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ABSTRACT 

The ordinary solid-state reaction method has been used to produce polycrystalline  

Mn0.5Zn0.5Fe2–xYxO4. X-ray diffraction (XRD) and scanning electron microscopy (SEM) have 

been used to study the structural and surface morphology of the samples, respectively. The 

formation of cubic spinel crystal structure is observed in XRD patterns. The Nelson-Riley 

function is used to determine the lattice parameters. Vegard's rule is followed by the lattice 

parameter change with Y content in different Mn0.5Zn0.5Fe2–xYxO4. The x-ray density, and the 

bulk density both increase with Y content due to the higher atomic weight of Y compared to 

atomic weight of Fe, as well as porosity decreases. SEM micrographs demonstrate that the 

average grain size decreases with the increase of Y contents. When x = 0.05, the initial 

permeability shows maximum then starts to decrease for further increase of Y content. For the 

composition Mn0.5Zn0.5Fe1.95Y0.05O4, the relative quality factor (RQF) is found maximum (3477). 

With the increase of Y content, the peak value of the relative quality factor shifts to higher 

frequencies region which is the consequence of Snoek relation. 

Keywords: XRD, Microstructure, Initial permeability, Relative quality factor 

1. Introduction 

Due to their practical significance in magnetic 

recording, catalysts, and magnetic fluids, 

polycrystalline spinel ferrites have attracted 

considerable interest in recent years (Peelamedu et 

al. 2003). The tetrahedral A-site and octahedral B-
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site with the AB2O4 crystal structure are present in 

these naturally formed super-lattices of ferrites. 

Based on the cation distribution in the chemical 

compositions, this material exhibits a wide range of 

magnetic characteristics. The magnetic 

characteristics of materials can be modified by 

substituting different cations into the A and B-sites. 

They can exhibit paramagnetic, ferrimagnetic, 

antiferromagnetic, glass and spin (cluster) 

properties, depending on the types of cations 

located in the A-site and B-site, respectively 

(Peelamedu et al. 2003; Hossain et al. 2007; 

Momin et al. 2017). As a result of their one-of-a-

kind electronic and crystalline structure, spinel 

ferrites exhibit enhanced properties that make them 

suitable for use in a wide range of devices and 

systems, including transformers, inductors, 

recording heads, choke coils, antennas, EMI 

suppressors, deflection yokes, and power 

transformers (Arcos et al. 1998; Zapata A and 

Herrera G. 2013; Hossain et al. 2008; Sousa et al. 

2001). Small, cheap, and high-performing 

electronic components are in significant demand 

due to the expanding mobile communication and IT 

industries. Because of their high reliability and 

performance, surface-mounting device (SMD) chip 

inductors are perfect for a wide range of 

applications These applications include low-voltage 

differential signaling, EMI suppression in USB, and 

other high-speed digital interfaces found in laptops, 

desktop computers, cameras, scanners, and other 

electronic devices (Stojanović et al. 2008). The 

chip inductors are made by co-firing after ferrite 

and electrical paste are coated alternately. Due to 

their wide range of uses in the electronics and 

telecommunications sectors, Mn-Zn ferrites are 

often regarded as an essential ceramic material. 

This is because they possess outstanding 

characteristics including higher initial permeability, 

higher saturation magnetization, higher resistivity, 

and minimal losses. The higher electric resistivity 

and higher magnetization are the two most 

significant properties of these materials. These 

properties depend on how the materials are made at 

the microscopic level. The process of preparation, 

condition during preparation, and the dopant are the 

responsible factors for controlling the 

microstructure (Yousuf et al. 2020; Chakrabarty et 

al. 2018; Maria et al. 2020; Verma et al. 2000; 

Tsay et al. 1997; Ewais et al. 2008; Dawoud and 

Shaat 2016). In inverse spinel ferrites, Co, Ni, Fe 

and Cu substituted in octahedral sites (B sites), have 

Curie temperature between 728K and 858K. It is 

well known that Curie temperature depends on the 

cation distributions. The 80% of Mn ions are 

occupy at A site and remaining 20% of Mn ions are 

occupy at B site. As a results, interaction between A 

sites Mn ion and B sites Fe ion are reduces which 

decreases the Curie temperature in the samples as 

Fe ions are occupy at both sites. In this case, Mn 

ions can be replaced by diamagnetic Zn ions as this 

substitution is not altered the cation distribution and 

may increase the saturation magnetization in the 

samples (Parekh K et al. 2006). Many researchers 

have taken numerous initiatives to increase 

magnetic properties of ferrites. Ramay et al. studied 

Mn0.5Cu0.5−xZnxFe2O4 compositions and got highest 

saturation magnetization for Mn0.5Zn0.5Fe2O4 

samples (Ramay et al. 2014). Furthermore, many 

researchers synthesized Mn0.5Zn0.5Fe2O4 

composition and studied its structural, magnetic and 

electric properties (Isfahani et al. 2009; Parekh K et 

al. 2000). It is widely known that Mn0.5Zn0.5Fe2O4 

ferrite shows ferromagnetic behavior at room 

temperature. But nobody published Y ion 

substituted Mn0.5Zn0.5Fe2–xYxO4 ferrites with x = 

0.00, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.3. Our goal 

in this work is to determine the impact of small 

amounts of Y3+ on Mn0.5Zn0.5Fe2–xYxO4 ferrite 

concerning the fact that Fe3+ can be substituted by 

Y3+ from an octahedral B-site to a tetrahedral A-site, 

which significantly affects the sample parameters. 

A suitable material for magnetic use in the high 

frequency field may be introduced by this work. 

2. Materials and method 

2.1. Sample preparation 

The flow chart for the sample preparation by solid-
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state reaction technique is shown below:

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The Mn0.5Zn0.5Fe2–xYxO4 samples (for x = 0.00, 

0.05, 0.10, 0.15, 0.20, 0.25, and 0.3) were prepared 

by solid-state reaction technique. As raw materials, 

high purity powders of MnCO3, ZnO, Y2O3, and 

Fe2O3 were used. For the final synthesis of 

Mn0.5Zn0.5Fe2–xYxO4, stoichiometric proportions of 

the appropriate powders were well mixed before 

being calcined at 850oC for 5 hours. After utilizing 

polyvinyl alcohol as a binder to granulate the fine 

powders, samples in the shapes of discs and toroids 

are formed by applying pressure (7000 P.S.I.). 

Sintering was placed on the samples for 5 hours at 

temperatures of 1200oC in air. The ramps for 

heating and cooling throughout the sintering 

process were 10oC and 5oC per minute, 

respectively. 

2.2. Characterizations 

For structural analysis, X-ray diffractometer (D8-

Advance Bruker) with CuKα radiation (λ = 

1.5418×10-10 m) is used. To determine each peak’s 

lattice parameter, the following formula has been 

used: 

   𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2  (1) 

Where h, k, and l are represents the Miller indices 

of the crystal planes. 

Nelson-Riley method has been used for 

determining each sample's lattice constant where 

Nelson-Riley function 𝐹(𝜃) is (Nelson and Riley 

Weighted by different mole percentage 

MnCO3, ZnO, Y2O3, and Fe2O3 as raw materials 

Dried 

Calcined at 850oC for 5 h 

 

Milled and added binder 

Sintered at 1200oC for 5h 

 

Final products 

 

Dry mixed by agate mortar 

 

Pressed to discs and toroids shapes 

Wet mixed by ball milling 
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1945): 

   𝐹(𝜃) =
1

2
(

𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛𝜃
+

𝑐𝑜𝑠2𝜃

𝜃
) (2) 

Where, θ represents the Bragg's angle. 

The scanning electron microscope (SEM) has been 

used for analysing samples surface morphology. 

The equation that is used to determine the bulk 

density (𝜌𝐵) of the samples is as follows: 

   𝜌𝐵 =
𝑚

𝜋𝑟2𝑡
  (3) 

Where m represents the pellet's mass, r its radius, 

and t its thickness.  

Using the following formula, the X-ray density of 

the specimens is determined: 

    𝜌𝑥 =
𝑛𝑀

𝑁𝐴 𝑉
,  (4) 

Where, NA represents Avogadro's number, M 

represents the molar mass of the sample, as well as 

V and n represents the volume of the unit cell and 

the number of atoms in a unit cell, respectively. The 

porosity of each sample has been calculated using 

the following formula: 

  𝑃(%) =
𝜌𝑥−𝜌𝐵

𝜌𝑥
× 100  (5) 

For determining the real part of complex initial 

permeability (𝜇𝑖
′), the following formula has been 

used: 

   𝜇𝑖
′ =

𝐿𝑠

𝐿0
   (6) 

Where, Ls is the sample core's self-inductance, and 

𝐿𝑜 is the inductance of the winding coil without the 

sample core. Where, 𝐿𝑜 has been calculated 

geometrically using the formula:  

                     𝐿𝑜 =
𝜇0𝑁2𝑆

𝜋𝑑̅
   (8) 

Where N is the coil's turn count (N = 4), S is its 

cross-sectional area, and 𝑑̅ is the toroidal sample's 

mean diameter (Zhang et al. 2012). The imaginary 

part of complex initial permeability has been 

calculated using the following formula: 

                 𝜇𝑖
′′ = 𝜇𝑖

′ 𝑡𝑎𝑛𝑀  (9) 

Where, 𝑡𝑎𝑛𝑀 indicates the magnetic loss of the 

samples. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

The XRD patterns for various Mn0.5Zn0.5Fe2-xYxO4 

samples are shown in Fig. 1. The presence of cubic 

spinel structure of ferrite is confirmed by XRD 

patterns for each sample. All peaks are identified 

and well consistent with spinel ferrite’s JCPDS 

peaks as well as with previous study (Hossain et al. 

2004). Some extra peaks are available in XRD 

patterns which are due to formation of Fe2O3 (Hu P 

et al. 2010). 
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Fig. 1: The X-ray diffraction pattern of 

Mn0.5Zn0.5Fe2-xYxO4. 

3.2. Lattice parameter and lattice constants 

The Nelson-Riley function has been used to 

compute the values of lattice parameter (Nelson and 

Riley 1945). As can be seen in Fig. 2(a), the values 

of lattice parameter (a) of all the peaks for a sample 

are plotted against 𝐹(𝜃). Then for determining the 

precise value of lattice constant (a0), the least 

square fit method has been used. For the given 

sample, the exact value of the a0 is located where 

the straight line representing the least-squares fit 

meets the y-axis (i.e., at 𝐹(𝜃) = 0) where the 

investigated samples contain Mn0.5Zn0.5Fe2-xYxO4. 

Consequently, the ionic radius of the variant ions 

for composition is then expressed as 𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) =
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𝑥𝑟(𝑌) + (2 − 𝑥)𝑟(𝐹𝑒) (El Ata et al. 2005). 

Here, 𝑟(𝑌) refers to the ionic radius of Y3+, which is 

equal to 0.98Å, while 𝑟(𝐹𝑒) refers to the ionic radius 

of Fe3+, which is equal to 0.73 Å (Whittaker and 

Muntus 1970). The relationship between 𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) 

with Y content is shown in Fig. 2(b), where it can 

be seen that 𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) increases with the increasing 

of Y contents in the samples. Table-1 is a tabular 

representation of the measured values of each 

sample's lattice constant, density, and porosity.  
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Fig. 2: (a) Variation of ‘a’ with 𝐹(), and (b) 

variation of ‘a0’ and 𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) with Y content of 

Mn0.5Zn0.5Fe2-xYxO4. 

Table 1: The a0, 𝜌𝑥, 𝜌𝐵, P, 𝐷̅, maximum RQF and 𝜇𝑖
′ Mn0.5Zn0.5Fe2-xYxO4. 

Compositions 

(x) 

a 

(Å) 

𝜌𝑥×103 

(kg/m3) 

𝜌𝐵×103 

(kg/m3) 

P 

(%) 
𝐷̅ (μm) (RQF)max 𝜇𝑖

′(at 10 kHz) 

0.00 8.457 5.18 4.54 12.4 4.60 1513 184 

0.05 8.458 5.21 4.63 11.1 4.14 3477 347 

0.10 8.464 5.24 4.68 10.7 3.96 2012 220 

0.15 8.465 5.28 4.74 10.2 3.81 809 98 

0.20 8.470 5.30 4.78 9.8 3.61 707 71 

0.25 8.471 5.34 4.81 9.6 3.57 547 37 

0.30 8.474 5.36 4.90 8.9 3.51 455 27 
 

The relationship between the change of the lattice 

parameter and the Y content in the samples has been 

obeyed Vegard's rule (Ramzan et al. 2021). It is 

also noticed from the Fig. 2(b) that the lattice 

constants increased with Y contents in the samples 

and it can be attributed due to the higher ionic 

radius of Y3+ compared to the ionic radius of Fe3+. 

3.3. Density and porosity 

Fig. 3 demonstrates the variation of 𝜌𝑥, 𝜌𝐵, and P 

with Y contents for various Mn0.5Zn0.5Fe2-xYxO4. 
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Fig. 3 Variation of 𝜌𝑥, 𝜌𝐵 and P with Y content for 
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various Mn0.5Zn0.5Fe2-xYxO4. 

From Fig. 3 it is shown that the values of 𝜌𝑥, 𝜌𝐵 

increase with the increase of Y contents while their 

corresponding property porosity decreased and it 

can be attributed due to the higher atomic weight of 

Y (88.90585 amu) compared to atomic weight of Fe 

(55.845 amu). 

3.4. Microstructure 

As micro-structure has significant effects on 

magnetic properties so it is important to study 

micro-structure of the samples. Fig.4 shows SEM 

images of various Mn0.5Zn0.5Fe2-xYxO4 compositions 

that were sintered at 1200oC. The linear intercept 

method is used to get the average grain size and it is 

denoted by 𝐷̅ (Mendelson 1969). It has been seen 

that the average grain size reduces with the increase 

of Y contents. It is known that Y contents prevent 

the grain development in the samples (Ishaque et al. 

2010) where yttrium oxide (Y2O3) forms at the grain 

boundaries and prevent the development of the 

grains. As well as the melting point of Y2O3 

(2425°C) is higher than the melting point of Fe2O3 

(1565°C) which decreases the 𝐷̅ in the samples. 

 

 

(a) x = 0.00 (b) x = 0.05 

(c) x = 0.10 (d) x = 0.15 
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Fig. 4 SEM images of various compositions of Mn0.5Zn0.5Fe2-xYxO4 where, (a) x = 0.00, (b) x = 0.05,  

(c) x = 0.10, (d) x = 0.15, (e) x = 0.20, (f) x = 0.25, and (g) x = 0.30.  

3.5. Complex initial permeability 

The frequency dependence value of the 𝜇𝑖
′ varies 

for various Mn0.5Zn0.5Fe2-xYxO4 samples are shown 

in Fig. 5(a). The 𝜇𝑖
′ is found to be almost the same 

up to a certain frequency, and then reduces very 

rapidly at higher frequencies. This frequency at 

which the dispersion phenomena take place is 

referred to the resonance frequency (𝑓𝑟) and it is 

assigned to either domain rotation or domain wall 

displacements or both (Rado et al. 1950; Nakamura 

1997). This is the consequence of energy 

absorption which is the result of the oscillation 

frequency of the magnetic dipoles matching up with 

the applied frequency. Since the 𝑓𝑟 of the samples 

with x = 0.25 and 0.30 are outside of the 

measurement frequency range, the values of 𝜇𝑖
′  does 

not significantly changed throughout the whole 

frequency range. The Snoek's relation (Snoek 1948) 

states that the product of 𝜇𝑖
′ and 𝑓𝑟 is a constant for 

all ferromagnetic materials, with the formula 

 (𝜇𝑖
′ − 1)𝑓𝑟 =

𝛾

2𝜋𝑀𝑠
, where 𝛾 is the gyromagnetic 

ratio. It is widely known that polycrystalline 

(e) x = 0.20 (f) x = 0.25 

(g) x = 0.30 
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ferrite's permeability depends on spin rotation and 

domain wall motion (Sujatha et al. 2012). At lower 

frequency region, domain wall motion has more 

effect on permeability than spin rotation. 

 

(a)

 

(b) 

Fig. 5 The variation of (a) 𝜇𝑖
′ and (b) 𝜇𝑖

′′with 

frequency for various Mn0.5Zn0.5Fe2-xYxO4. 

The permeability that is caused by the motion of the 

domain walls is described by the following 

equation 𝜇𝑖
′ ∝  

𝑀𝑠
2𝐷

√𝐾1
, where K1 represents the 

magnetocrystalline anisotropy constant and Ms 

represents the saturation magnetization (Chauhan et 

al. 2004). It has been shown that 𝜇𝑖
′ increases as a 

result of an increase in the amount of Y substitution 

in the sample for x = 0.05 which can be attributed 

due to increasing of density in the samples. It is 

also found that further increase of Y contents in the 

samples, the value of 𝜇𝑖
′ decreases which can be 

attributed due to the decreases of average gain size 

in the samples and average grain size is directly 

proportional to 𝜇𝑖
′. The decreasing trend of grain 

size increase resistance against domain wall motion 

due to increased number of grain boundaries. 

Therefore, initial permeability decreases with the 

decrease of grain size and increase of grain 

boundaries (Ishaque et al. 2015). However, at 

higher frequency region there is an increase in the 

intragranular pores trapped in the grains. These 

pores act as pinning centers for the domain wall 

movement consequently, domain wall movement is 

restricted and the 𝜇𝑖
′ decreases (Nakamura T and 

Okano Y. 1996). The frequency dependence 

imaginary component of permeability (𝜇𝑖
′′) are 

displayed in Fig. 5(b). The 𝜇𝑖
′′ appears due to a lag 

in domain wall motion relative to the applied 

alternating magnetic field. The figure indicates that 

all ferrites' 𝜇𝑖
′′ values steadily rise with frequency 

except x = 0.25 and x = 0.30, reaching a broad 

maximum, when the real component of 

permeability rapidly declines. This phenomenon is 

commonly referred to as natural resonance (Snoek 

JL. 1948; Praveena K and Srinath S. 2014). 

According to Snoek’s relation, we know that the 

product of initial permeability and resonance 

frequency, fr, is always constant. From the relation 

we see that with the decrease of initial permeability, 

fr increases. With the increase of Y content 

permeability decreases and according to snokes 

relation fr increase. For the value of x = 0.25 and 

0.30, fr are out of measurement frequency range. 

3.6 Relative quality factor 

Fig.6 depicts the variation of RQF for various 

Mn0.5Zn0.5Fe2-xYxO4 samples as a function of 
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frequency i.e., (RQF =
𝜇𝑖

′

𝑡𝑎𝑛𝛿𝑀
). For investigating 

the performance and perfection of the magnetic 

materials in the application, RQF is studied. It has 

been found that when the frequency is increased, 

the RQF first rises, then reaches a peak, and finally 

starts to fall for further increasing the frequency. 
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Fig. 6: The variation of RQF with frequency for 

various Mn0.5Zn0.5Fe2-xYxO4. 

Peak in RQF is related with the ferromagnetic 

resonance that occurs inside the domains, and 

during the resonance, the largest amount of energy 

is transmitted from the externally applied magnetic 

field to the lattice, which causes the RQF to drop 

down very quickly. The value of RQF is maximum 

for x = 0.05 sample and for further increasing of Y 

contents in the samples the value of RQF decreases. 

The peaks of RQF are shifted to the higher 

frequency region with the increasing of Y contents 

in the samples which can be attributed due to the 

increasing resonance frequency in the samples with 

satisfying Snoek’s relation (Snoek 1948). 

4. Conclusions 

XRD patterns of various Mn0.5Zn0.5Fe2–xYxO4 

samples confirms the cubic spinel structure of 

ferrites. The lattice constants of the samples 

become larger as the amount of Y in the 

composition rises. The density of the samples 

increases with the Y contents in the samples and 

porosity decreased. The average grain size of the 

samples decreases with the increasing of Y 

contents. The 𝜇𝑖
′ is maximum for x = 0.05 sample 

and then decreases for further increasing of Y 

contents. The Mn0.5Zn0.5Fe1.95Y0.05O4 samples shows 

the maximum relative quality factor (3477) due to 

more perfection in its crystal structure. 
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