRD analysis 

The XRD patterns of Ni0.6-xZn0.4SrxFe2O4 for x = 0.0, 0.05, 0.10, 0.15 and 0.20 ferrites are recorded 

at room temperature by X-ray diffraction technique using CuKradiation (λ = 1.54060 Å). From 

the analysis of (hkl) values of each peak as shown in figure 1, it is shown that the sample has cubic 

spinel structure. The peaks (222), (311), (222), (400), (422), (511) and (440) correspond to spinel 

phase. Two secondary phases are present in the XRD patterns for higher concentration of Sr (0.15 

and 0.20). We can see that there are Sr2FeO4 and SrFe12O19 impurity phases for x = 0.15 and x = 

0.20 [14 -16]. The * sign indicates SrFe12O19 impurity phase and • sign indicates Sr2FeO4 impurity 

phase. The Sr related secondary phases increased with the dopant concentration. At higher 

concentration excess Sr
2+

 (1.27 Å) cannot get into the crystal lattice due to larger ionic radius than 

Ni
2+

 (0.69 Å) and accumulates at the grain boundaries as secondary phases [17].  

 

Fig. 1. XRD patterns of Ni0.6-xZn0.4SrxFe2O4 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) ferrites. 

 

Fig. 2. Variation of lattice constant as a function of Sr content. 
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Using the XRD data, the lattice constant is calculated. The accurate values of lattice constants (a) 

for individual sample are calculated by the Nelson-Riley extrapolation method [18]. The variation 

of lattice constant as a function of Sr
2+ 

content has been shown in figure 2. The inset shows the 

relation between  ( ) and lattice constant of the ferrite sample. The lattice constant (a) is found to 

increase with the increase of Sr
2+ 

ion concentration. There exist a correlation between the ionic 

radius and the lattice constant, the increase of lattice constant is proportional to the increase of 

ionic radius. The lattice constant presented does not follow the Vegard’s law. From figure 2 we see 

that the lattice constant first increases then remains constant from x = 0.05 to x = 0.15 and again 

increases. The ionic radius of Sr
2+

 (1.27 Å) is larger than that of Ni
2+

 (0.69 Å) ions which results in 

an increase of lattice constant with Sr substitution. However, the excess Sr
2+

 ions can't get into the 

crystal lattice and results in the formation of Sr2FeO4 and SrFe12O19 impurity phases. It is reported 

that the value of lattice constant varies from 8.36 to 8.40 Å.  

Density is an important measurement for the determination of the electrical and magnetic 

properties of polycrystalline ferrite sample. The bulk density is measured by using mass-volume 

ratio and theoretical or X-ray density is measured by using the lattice constants listed in table 1. 

From figure 3 (a) it is seen that the X-ray density increases with increasing Sr content. This is 

because the molecular weight of Sr (87.62 g/mol) is larger than the molecular weight of Ni (58.69 

g/mol). A significant decrease in the bulk density is observed with the substitution of Sr
2+

 content. 

This can be attributed to the fact that excess Sr substitution results in the Sr
2+

 ion separation from 

the spinel structure and formation of Sr2FeO4 and SrFe12O19 phases which diffuse into the 

crystallite boundaries and hinder the crystal growth. Moreover, the decrease in the bulk density 

with Sr content can also be explained by the presence of pores in these samples. From the figures 3 

(a) and (b) it has been seen that, the x-ray density is higher than the bulk density which means that 

when the samples are sintered, they might contain cracks and pores on the microscopic scale and 

vacancies in the lattice on the atomic scale [19]. The bulk density may have these defects but the 

X-ray density is precisely measured from lattice constant, volume of the unit cell is free from these 

defects.  

 

 

 Fig. 3. (a) Density as a function of Sr content. (b) Porosity as a function ofSr content. 
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Table 1: The lattice parameter, bulk density, X-ray density and porosity of Ni0.6-xZn0.4SrxFe2O4  

(x = 0.0, 0.05, 0.10, 0.15 and 0.20) ferrites. 

Sr content, x Lattice parameter (Å) Bulk density ρB (g/cm3) X-ray density ρx 

(g/cm3) 

Porosity, P 

(%) 

0.0 8.36 4.29 5.38 20.41 

0.05 8.38 4.29 5.38 20.26 

0.10 8.38 4.29 5.42 20.83 

0.15 8.38 4.17 5.44 23.34 

0.20 8.40 4.14 5.44 23.43 

 

The total porosity of the sample is the combination of the inter-granular and intra-granular porosity 

[20]. Thus the total porosity is 

P= Pinter + Pintra 

The pores are left behind the rapidly moving grain boundaries and are trapped within the grains 

only when the grain growth rate is very high. The intra-granular porosity leading to the poor 

magnetic and mechanical properties is practically impossible to eliminate [21]. This might occur at 

high sintering temperature, prolonged sintering time and at low partial pressure of oxygen in the 

sintering atmosphere. At higher sintering temperature, the density is decreased because intra-

granular porosity increases arises from discontinuous grain growth [22]. It is clearly observed that 

the porosity of the sample behaves exactly opposite to the bulk density as shown in figure 3(b). 

Moreover, the contribution of the residual stress decreases the grain size and increases the 

porosity. The lattice parameter, density and porosity of the sample compositions are tabulated in 

table 1. 

 

3.2 Scanning electron microscopic analysis 

The microstructure significantly influences the magnetic and electrical properties of ferrites. Grain 

size is more important parameter in case of measuring the magnetic properties such as 

permeability. Grain growth largely depends on the grain boundary movement. Grain growth, the 

consequence of inter-particle mass transport, happens to be governed by the grain boundary 

diffusion and bimodal diffusion mechanism of lattice [23, 24]. 

Figure 4 shows the SEM images of various Ni0.6-xZn0.4SrxFe2O4 compositions with 5000X 

magnification. The samples having different compositions sintered at 1250 °C are visualized under 

a high resolution SEM and then photographed.  It has been observed from the micrographs that the 

samples possess fine crystalline structure. The grain size of the samples is measured by using 

Image J software. Grain sizes vary from 5.09 to 8.74 µm. 

The grain size increases up to x = 0.15 and then decreases for x = 0.20. It is seen that the grains are 

exaggerated and size is undetermined for x = 0.05 but it is expected that for this sample the grain 

size is increased as the lattice parameter for x = 0.05 is increased. The increase in grain size might 

be due to the fact that the substituted SrCO3 promoted the grain growth. On the other hand, the 

decrease in grain size might be due to the fact that the Sr
2+

 resides at the grain boundary, hinders 

the grain growth and exerts a pressure on the unit cell. To compensate the pressure exerted by the 
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Fig. 4 Scanning electron Microscope images of Ni0.6-xZn0.4SrxFe2O4 a) x = 0.0  b) x = 0.05,   

c) x = 0.10,  d) x = 0.15 and e) x = 0.20. 

a) b 

c d 

e 
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grain boundary, shrinkage of the lattice occurs for higher Sr concentration and grain size 

decreased. Grain growth and grain boundary mobility are very closely related to each other. 

During the grain growth there is a competition between the driving force for grain boundary 

movement and retarding force exerted by the pores [8]. The smaller the grain size, the more the 

pores are at the grain boundary. Decrease in grain size also might be due to the reduction of 

oxygen vacancies [25]. The grain size reflects the presence of lesser grain boundary area. The 

pores are left behind the rapidly moving grain boundaries and are trapped within the grains only 

when the grain growth rate is very high. The intra-granular porosity which accounts for the poor 

mechanical properties is practically impossible to eliminate. 

3.3 Magnetic Characterization of Ni0.6-xZn0.4 SrxFe2O4 

3.3.1 Study of M-H loops 

Figure 5 depicts that all the samples exhibit ferromagnetic behaviour measured at room 

temperature. The inset is the magnetization at low fields. The room temperature magnetization 

curves show that hysteresis loops of the samples do not show any noticeable hysteresis effect. All 

samples exhibit low coercivity indicating that all the samples belong to the family of soft magnetic 

ferrite where saturation magnetization decreases with increase in Sr
2+

 concentration.  

 

 

Fig. 5 M-H loop ofNi0.6-xZn0.4SrxFe2O4 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) ferrites at room temperature. 

According to Néel's two sub lattice model of ferrimagnetism [26], the saturation magnetization is 

given by 

MS = MB - MA ; 

where MB and MA are the octahedral and tetrahedral sub-lattice magnetization, respectively. It is 

reported that Sr
2+

 strongly prefers the occupation of octahedral B-sites and Fe ion partially occupy 
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A and B sites. When Sr
2+ 

ions are introduced at the expense of Ni ions, some irons migrate from B 

to A sites. As a result, a decrease of magnetization of B sub-lattice takes place leading to decrease 

of the magnetization of the samples. So, the cations distribution can be written as follows: 

(Zn0.4Fe0.6) [Ni0.6-xSrxFe1.4]O4 

                                                            (A site)         (B site) 

3.3.2 Study of Saturation Magnetization, Coercivity and Anisotropy Energy 

From M-H loops of the ferrite samples as shown in figure 5, saturation magnetization (Ms), 

coercive field (Hc), remanent magnetization (Mr) and anisotropy constant (K) are estimated and 

tabulated in table 2. It is observed that both Ms and Mr decrease with increase in Sr
2+

 content as 

shown in figures 6 (a) and (b). Sr
2+

 has strong preference in B-sites and Fe ion partially occupy A 

and B sites. When Sr
2+ 

ions are incorporate for Ni ions, some Fe migrate from B to A sites. As a 

result, a decrease of magnetization of B sub-lattices leads to decrease in Ms of the samples. Ms and 

Hc depend on the defects, strain, non-magnetic atoms in the materials [27]. Hc increases with the 

increase of Sr
2+

 ion concentration as shown in figure 7(a). The increase in Hc depends on magneto 

crystalline stress, impurities concentration and the decrease of Ms. Increase in coercivity may be 

due to the sufficient defects or porosity in the sample.  The Sr
2+

 ion having larger ionic radius 

enters the crystal lattice may introduce the inter stress, the formation of Sr2FeO4 and SrFe12O19 

impurity phases could increase impurity concentration. It is observed from the table 2 that there is 

an inverse relationship between Ms and Hc. 

Anisotropy energy has been calculated using the equation: 

 2/)( cs HMK 
   

From the figure 7(b), it is observed that the anisotropy constant shows a decreasing trend with the 

increase of Sr content except for x = 0.10. K is increased for x = 0.10 which shows the 

inhomogeneity of the sample and the sample required more energy to align the dipoles from easy 

direction to hard direction. 

 

Fig. 6 (a) Saturation magnetization (Ms) and (b) Remanent magnetization (Mr) as a function of Sr content in 

Ni0.6-xZn0.4SrxFe2O4 ferrites. 
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Fig. 7 (a) Coercive field (HC) and (b) anisotropy constant (K) as a function of Sr content in Ni0.6-

xZn0.4SrxFe2O4 ferrites. 

Table 2: Calculation of Saturation magnetization, Coercivity and Anisotropy constant 

Sr Content 

x (mole) 

Saturation 

magnetization Ms 

(emu/g) 

Coercivity 

Hc (Oe) 

Anisotropy 

constant 

K (erg/cm3) 

Remanent 

magnetization Mr 

(emu/g) 

0.0 89.36 18.16 811.48 3.23 

0.05 82.38 15.70 646.72 2.41 

0.10 68.94 20.48 705.78 2.95 

0.15 59.93 19.42 582.04 2.29 

0.20 41.58 25.14 522.5 1.68 

3.3.3 Frequency dependence of real part of initial permeability, magnetic loss and relative 

quality factor 

Frequency dependence of initial permeability
/

i has been measured at room temperature from 100 

Hz to 120 MHz for all the samples of the series Ni0.6-xZn0.4SrxFe2O4 (x = 0.0, 0.05, 0.10, 0.15 and 

0.20) . From the figure 8, it is observed that with the increasing frequency, the real part of initial 

permeability remains constant up to a certain frequency level and after that falls rapidly. 

A large amount of Ni
2+

 ions occupy octahedral sub-lattice in Ni0.6-xZn0.4SrxFe2O4 ferrites. So, 

theSr
2+

 ion leads the Ni
2+

ions to enter into the tetrahedral sub-lattice. Thus the doped sample will 

show the antiferromagnetic character and the dramatic decrease of initial permeability with the 

increase of Sr
2+ 

may be due to this antiferromagnetic behaviour of the samples as in figure 8. It is 

seen that, is high for the sample with x = 0.05. The increase in permeability might be due to 

increase in grain size. The grain size effect dominates over the decrease in with the decrease in 

density for x = 0.05. For other samples the decrease in with decrease in ρB dominates over the 

increase in due to grain size. There are two mechanisms which could resolve initial 

permeability such as the domain wall displacement and the spin rotation in the domains i.e. 

total   domain  spin.  
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Fig. 8 Real part of initial permeability ( ) as a function of frequency. 

The contribution from spin rotation was found smaller than the other and this is because of 

reversible motion of the domain walls in the weak magnetic field [28]. Domain wall is influenced 

by the sintering temperature and grain size. It was reported by Ross et al. [29] and Perduijin et al. 

[30], when grain size increases in the ferrite, the permeability increases and vice versa. The 

domain wall motion decreases with the decrease of grain size because the smaller grain contain 

lesser number of domain walls and the easy reversal of the domain walls gives initial permeability 

in the direction of applied magnetic field. The smaller the domain walls, the lesser is the initial 

permeability. The real part of initial permeability provides a precise description of the stored 

energy by expressing magnetic induction B in phase with the alternating magnetic field H. The 

variation of can also be explained by the porosity of the samples [31]. The substituted samples 

are much porous than the un-substituted samples. It means that porosity increases for the 

increasing amount of doping content. As pores act as an impediment to the domain wall motion 

and induce local demagnetizing fields which results in the reduction of with the increase of Sr
2+

 

ion concentration [32, 33]. 

The frequency dependence magnetic loss tangent (tanδ) of the composition  

Ni0.6-xZn0.4SrxFe2O4 sintered at 1250 °C at room temperature over the range 100 Hz –100 MHz has 

been illustrated in figure 9. With increase of frequency, tanδ decreases to a certain value of 

frequency and then it remain constant to higher value of frequency. This phenomenon can be 

explained by ferrimagnetic resonance [34]. The reason behind the decrease of tanδ with increasing 

frequency is that, beyond certain frequency of electric field, the domain wall motion cannot follow 

the external electric field i.e., the domain wall motion is inhibited and the magnetization is forced 

to change by rotation [35]. It is observed that the value of tanδ increases significantly with Sr 

content. Low value of magnetic loss is the main requirement for the high frequency magnetic 

application. The damping phenomenon along with the irreversible wall displacement and magnetic 

rotation can give the correct explanation about the contribution to the magnetic losses in ferrites. 

The loss factors are observed to have a very small value at high frequency, which is one of the 

criteria of the materials to be used in microwave devices [36]. 

/

i

/
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Fig. 9 Magnetic loss tangent (tanδ) as a function of frequency. 

 

The frequency dependence relative quality factor (RQF) of the composition Ni0.6-xZn0.4SrxFe2O4 

over the range 100 Hz –100 MHz is illustrated in figure 10. RQF is often used as a measure of 

performance for inductors used in filter applications. 

 

 
Fig. 10 Relative Quality Factor (RQF) as a function of frequency. 

 

It is observed that RQF increases with the frequency increase and after a certain frequency it 

slightly decreases with increase of frequency. In fact RQF have the maximum value at that 

frequency level where the magnetic loss tangent has the minimum value. The lag of the domain 

wall motion with respect to the applied magnetic field is responsible for the loss and it is attributed 
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to the various domain defects [37], including non-uniform, non-repetitive domain wall motion, 

wall bowing, localized variation of flux density and nucleation and annihilation of domain walls. 

This occurs due to the ferrimagnetic resonance within the domains at a frequency where the 

permeability starts to drop within the frequency [38]. RQF first rises slowly and then increases 

quite abruptly making a peak at a certain frequency (called resonance frequency). Improvement of 

RQF could be attributed to the Sr addition and this addition is expected to decrease the saturation 

magnetization.  

3.4 Electrical Characterization of Ni0.6-xZn0.4SrxFe2O4 

3.4.1 Frequency dependence of resistivity   

Resistivity which is an important electrical property is an intrinsic property of magnetic material. 

The resistivity of Ni0.6-xZn0.4SrxFe2O4 sintered at 1250 °C, are calculated and plotted against 

frequency from 20 Hz to 100 MHz as shown in figure 11. It is observed that, ac resistivity 

decreases with increase in Sr content as the dielectric constant increases with Sr content which 

means the substituted samples have high conductivity. It is also found that ac resistivity decreases 

with increase in frequency showing significant dispersion, which is the normal behaviour of 

ferrite. It is clearly observed that this dispersion is more at the low frequency side which might be 

due to the difference in the concentration of Fe
3+

/Fe
2+

 and other ions in the different samples [39]. 

 

Fig. 11 Resistivity as a function of frequency. 

 

The exchange interaction of Fe
3+

/Fe
2+

 in ferrites is a dominating process of conduction mechanism 

in which electron exchange displacement produces in the direction of applied field. In ferrites, the 

conduction mechanism can be explained on the basis of hopping of charge carriers between Fe
3+

 

and Fe
2+

 ions on B-site [40]. The hopping of the charge carriers is developed with the increase of 

frequency of the applied field, which results in an increase in the conduction process thereby 

decreasing the resistivity. At high frequency, negligibly small values of AC resistivity is obtained 

and remains constant as the hopping frequency no longer follows the external applied field and 

lags behind it [41]. 
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3.4.2 Frequency dependence of real part of dielectric constant 

The variation of real part of dielectric constant () at room temperature with frequency range of 

20 Hz to 100 MHz is shown in figure 12. From the plots it can be seen that decreases rapidly 

with increase in frequency thereby showing dispersion in the lower frequency region and become 

constant at higher frequency, which is normal. At low frequencies polarizations contribute to the 

dielectric constant. But as the frequency increases beyond a certain limit, remains almost 

constant because electric dipoles are not able to align themselves with the fast variation of the 

applied electric field and accordingly the friction between the dipoles will increase. Due to these 

friction dipoles dissipate energy in the form of heat and contribution from different polarizations 

ceases and there is a decrease in the Only electronic polarization has a significant contribution 

to the dielectric constant at higher frequencies. The dielectric behaviour of the ferrite sample may 

be explained on the basis of dielectric polarization process which is similar to that of the 

conduction mechanism which takes place mainly by the hopping of the electrons. The observed 

dispersion at lower frequencies can be elucidated by using Maxwell-Wagner interfacial 

polarization which plays vital role in such heterogeneous system [42-45]. When Sr
2+

 ions are 

added the creation of Fe
2+

 give rise to electron hopping between Fe in +2 and +3 valance states. 

 

 

Fig. 12 Real part of dielectric constant as a function of frequency. 

The higher values of the dielectric constant () observed at lower frequencies are due to the 

presence of heterogeneity in the composition. Heterogeneities in the samples give rise to space 

charge polarization and contribute towards the high values of dielectric constant. As Sr content 

increases, amount of space charge also increases and consequently gives a higher value of 

dielectric constant.  

Figure 13 represents the variation of the imaginary part of dielectric constant ( of the 

compositions with frequency sintered at 1250C in the frequency range 20 Hz to 100 MHz. It is 

observed that the imaginary part ( decreases very fast at lower frequencies with increasing Sr 



16      S. C. MAZUMDAR, A. T. TRINA, F. ALAM, M. J. MIAH
 
AND M. N. I. KHAN

 

 

content which represents the presence of interfacial polarization in these compositions. The 

imaginary dielectric constant decreases rapidly below the resonance frequency for all samples. 

 

Fig. 13 Imaginary part of dielectric constant as a function of frequency. 

 

Fig. 14 Dielectric loss as a function of frequency. 

Dielectric loss represents the energy dissipation in a dielectric material. It develops on account of 

lagging of polarization from ac applied field and depends on the grain boundaries, impurities and 

imperfections in the materials’ crystal lattice [46, 47]. 

The variation of dielectric loss with frequency of the composition Ni0.6-xZn0.4SrxFe2O4 is shown in 

figure 14 sintered at 1250°C in the frequency range 20 Hz to 100MHz. Loss tangent is 

proportional to the loss of energy from the applied field in the ferrite (in fact this energy is 

dissipated in the form of heat) and therefore denoted as dielectric loss. At higher frequencies (1 

kHz – 1 MHz), losses are found to be lower with the increase of Sr content. At very high 
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frequency (>10 MHz) the samples exhibit a loss peak. At low frequency, space charge polarization 

and electric conductivity contribute to the dielectric loss. At higher frequencies, the losses are 

reduced and the dipoles contribute to the polarization and the reduced loss is due to the inhibition 

of domain wall motion and the spin rotation changes the magnetization. The tanδ arises in 

materials due to the phase difference between polarization and applied field in the high frequency 

region. At higher frequency (10 kHz – 1 MHz), the dielectric loss is small, which means the ferrite 

could possibly be used in practical applications such as magnetically tuneable filters and 

oscillators. 

4. CONCLUSIONS 

The objective of this research is to examine the effects of Sr substitution on Ni-Zn ferrite and 

hence developing its properties. The XRD patterns for the polycrystalline Ni0.6-xZn0.4SrxFe2O4 (x = 

0.0, 0.05, 0.10, 0.15 and 0.20) ferrites confirm the formation of cubic spinel structure. Lattice 

constant increases with the increase in Sr
2+

 content in the composition. The ionic radius of Sr
2+

 

(1.27 Å) is larger than that of Ni
2+

 (0.69 Å) ions which results in lattice parameter increase with Sr 

substitution. X-ray density increases with Sr content but the bulk density of ferrite decreases. 

Porosity follows the opposite trend that of bulk density. The increase in grain size with Sr content 

might be due to the fact that the substituted Sr promotes the grain growth. The magnetization 

decreases because some iron ions transferred from B to the A site leading to decrease in saturation 

magnetization. Moreover, the magnetic moment of Sr is smaller than that of Ni and Fe. Coercivity 

increases with Sr doping and anisotropy is found to change significantly with Sr content. The 

increasing value of coercivity of this ferrite might make it suitable for high density recording 

application. The permeability first increases and then decreases with the increase of Sr content. 

RQF increases with increase in frequency showing a peak and then decreases with increase in 

frequency. The loss tangent is found to be the lowest at the frequency level where the relative 

quality factor is the highest. AC resistivity decreases with the increase of frequency which 

confirms the normal behaviour of ferrite. The dispersion of AC resistivity is more at lower 

frequency which could be due to the difference in the Fe
3+

 and Fe
2+

 concentrations on the 

octahedral site. At lower frequency region, dielectric dispersion is observed due to the Maxwell-

Wegner interfacial type of polarization which is in agreement of Koop’s phenomenological theory. 

Dielectric loss is especially high around the relaxation frequencies of the polarization mechanisms. 

At higher frequency (>5 MHz), the dielectric loss is small and may be used in practical 

applications. 
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