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Abstract

This work revealed the role of altering vanadium (V) content in Mn-Zn ferrites. We used the traditional solid-state reac-
tion method to prepare the Mn,, sZn, sV, Fe,_,O, (x=0.0, 0.05,0.10, 0.15, 0.20) ferrites. Powder X-ray diffraction was used
to analyze the samples’ crystal structures, revealing the prepared sample’s spinal cubic crystal structure. With increasing
Vanadium concentration, the lattice constant drops proportionately. We used Debye-Scherrer (D-S), Williamson-Hall
(W-H) Plot, Halder-Wagner (H-W) Langford, and Size Strain Plot (SSP) methods to compare different structural proper-
ties. We also used the impedance analyzer to investigate the samples’ dielectric characteristics and AC conductivity at
room temperature over a frequency range of 1 kHz-100 MHz. The magnetic properties, i.e., Saturation magnetization
(Ms), Coercive field (Hc), and Remanent magnetization (Mr), were estimated from the ferromagnetic hysteresis behavior
of the samples measured using a vibrating sample magnetometer (VSM). The saturation magnetization was observed
to decrease with an increase in V content. The M, and H. vary non-linearly with V contents. The prepared samples’initial
permeability was tested, and a reasonably constant complex permeability (u') was recorded over a wide frequency range
(~1000 Hz).
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1 Introduction

Ferrites, crystallized in spinel structures of the cubic system, exhibit exemplary behavior for applications in diverse fields,
including the electronic, mechanical-chemical, photocatalytic, magnetic, and biological fields. The applications men-
tioned above result from their interesting structural, electric, and magnetic properties. The face-centered cubic ferrites
consist of two interpenetrating sub-lattices: the tetrahedral (A-sites) and the octahedral (B-sites) sites. The replacement
of various ions in the A or B-sites and their corresponding ratios significantly affect the material’s properties [1]. The spin
pairing of 3d electrons plays a vital role in controlling ferromagnetic oxides’ electrical and magnetic properties. The
dielectric properties of polycrystalline ferrites are excellent. High dielectric constants in ferrites are advantageous when
creating effective microwave devices like switches and isolators [2].

The spinel Mn-Zn ferrite is well known for its excellent initial permeability, minimal power loss, and high satura-
tion magnetization [3]. Since they are soft ferrites, they have a wide range of notable uses as high-frequency
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magnetic materials, such as the core of inductors and transformers, recording heads, noise filters, rod anten-
nas, switch-mode power suppliesand choke coils [4, 5]. In the area of bio-medicine, Mn-Zn ferrites are also gaining
popularity as protein immobilization, magnetic carriers in bio isolation, and other applications [4, 5]. Mn ferrites
have antiferromagnetic alignments in their magnetic sub-lattices. They combined spinel structures using the for-
mula (MnjtFet)  [Mngt Felt] ,03. The full 3d sub-shells of zinc ions make them non-magnetic [4]. They clearly
prefer to inhabit the A-sites. So the substitution process occurs at the A-site by substituting Fe3*. As a result, the
manganese-zinc ferrite that results has an overall rise in saturation magnetization. Therefore Mn-Zn ferrites are

likewise mixed spinels and are typically represented as (Zni*MniJrFeffx_V) [Mnffx_yFefixﬂ] 0%[6].
7S A B

Numerous researchers have discovered that non-magnetic zinc substitution has an impact on the character-
istics of Mn ferrites. Somvanshi et al. reported that this spinal ferrites can be used in cancer treatment and many
biomedical applications [7-10]. Zinc substitution, by Zapata et al., lowered the Mn-Zn ferrites’ Curie temperature
[11]. Improvement of electric characteristics by the inclusion of zinc was discovered by Latha et al. [12]. This group
asserted that zinc substitutions in manganese ferrites resulted in greater dielectric constants than the parent ferrite.
The Mn-Zn ferrites with the following stoichiometry, Mn, cZn, ,Fe,0,, were found to have improved dielectric char-
acteristics and saturation magnetization (M,) values of 77.30 emu/g by Sun et al. [13]. Our goal was to find a material
that would be excellent for the cores of transformers and inductors as well as power applications, among other
high-frequency applications, and also had strong magnetic and dielectric properties. As a result, Mn, :Zn, :Fe,O,
was chosen as the parent material. By modifying the type and quantity of defects, a relatively tiny amount of dopant
may significantly change the characteristics of Mn-Zn ferrites. The dynamics of grain boundary motion, phase transi-
tion temperature, pore clearance, and pore mobility are all impacted by defects [14]. In Mn-Zn ferrites of different
stoichiometry, like Mng 557N 35Fe; o5.,Gd O, Mng sZng 5S¢ Fe, O, and Mng ;Zn, ;Fe, Dy, 0,, the rare-earth metal
substitution results in the 4f-3d coupling, which might enhance magnetic and electrical properties [3, 15, 16].

In the current work, we investigated how the substitution of Vin Mn-Zn ferrites affects the electric and magnetic
characteristics. Vanadium'’s effects on cobalt ferrite [17], Ni-Cu-Zn ferrites [18], and lithium zinc titanium ferrite
[19, 20] have all been studied. By introducing V°* in Ni-Cu-Zn ferrites, Kaiser et al. observed the development of
cation vacancies, which improve pore mobility [21]. As a result, it is anticipated that the vanadium replacement
will enhance resistivity, which will in turn cause the leakage current to decrease. Vanadium addition, according to
Janghorban and Shokrollahi, improves the magnetic characteristics and grain development of Mn-Zn ferrites up
to a point [22]. Most recently Hossain et al. explored that the addition of vanadium shows a decreasing trend of
porosity, dielectric constants, and permeability and an increasing trend of grain size, Magnetic saturation (M) with
an improvement in resistivity [23]. From the aforementioned findings, it can be inferred that vanadium significantly
affects the microstructure, which affects the magnetic characteristics. Consequently, we anticipate that the V sub-
stitution in the well-known combination Mn, sZn, sFe,0, will contribute to the improvement of its characteristics.

Ferrites’ microstructure is also dependent on the sintering process, the caliber of the raw materials, and the mate-
rial's composition. To attain the desired properties of ferrites, these parameters require to be precisely maintained
[4, 24-27]. To obtain a homogeneous and high-density sample, it is essential to choose an appropriate synthesis
procedure in light of all of these parameters. Many unconventional methods have produced positive results, yet they
have negative effects on the economy and the environment. It is challenging to regulate grain size in the case of the
traditional solid-state reaction method. However, by using this method, it can be possible to acquire high-density
samples with fewer steps, minimum loss, and affordable costs [28]. As a result, this method is used to create the
study samples. The majority of research has concentrated on either the electric or magnetic characteristics of ferrites
when vanadium is present. To fully comprehend the material, it is important to simultaneously study its electric and
magnetic properties. The main reason to choose this Mn-Zn ferrite matrix is to improve the resistivity. Generally the
material used in the transformer core should have high resistivity. Because it reduces the leakage current which
produces less heat to the transformer. This inspired us to research both of these V substitution-related issues and
contrast our findings with theoretical predictions. In this case, we varied the V concentration to generate a series
of Mn,sZn, sFe,0, samples, and we subsequently connected the cation redistribution with the electromagnetic
characteristics of Mn-Zn ferrites. In this document, the study’s findings are provided.
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2 Methods and materials

The ferrites, in powder or thin film forms, can be prepared by hydrothermal technique [29], high-temperature solid-state
reaction method [4, 30-33], nitrile-triacetate precursor method [34], solution combustion method [15], sol-gel method
[35], co-precipitation method [36, 37], pulsed laser deposition, PVA evaporation method [38], and high-energy ball mill-
ing with controlled properties. Due to the simple and cost-effective techniques, a series of ferrites were prepared by
solid-state reaction using the traditional two-stage sintering (double-sintering) approach in this study [39]. The parent
oxides (low-cost Fe,03), ZnO, MnO, and V,0; are 99.99% pure and were collected from locally available sources.

The stoichiometric quantities of the component compositions were weighted and took exactly 12 gm. The constituent
compositions were then blended and hand-milled in an agate mortar for 6 h to bring the particles closer together and
ensure homogeneous blending. After that, the powder was heated in a furnace at 700 °C for 3 h and the furnace cooled
at the same rate before being mixed using an agate mortar for 2 h. Then the powders were combined with a binder,
polyvinyl alcohol, and wet pressed into desired forms with a stainless-steel dies and hydraulic pump. For dielectric,
resistivity, and impedance experiments, 0.6 g pellets were made. The 1 g toroids were created to assess permeability.
The samples were furnace cooled for 6 h after the second stage sintering at 1150 °C for 4 h in a muffle furnace, resulting
in the final product. Figure 1 abbreviates the sample preparation procedures.

To identify the phases synthesized and verify the end of the chemical process and confirm their phase purity, X-ray
diffraction (XRD) patterns were obtained using a Phillips PW 3040 X'Pert Pro x-ray diffractometer at BAEC's Atomic Energy
Centre (AECD), Dhaka, with Cu(k,) radiation of an averaged wavelength of 1.54178 A.The XRD patterns were taken with
a step size of 0.02° over an angular range of 26 =20°~70° [32, 34]. The X-ray densities and the lattice parameters of the
samples from the diffraction pattern were calculated using Eq. (1) [33]. The bulk and mass volume of the samples were
used to determine the sintered density. The porosity of each sample was evaluated by comparing the results of both
densities.

M
do=375 M
where ‘8’ represents the number of molecules in a spinel lattice unit cell, M represents the sample’s molecular weight, a is
the lattice constant of the ferrite’s, and N represents the Avogadro’s number. The X-ray density (d,) is determined by the
sample’s lattice parameters and molecular weight, whereas the mass density (d) is calculated by the sample’s geometry
and mass. The following equation was taken to calculate the porosity in percentage (P) of the samples.
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3 Different microstructural parameters measurements
3.1 Dislocation density (6)

The dislocation inside a nanocrystal structure assigns a crystallographic defect or irregularity. As a result, numerous
properties of a semiconductor are significantly influenced. The parameters of the unit cell can affect the crystal structure
of crystalline solids made up of a periodic array of molecules or atoms. The majority of crystalline solids, however, have
dislocations or crystallographic flaws that cause this periodic arrangement of atoms or molecules to break. Other disloca-
tions in the sample prevent some dislocations from migrating. Hence, a large dislocation density implies higher stability.
The dislocation density (8) may be obtained using the relation given below [41], and the outcomes are reported in Table 2.

I
0=13 3)

where D, is the volume-weighted average crystalline size in nm.

3.2 Stacking fault (SF)

The errors that occur in the sequence of layers of atoms in crystalline materials are known as stacking faults. The ener-
gies of stacking faults affect the deformation of metals on a large scale. The stacking fault (SF) may be determined by
following equation [29]. Table 2 also shows the SF values for all doping concentrations.

272
SF= [45(3 tan 9)1/2] p @

3.3 Unit cell volume

The lattice parameters (a=b=c, a=p=y=90° Cubic structure) and also the inter-planar spacing (d) of {h k I} plane were
obtained by the following equation,

d= a
Ve k2 + P ©)
2dsin§ = nl (6)

The plane is defined by three numbers, h, k, and |, called Miller indices in the preceding formulas, and n represents
the order of diffraction (typically n=1).
The unit cell volume (V) was obtained by the equation below

V=d (7)

The values of unit cell volume with lattice constant for all doping concentrations are shown in Table 3.

Tables 1 and 2 show the values of several parameters obtained using the D-S approach, W-H, H-W, and SSP methods;
they provide almost similar crystallite sizes and lattice strain values. Similar results are also obtained in this study, imply-
ing that strain insertion in diverse patterns has little effect on the crystallite size value of Mn-Zn ferrite.

The average crystallite size for pure Mn-Zn ferrite determined using the Debye-Scherrer principle is 11.15 nm. The
sizes calculated using the W-H, H-W, and SSP approaches are 7.19 nm, 5.82 nm, and 14.7 nm, respectively. Because the
strength of the main peaks (311) grew as the concentration of V doping into the Mn-Zn ferrite lattice increased, the
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Table 1 Data for the Strain and the crystallite size obtained by D-S Method, W-H Method, H-W Method, SSP Method of Mn, sZn 5V, Fe, O,
ferrites

Sample Strainx 1073 (g) D-S method W-H method H-W method SSP method

Dp.s(nm) Dy (nm) gy X107 Dy (nm) gy X107 Dssp (NM) £5pX 1073
0.00 M% V 39.1 11.15 7.19 35 5.82 7.95 14.7 0.000083
0.05 M% V 26.53 16.34 10.48 2.52 943 4.78 14.2 0.00013
0.10 M% V 26.26 15.59 12.36 1.2 12.28 3.11 15.7 0.000084
0.15M%V 2541 16.63 1143 2.03 10.9 4.0 14.7 0.00012
0.20 M% V 29.26 13.93 13.62 0.32 12.63 1.8 16.9 0.000054

Table 2 Data for the

Sample Dislocation density, §,% 10" (lines/m? Stacking fault (SF
Dislocation density obtained P y ( ) 9 5F)
by D-S Method, W-H D-S method W-H method H-W method SSP method
Method, H-W Method, SSP
Method and Stacking fault of 0.00 M% V 102.2 1934 295 46.5 0.0061
Mnyg sZng sV, Fe, 0, ferrites 0.05 M% V 44 91 1124 49.6 0.00412

0.10 M% V 42 65.5 66.3 40.5 0.00411

0.15 M% V 40 76.5 84.2 46.4 0.00395

0.20 M% V 56 53.9 62.7 35.2 0.00463

crystallite size steadily increased, and bigger crystals lowered the overall energy of the system [42]. For 0.05 M% percent
V doped concentration, the SSP technique shows a modest reduction in crystallite size.

This decrease in crystallite size might be attributable to an increase in the amount of V atoms, which would apply drag
effects on grain development and boundary motion [43]. The rise in V inclusion has been linked to decreased crystal-
line quality. The incorporation of V atoms may.prevent Mn-Zn ferrite from nucleating, affecting the creation of the host
Mn-Zn ferrite structure [44].

The results are compatible with data values for lattice strain (¢) and dislocation density (6), which are both modified
in the opposite direction of crystallite size with V contents (Table 2). The findings estimated using the W-H approach
may appear to be more accurate than those calculated using the H-W method because the W-H method fits the data
more precisely, where all data points nearly touch the fitting line. It is clear from the g, vs € graphs that the rms value
linearly changes with €. And this nature illustrates that the crystallographic orientation of lattice planes is not a source
of disagreement [45].

4 Results and discussions
4.1 XRD analysis

All of the ferrite samples were sintered at 1250 °C, and the XRD patterns of the samples are presented in Fig. 2. A very
minor peak (222) for x=0.05 concentration can hardly be seen. So a zoomed picture of this peak is given with the main
XRD graph shown in Fig. 2. Compared to the pure samples shown in Fig. 3, the most intense (311) peak migrated toward
greater angles as vanadium content increased. According to Bragg’s law, the separation between the two crystal surfaces
affects the shifting of the diffraction peaks. Strain may be introduced into the lattice by doping ions with varying ionic
radii. In Figs. 2 and 3, the tensile strain augmentation induces a peak shift toward lower angles, whereas compressive
strain enhancement causes a peak shift toward bigger angles [46]. The impurity level rises as the vanadium content rises
since vanadium incorporation causes Fe,O; to precipitate as a second phase [47].

Table 3 shows the cell characteristics of samples sintered at 1250 °C. Vanadium has several valences (3+, 4+, 5+)
and may occupy the B-site at lower concentrations in its trivalent form [17], although the characteristics stay generally
consistent. The V3* (0.64 A) and Fe3* (0.645 A) have nearly identical ionic radii [48]. As a result, no major changes to the
cell parameter are anticipated. The decrease in cell parameter is also shown by the displacement of the (311) peak to
greater angles. Vanadium increases the densification of samples because of having a melting point of about 670 °C and
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Fig.2 XRD pattern of Vanadium Substituted Mn sZn, sV, Fe, O, for (x=0, x=0.05, x=0.1, x=0.15, x=0.20)

Fig.3 XRD patterns (311)
of Vanadium Substituted

(x=0.20)
Mn, sZn, sV, Fe, O, for (x=0,

0.05,0.1,0.15,0.20) (311)
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/N (x=0.05)
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Table 3 The structural

parameters of Composition (x)  Lattice con- Cell volume a*(A%)  X-ray density, p,  Bulk density, Pe  $={1-(pg/

. stanta=b=c p,)}x 100%
Mng5Zng 5V, Fe, xO, ferrites A)
0.00 8.4169 596.296 5.701 4.20 26.32
0.05 8.4045 593.66 5.789 4.25 26.59
0.10 8.4276 598.558 5.701 4.19 26.47
0.15 8.4106 594.961 5723 4.101 28.34
0.20 8.4054 593.839 5777 410 29.03

melts at large sintering temperatures [22]. This explains the rising trend in bulk density with vanadium replacement for
x=0.05.The molecular weight and the cell parameter both have an impact on X-ray densities.

With vanadium replacement, these parameters have mostly stayed the same. As a result, there was no discernible
difference in X-ray densities. The bulk density has a lower value than the X-ray density because of the porosity formation

@ Springer



Discover Materials (2023) 3:20 | https://doi.org/10.1007/543939-023-00056-4 Research

during the sintering process [49]. In contrast with bulk density, porosity increases with time, as illustrated in Table 3. It
validates the material’s Fd-3 m space group membership. As the Vanadium doping concentration is increased, the cell
parameters fall. The cell characteristics obtained are also in good accord with earlier Mn-Zn ferrites study [11].

4.2 Debye-Scherrer method

The Scherrer formula was used to compute the crystallite size using the full width at half maximum (FWHM) values
generated from the diffraction peaks using the X-ray line broadening technique. In the D-S technique [42], the average
crystallite size is defined as the ratio of the root means fourth power to the r.m.s value of the thickness The following is
the Debye-Scherrer equation for calculating peak broadening due to an average crystallite size [50]:

kA

b= ppcosd ®

where k represents the form factor, f, is the value of FWHM, 6 represents Bragg’s angle, and A represents the wavelength
of X-ray radiation height (FWHM) of the diffraction peak situated at 2. The X-ray wavelength (For CuK,, A=1.54056 A)
and shape factor (k=0.94) are also constants. Table 1 shows the crystallite size values acquired by the Debye-Scherrer
technique.

4.3 Williamson-Hall method

Williamson and Hall developed an integral breadth technique for splitting the XRD line broadening caused by lattice
strain and crystalline size as a function of a diffraction angle (268). The following is the equation’s expression:

€= %ﬂscotH = f, = 4etanb (9
where micro-strain and integral width owing to strain effect are denoted by € and f,, respectively. Cauchy’s function

[45]is used to quantify the contributions of strain and crystallographic size to line broadening, which are assumed to be
independent of one another. The direct sum of B and B, yields the detected line breadth.

B = Pp + Bs (10)
Putting the value of §,, from Eq. (10) and the value of g, from Eq. (9) we have
kA
ﬂhkl_DcosH+4tan9 (1
Rearranging
kA .
Briucosd = D—4£WH sin 6 (12)
WH

The W-H equation in (12) has a straight line and the graph y = f,,,cosé against x=4sin0 is known as the Williamson-
Hall (W-H) plot, which is shown in Fig. 4.

The crystalline size was estimated using the y-intercept of the linear fit data, and the slope yielded the strain g, value.
The strain is expected to be constant for all crystallographic directions, according to Eq. (12) in the W-H technique. With
increasing doping concentration, the strain and predicted crystalline size for undoped and doped Mn-Zn ferrites fall and
rise, respectively, as shown in Table 1.

4.4 Halder-Wagner method
Another idea made by Halder-Wagner (H-W) must be noted in order to determine D and from XRD data. For the recipro-

cal cell, an alternate technique was presented that included the integral width, * is the reciprocal lattice point, and d*
the lattice plane spacing as follows [51]:
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Fig.4 The W-H plot of Vanadium Substituted Mn, sZn, sV, Fe,_O,, for (x=0, x=0.05, x=0.1, x=0.15, x=0.20)

Nk s
<$> B l)HW(d*)2 * (26HW) (13)

where Dy, and gy, are the size and strain of Halder-Wagner crystallites respectively. Then B* and d* are as follows:

" cosf

=t (14
. 2sinf

g = s;n (15)

The Gaussianand Lorentzian components are mostly attributable to strain and size effects, according to this theory.
Equation (13) may be expressed using direct space equations as

2
< 4 ) - Ka 4 + 16e7,, (16)

tand ) ~ Dy tanBsind

Equation (16) can be rearranged as
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2

0 0
Peosh\"_ K2 Peosh | g2 (17)
sinf Dy (sing)?

The plot of (/3/tan9)2 against f#/(tanfsind), yields a straight line with a slope £4 and intercept 16 ey, in the H-W

DHW

method. As illustrated in Fig. 5, the H-W crystallite size (D) and the H-W strain £, maybe obtained from the slope
and intercept respectively. With increasing doping concentration, the strain and predicted crystalline size for undoped
and doped nanorods fall and rise, respectively, as shown in Table 1.

4.5 Size-strain plot (SSP) method

Lattice strain and crystallite size are determined using the SSP approach when it is presumed that the crystal structure
is isotropic. A Lorentzian function adjusts the crystallite size in the SSP approximation, whereas a Gaussian function
shows the strain [42].

» K
(dBcosh)” = D

2
(d*Bcost) + (SS%) (18)
ssp

Graph of (dBcos8)? as the ordinate versus (dz[icose) as the abscissa is drawn. The estimated data is fitted linearly, and the
resultant SSP plots for all XRD peaks are shown in Fig. 6. The D¢, and ggqp are the slope and the intercept of these plots,
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Fig.5 The H-W plot of Vanadium Substituted Mn, sZn, 5V, Fe, O,, for (x=0,x=0.05, x=0.1, x=0.15, x=0.20)
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respectively. With increasing doping concentration, the strain and predicted crystalline size for undoped and doped ferrites
rise, as shown in Table 1.

4.6 Lattice strain ()

Lattice strain is a measurement of the lattice constant distortion caused by crystal defects i.e., lattice dislocations, stacking
faults, flaws, distortions, and so on [34]. The crystal defects are formed due to the displaced atoms regarding lattice positions
in crystals. The Stokes-Wilson equation which measures the average lattice strain (€) in nanorods is given below and the values
are charted in Table 1. From Eq. 9, we can write

Pp

- 4tand,, (19)

Ehki

4.7 RMS Strain (e,._.) estimation
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Fig.6 The SSP plot of Vanadium Substituted Mn, sZn, sV, Fe, O,, for (x=0,x=0.05, x=0.1,x=0.15, x=0.20)
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Epms = \/Ze (20)
T

The plot of ¢,,,, against € is a straight line that makes 45° angle with abscissa and is shown in Fig. 7. There is no disagree-
ment in the crystallographic orientation of lattice planes since the value of root mean square strain varies linearly with
micro-strain [30]. The strain may be produced due to a change in lattice characteristics when the doping concentration
of Vis increased. Various displacement of atoms from their reference lattice positions causes the growth of lattice strain.
The diffraction peaks are related to crystalline size as well as to root mean square strain.

4.8 Magnetic properties

Magnetic properties of Mn,*sZn, sV, Fe, O, obtained using PPMS is shown in Fig. 8, and several magnetic parameters
i.e., saturation magnetization (M), coercivity (Hc) and remanent magnetization (M,) are determined and reported in
Table 4. The decrease in Mg is occurs when the V content increases. The decrease in saturation magnetization is due to
the reduction in the total magnetic moment of the Ferrites system. The increase of V contents results in the lowering of
the Fe*" contents in the B-sites. The magnetic moment of spinel ferrites can be expressed as M=Mg-M,, where Mg and M,
indicates the total magnetic moment at B-sites and A-sites, respectively. Thus, lowering of Mg leads in a decrease in the
total moment M, owing to the substitution of Fe3* by V. The variation of M, and H with V contents is nonlinear, which is
assumed to be responsible for like magnetic domain walls and associated magnetic moments [52]. The obtained H, val-
ues for the prepared sample are in the range of 129.34-144.62 (Oe), indicating that they are soft magnetic materials [53].
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Fig.7 The ¢, vs € plot of Vanadium Substituted Mn, sZn, sV, Fe,_O,, for (x=0,x=0.05, x=0.1,x=0.15, x=0.20)
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Fig. 8 Plot of Magnetization 60
vs applied magnetic field

of Vanadium Substituted
MngsZng sV, Fe, O, for (x=0,
x=0.05,x=0.1,x=0.15,
x=0.20)

Magnetization (emu/gm)

-40
<03 -02 -0.1 lﬂ.ﬂ 01 02 03

-10 -5 0 5 10
Applied Field (kOe)

Table 4 Data for

. . Sample Saturation magnetization, M\ Remanent magnetization, M, Coercivity, H. (Oe)
magnetic properties of (emu/
. 9) (emu/g)
MngsZn, sV, Fe, 0, ferrites
0.00 M% V 44.512 12.5972 137.7056
0.05 M% V 35.2504 17.2183 144.6194
0.10 M% V 30.63649 12.5964 130.2194
0.15M%V 26.05097 11.9172 129.3385
0.20 M% V 24.0385 13.015 131.4164

4.9 Permeability

As seen in Fig. 9, the initial permeability p’ remains constant at lower frequencies before abruptly falling at higher fre-
quencies. The flat region of [’ is referred to as the utility zone, and it shows how well-synthesized samples are made and
how stable they are. In ferrites, permeability is primarily controlled by magnetizing phenomena such as spin rotation and
domain wall motion. Over spin rotation, domain wall movement weakens at high frequencies, and then permeability in
the high-frequency zone diminishes. In addition, at high frequencies, non-magnetic impurities, grains, and pores function
as a catalyst to slow down domain wall motion and spin rotation. With V substitution, the part of complex permeability
W' is reduced, as seen in Fig. 9. These flaws prevent the domain walls from changing, resulting in a reduction in magnetic
characteristics [54]. The sample with x=0.05 & x=0.20 has higher permeability than the un-doped ferrite sample at higher
frequencies, indicating more application potential.

As seen in Fig. 10, the imaginary part of permeability u” decreases with frequency. This drop with rising frequency
denotes a reduction in loss factor at high frequencies, shown in Fig. 11. The lower loss factor indicates that the produced
samples have higher high-frequency application potential. Notably, the loss factor occurs when domain wall movement
lags behind the field variation. Eddy and residual losses, as well as domain defects, dipole concentration, hysteresis loss,
and residual losses, all of them have an impact. The inset displays a close-up of p”, which is more prominent at high
frequencies. This increase is most noticeable near the frequency, in which p’ drops to about half its initial value.

This effect happens when the frequency of the applied field coincides with the natural frequency of magnetic spins,
and the resulting frequency is called a resonance frequency. The Globus model predicts that

V(y; = 1)f, = constant (21)

with f, being the resonance frequency [55]. As a result, the lower the frequency where resonance occurs, the higher the
permeability, and vice versa. This notion is in line with the final product. The decrease in permeability causes the reso-
nance peak to move to a higher frequency as V increases. This also restricts the frequency range in which the processed
samples may be used. Figure 12 shows how the quality factor (Q) varies with respect to the frequency. It has been shown
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Fig. 9 The frequency depend-
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Fig. 10 The frequency
dependence of p”of
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Fig. 11 The frequency
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Fig. 12 The frequency 35
dependence of Q-factor : _
of Vanadium Substituted 304 X=0.00 7
Mng sZng sV, Fe,,0,, for (x=0, || ——x=0.05 /
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Fig. 13 The frequency
dependence of €” of
Vanadium Substituted
MngsZng sV, Fe, O, for (x=0,
x=0.05,x=0.1,x=0.15,
x=0.20)

& (x10%)

100000
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that the Q grew along with the frequency. The loss is a result of domain wall motion delaying the applied magnetic field
that is alternating, and it is related to several domain phenomena, including non-repetitive and non-uniform domain
wall motion, localized flux density variations, domain wall bowing, and domain wall nucleation and extinction [56].

4.10 Dielectric properties

The frequency dependence of dielectric constants are presented in Figs. 13 and 14 for mixed ferrites. These figures show
the frequency-dependent variations of the dielectric constant for mixed Mn-Zn-V ferrites of various compositions. They
show how the dielectric constant value declines steadily with increasing frequency. For Mng :Zn, 5V osFe; 950, the vari-
ation of the real and imaginary parts of the dielectric constant is at its highest. In these materials, the dielectric constant
varying with frequency is described as a consequence of the effective value of polarization due to the inter-ionic, particle,
and grain boundary effects at low frequencies. The lower dielectric constant values at high frequencies are imposed to
a lower polarization contribution due exclusively to inter-ionic type. This explanation is made possible by the discharge
of charge carriers from the high-frequency region’s polarization effect. The response of polarization with frequency may
be described using a principle laid down by Koops theory [57] i.e., the dielectric constant is the root mean square of the
conductivity. Hopping of charge carriers (electrons) between Fe?* <> Fe** and Mn?* <> Mn3*is the main mechanism of
electrical conductivity [58, 59].
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Fig. 14 The frequency 20
dependence of €” of
Vanadium Substituted ] —=— X=0.00
MngsZng sV, Fe, O, for (x=0, 16 —e— X=0.05
x=0.05,x=0.1,x=0.15, —A— X=0.10
x=0.20) T —t— X=0.15
12 ——X=0.20
-
(=]
X
©og
44
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In Fig. 15 the frequency dependence of dielectric loss (tand) with respect to the frequency is shown. The dielectric loss
increases to a maximum and then depicts a decreasing trend with increasing the frequency. The loss is highest when the
supplied ac electric field’s frequency is substantially lower than the frequency of electrons hopping between Fe?* and
Fe3* ions at nearby octahedral sites. The loss is minimal at higher applied electric field frequencies because the electron
exchange’s hopping frequency is unable to keep up with the field’s applied frequency past a certain critical frequency.
Figure 15 provide a picture of the energy absorption carried by the electromagnetic field when it propagates through
the ferrite. It is more at high frequencies as the number of charge carriers in this range is large.

4.11 Electrical properties

Frequency (f) dependence resistivity is an essential electrical characteristic as an inherent feature of magnetic mate-
rials since ferrites have a wide range of frequency dependence uses. The AC resistivity (p) of Mny 5Zn sV, Fe, 0,
sintered at 1250 °C was measured and plotted as a function of frequency (f) from 1 kHz to 1 MHz (Fig. 16). Figure 16
depicts the variation of AC resistivity with the frequency of undoped and V-replaced Mn-Zn ferrites. The V-replaced
Mn-Zn ferrite has greater resistivity values at lower frequencies than the unmodified ferrite (for x=0.15), indicating
that the V-modified samples have poorer conductivity than the unmodified ones.

The published finding mentioned in ferrites frequently appears with tand variation research, in which samples
with the lowest tand value have high resistivity and vice versa. Figure 16 shows that the AC resistivity drops fast as

Fig. 15 The frequency
dependence of dielectric loss
tangent of Vanadium Substi-
tuted Mng sZn, 5V, Fe, O, for
(x=0,x=0.05,x=0.1,x=0.15,
x=0.20)

tans

1000 10000 100000 1000000
log f (Hz)
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Fig. 16 Variation of A.C 35
resistivity with frequency | _
of Vanadium Substituted —=—X=0.00
Mn, sZn, sV, Fe, O, for (x=0,
x=0.05,x=0.1,x=0.15,
x=0.20)

Resistivity (kQ-cm)
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the frequency rises from 1 kHz to 1 MHz, then drops slowly and constantly above 1 MHz for both undoped and doped
Mn-Zn ferrites. Furthermore, an increase in the value of the resistivity of the Mn-Zn ferrite has been seen when the V
content increases, which might be because of the partial substitution of Fe3* ions by V3* ions in the ferrite products.
As a result, partial substitution of Fe3* ions with V3* ions decreases the number of iron ions existing for the conduc-
tion at the B-site, causing an increase in resistivity.

In the other hand, Fig. 17 shows a slow change in conductivity values in the beginning and an increase at the end
of the frequency scale. The conductivity trend shows that V-doped ferrites have more electrons available for transport
at high frequencies than undoped one.

5 Conclusions

The ceramic procedure was employed to produce Mn, sZn, 5V, Fe,_ O, ferrites. The substitution of vanadium significantly
affects the material’s microstructure and electromagnetic characteristics. X-ray diffraction results confirmed the formation
of single-phase spinel ferrites. With increasing vanadium content, the cell parameter declined marginally but insignifi-
cantly, and bulk density increased until x=0.05 and subsequently decreased. Porosity increased in denser samples due
to pores. The Rietveld refinement verified the samples’ spinel structure and Fd-3 m space group. Because the substituent
has a low melting point, the microstructural investigation demonstrated a rise in crystallite size and an increase in grain
size. The Ms values have been dramatically reduced. The reduction in Y-K angles for this sample explains this. Magnetic
permeability has reduced due to microstructural changes caused by the dopant. With an increase in loss, the dielectric

Fig. 17 The frequency 1000
dependence of A.C conductiv-
ity of Vanadium Substituted 1004 | X=0.00
MnO.SznOASVxFeZ-xOm fOI’ (X = 0: -—X=0.05
x=0.05,x=0.1,x=0.15, 104 —e—on.lo
x=0.20) ——X=0.15
~ ——X=0.20
i 17
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constant has been reduced. Low values of loss factor in the high-frequency region prove the compatibility of this V-doped
ferrite to use in high-frequency applications. It's worth noting that vanadium doping improves resistivity, especially when
x=0.15. From this concentration forward, grains are the only source of resistance. With increasing vanadium content,
long-distance charge carrier motions have a narrower frequency range. The increase in resistivity indicates that eddy
current losses are reduced, suggesting that the material is a good choice for power applications.
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