
Microstructure dependence of the magnetic properties of sintered
Ni–Zn ferrites by solid-state reaction doped with V2O3

G. Herrera • M. M. Pérez-Moreno
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Abstract In order to improve the frequency range oper-

ation of Ni–Zn ferrites with the Ni0.7Zn0.3Fe2O4 stoichi-

ometry in this study, they were doped with V2O3 at

different concentrations (0, 0.25, 0.50, and 0.75 wt%). The

samples were prepared by the solid-state reaction at

1250 �C for 24 h. The content and location of Vanadium in

these ferrites allow us to determine its influence on their

microstructure and magnetic properties. A single cubic

spinel phase with lattice parameter variation was deter-

mined by the refinement of X-ray diffraction patterns. This

refinement was achieved using the Rietveld method. The

lattice parameter presents a slight enhancement with

increasing Vanadium content up to 0.50 wt% of V2O3. The

increase of intragrain porosity and the segregation of

Vanadium at the grain boundary in samples with higher

concentration of Vanadium show a narrow grain-size dis-

tribution that leads to a resonant character of the magnetic

domain wall. A wide grain-size distribution determined in

lower concentration of Vanadium results in a mixed reso-

nant-relaxation dispersion. The use of V2O3 as a dopant in

Ni–Zn ferrites increases the frequency operation and

coercivity, Hc, without abruptly degrading the saturation

magnetization, Ms. We, therefore conclude, that Vanadium

may be used as a strong dopant for the preparation of

ferrites for any particular high-frequency application.

Introduction

Ferrites are considered as soft magnetic materials. The

most important types of ferrites are manganese–zinc (Mn–

Zn) and nickel–zinc (Ni–Zn) ferrites [1]. Mn–Zn ferrites

have a high permeability, and so they are used as inductor

cores, but they are limited to low-frequency operation.

Ni–Zn ferrites have been intensely studied because of their

remarkable high-frequency operation (1–100 GHz) as well

as because they exhibit high chemical stability and high

permeability in the radiofrequency region [2] Ni–Zn fer-

rites are used in telecommunications as high-frequency

inductive components, such as transformer cores, rod

antennas, radiofrequency coils, multilayer chip inductors

[3], wave absorbers, and converters. Recently, they were

used as radar-absorbing materials. At low frequencies, this

interaction is small, and the eddy current losses are negli-

gible. However, at high frequencies, the interaction causes

unique phenomena, leading to application in microwave

ferrite devices [4], such as telecommunication in cellular

telephones and reception/transmission antennas [5], fre-

quency-tuneable oscillators and filters, isolators, circula-

tors, and phase shifters [6]. Other specialized application of

Ni–Zn ferrites is in the magnetic cores of read/write heads

for high-speed digital tape or disk recording [7]. Many

literatures are available on these aspects of the Ni1-xZnx

Fe2O4 ferrites with relatively higher Zn content (x in the

range 0.4–0.7) [8, 9]. However, the related literatures on

low Zn-bearing (x B 0.3) ferrites are very rare. That is the

reason, the present composition Ni0.7Zn0.3Fe2O4 has been

selected for the investigation. It is known that the best
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value of radiation attenuation was reported to be about 70%

in Ni–Zn ferrite by Lima et al. [5].

NiZnFe2O4 follows the spinel structure Fd3m (Oh7) No.

227 [1] with formula, [Fe1-x
3? Znx

2?]tet [Ni1-x
2? Fe1?x

3? ]oct O4.

[Fe1-x
3? Znx

2?]tet, and this means that the [Fe1-x
3? Znx

2?] ions

occupy the tetrahedral, Td (A) sites, whereas [Ni1-x
2? Fe1?x

3? ]

ions occupy the octahedral, Oh (B) sites of the lattice

structure [10, 11]. Wyckoff positions for (A) site, (B) site,

and O2- are 8a, 16d, and 32e, respectively. Therefore, in

the unit cell structure, Fe2? (0.75 Å) may replace Zn2?

(0.74 Å), while V3? (0.78 Å) can exchange sites with Fe3?

(0.64 Å). This cation exchange depends on the sintering

conditions, since the Oxygen partial pressure affects

Vanadium and Iron oxidation states and, hence, influences

the magnetic properties of the ferrite.

The typical synthesis method to achieve the total reac-

tion of reagents to obtain the Ni–Zn ferrite is the solid-state

reaction. Usually, in this ceramic technique, the raw

materials are mixed in stoichiometric proportions in a ball

mill for a sufficient period of time. The duration of milling

will determine the grain-size distribution, which in turn

will influence the homogeneity of the compact that goes

into the final firing as well as the microstructure after the

sintering process. The optimum grain size is generally of

the order of 1 lm. The mixed powders are pre-heated at an

intermediate temperature (800–900 �C). The purpose of

pre-heating is to propitiate the process of forming the fer-

rite lattice. The obtained ferrite, the powders, can be mixed

with a binder with an appropriate ratio and then subjected

to pressure for compacting. Then, the compacted ferrites

can be sintered in a range of temperatures between 1200–

1400 �C to complete the inter-diffusion of the component

metal ions into the preferred crystal lattice. It is well known

that the dominant microstructural parameters which are

important for achieving high permeability are a high-sin-

tered density, a large average grain size, and a stress-free

grain boundary. In order to promote grain growth and

densification, an appropriate liquid phase can be applied.

However, the presence of a liquid phase during sintering

can induce the transition from normal to anomalous grain

growth and induce chemical and physical changes on the

grain boundaries, which may degrade the magnetic per-

meability [12]. In particular, it has been shown that small

amounts of Vanadium pentoxide (V2O5) tend to remain at

the grain boundary region, acting as liquid phase sintering

aids [13]. The impact of another Vanadium compound,

namely, Vanadium trioxide (V2O3 with a melting point of

1790 �C) remains to be established in these ferrite systems.

The main objectives of the present study are the fol-

lowing. First, to prepare Ni–Zn ferrites to improve their

applications at the high-frequency range without abruptly

degrading their magnetic properties such as: their Curie

temperature, TC, coercivity, Hc, initial permeability, li, and

saturation magnetization, Ms. Therefore, a series of ferrites

with Ni0.7Zn0.3Fe2O4 stoichiometry with increasing con-

tents of V2O3 (used as dopant) have been prepared by the

solid-state reaction. The chemical distribution, and the

location and content of Vanadium in these ferrites will

allow for the determination of its influence on the structure,

microstructure and magnetic properties of the ferrites

mentioned above.

Experimental procedure

Materials

Polycrystalline Ni–Zn ferrites with Ni0.70Zn0.30Fe2O4 stoi-

chiometry were prepared by the solid-state reaction.

Weighed amounts of the raw oxide NiO (Sigma-Aldrich,

99%), ZnO (Cerac, 99.5%) and Fe2O3 (Cerac, 99.95%) were

mixed with ethanol (Sigma Aldrich, 70% in H2O) to form a

homogeneous slurry. This was milled in an attritor mill

(Union Process 01HD) system for 8 h. The grinding media

to material charge ratio was 1:3 using 1/8 inch diameter

stainless steel balls. The steel balls were cleaned and

weighed after the milling to recover the material impreg-

nated on the steel ball. The milled powders were heated at

900 �C during 5 h in air in a programmable Thermolyne

47900 muffle furnace. After that the powders were doped

with different concentrations of V2O3 (Sigma-Aldrich,

99.99%) 0.0, 0.25, 0.50 and 0.75 wt% in an aqueous envi-

ronment. At this stage, doped powders were milled during

2 h in an agate mortar. The dry powder was plasticized

with 10 wt% of a PVA polyvinyl alcohol) aqueous solution

used as a binder. The resulting material was dried and

formed into a toroidal shape (outer diameter 20 mm, inner

diameter 12 mm height about 3.5 mm) exerting an uniaxial

pressure of 3 ± 0.5 MPa for 1 min. in a Carver CMG-30-

15 press. The first step in the heat treatment for the com-

pacted specimens is the removal of the binder at 800 �C.

Then the samples were sintered at 1250 �C during 24 h.

After sintering the samples were stabilized in a 0.2% O2/N2

atmosphere and were then cooled under equilibrium con-

ditions. To control Fe2? ions an inert gas such as N2 is

needed. Oxygen gas is needed to avoid dissociation of ZnO

and hence Zn loss which might occur by Zn vaporization

[14]. The heating and cooling temperature ramps had a

slope of 10 �C/min. The heat treatment was performed in a

programmable Carbolite (model STF 15/-/450) tubular

furnace equipped with Eurotherm 2416CG control.

Characterization techniques

The crystalline phases were identified using a Bruker X-ray

powder diffactometer—AXS B8—Advance using k(Cu

J Mater Sci (2012) 47:1758–1766 1759

123



Ka) = 1.54 Å. The X-ray diffraction (XRD) patterns of

Ni–Zn ferrites were collected at room temperature with a

step size of 0.02 2h� and a counting time of 10 s. The

determination of the lattice constant and other structural

parameters of the spinel phase were made from the X-ray

diffraction patterns using the Rietveld method. The

refinement was performed with Fullprof98 [15], available

in the software package Winplotr [16]. The refinement

involved the following parameters: scale factor; zero dis-

placement correction; unit cell parameters; peak profile

parameters using a pseudo-Voight function and overall

temperature factor. The structural parameters and atomic

positions for the spinel phase were taken from the

literature.

The density was evaluated by the Archimedes’s

method in an analytical balance Mettler Todelo model

AB104. The density value was determined by the relation

q ¼ A�ðq0�qÞ
A�B þ qL where A is the weight of the sample in air,

B is the weight of the sample under liquid, q0 is the density

of the liquid, and qL is the air density. The measurements

were taken at 20 �C, where q0 = 0.99823 g/cm3. The sur-

face of the sintered samples were polished in a cloth rotating

wheel using fine alumina particles with an average size of

0.5 lm size. The samples were etched in a mixture of

20 mL HNO3, 5 mL HF and 40 mL H2O for 1 min. Then

the samples were heated during 2 h in a muffle furnace. The

fractured surfaces were analyzed by scanning electron

microscopy (SEM) using a steroscan 440 Leica Cambridge

electron microscope. The micrographs were taken with

magnifications between 2.5 k9 and 3.0 k9 with a voltage

of 20 kV, a current intensity of 1000 pA and a work dis-

tance of 25 mm. Energy dispersive X-ray (EDX) micro-

analysis or point composition were established in the grain

and grain boundaries. These studies and analysis were

performed on the same equipment, with an Oxford/Link

System electron probe microanalyzer (EPMA). For Curie

temperature, TC, determination, sintered samples were

coiled as a transformer and placed in a muffle furnace

according to the experimental setup described in the liter-

ature [17].

The high-frequency measurements (Cole–Cole repre-

sentations) were carried out at room temperature using a

network analyzer Agilent model 8753ES. This equipment

allows measurements, in a wide range of frequency (from

30 kHz to 6 GHz), at a constant current of 300 lA. The

whole system is controlled by a PC computer with mea-

surement software developed in our laboratory. This soft-

ware allows a frequency run of *400 points in less than

2 min. For this evaluation we used toroidal samples (outer

diameter 20 mm, inner diameter 12 mm, and height about

3.5 mm) wound as transformers with 17 turns of 30 AWG

cooper wire.

The magnetic characterization was performed using

cylindrical samples with a vibrating sample magnetometer

(VSM EG & G Princeton Applied Research Corporation

model LDJ 9600) at 300 K, with a maximum external

magnetic field 5000 Oe.

Results and discussion

Effects of V2O3 doping on the spinel structure

The XRD patterns confirm the single phase cubic spinel

structure. The identification of crystal phase was made with

the powder diffraction File No. 10-0325; see Panel (a) of

Fig. 1. The refinement was continuous until convergence

was reached with a goodness factor very close to 1. The

observations we collected from our XRD patterns are

consistent with those reported earlier [18, 19]. The values

Fig. 1 XRD results for Ni0.7Z0.3Fe2O4 ferrites: (a) Peak positions of

powder diffraction File No. 10-0325. (b) Rietveld refined X-ray

diffraction pattern of Ni0.7Z0.3Fe2O4 ferrites, figure shows the

observed intensity (Yobs), the calculated intensity (Ycalc) and the

difference between observed and calculated intensities (Yobs–Ycalc).

(c) XRD for sample with 0.25 wt% of V2O3. (d) XRD for sample with

0.50 wt% of V2O3. (e) XRD for sample with 0.75 wt% of V2O3
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of the reliability factor of refinement (Rwp); quality of fit

index (v2) and the refined lattice parameter of Ni–Zn fer-

rites for all specimens heated at 1250 �C for 24 h are

shown in Table 1. The lattice parameter enhances slightly

with increasing Vanadium content up to 0.50 wt% of

V2O3. The expansion of the unit cell as the Vanadium

content increases in the Ni–Zn ferrites is in agreement with

the idea of expansion of the lattice cell as a small ion Fe3?

is replaced by a larger one V3?. Figure 1b–e shows the

evolution of XRD patterns and the refinement of the XRD

powder pattern for undoped Ni–Zn ferrite. Other possibility

of the lattice expansion which may be attributed to the

reduction of Fe3? and formation of Fe2? ions of larger

ionic radius, which probably dissolve in the spinel lattice.

At temperatures higher than 1200 �C, loss of zinc due to

volatilization takes place, which, for charge compensation

reasons, results in the formation of Fe2? ions.

Effects of V2O3 doping on the densification mechanism

In Table 2 one can observe the drop of sintered density as

the dopant concentration is increased. The theoretical

density value was 5.305 g/cm3. In previous studies drop of

density value of the ferrite doped with V was observed

[20–23]. In particular, Hsu et al. [21] and Hu et al. [23]

refer to the drop of density as due to the formation of the

Vanadium-rich phase. Jean and Lee suggest that the density

drop is due to the fact that, a poor distribution of a small

amount of V causes non uniform shrinkage firing [22].

Hossain et al. [10] suggest the use of high temperatures to

cause a decrease in density, because, in this case, the in-

tragrain porosity increases. This argument is in agreement

with our SEM results discussed in the next section.

Effects of V2O3 doping on microstructure

Figure 2a and b shows the SEM micrographs used to

analyze the microstructure over the fracture surfaces. The

presence of intragrain and intergrain porosity with non-

homogeneous grain shape distribution (Table 2) can be

clearly seen. The seemingly big grains may be attributed to

vanadium, which accelerates the grain growth rate [24].

Both micrographs show clear differences on the fracture

surface respect to the micrograph related to ferrite without

V2O3 [25]. The intragrain porosity propagation is due to

the tendency of Zn to evaporate from the spinel structure

under high temperature. The possible reasons to explain the

presence of intergrain porosity are: (i) the use of an Oxy-

gen-rich atmosphere [12], (ii) the influence of dopants such

as V seem to segregate on the grain boundary [26], (iii) the

melting of V forms a liquid phase at grain boundaries

increasing the number of pores that are trapped within the

grains, iv) the V evaporation due to the prolonged heat

treatment leaving the ferrite grain boundaries without a

large excess of a V-rich phase; [27], and (vi) the cation

vacancy flux generated by V addition increases the pore

mobility toward the grain boundaries [14, 28, 29]. All these

factors contribute to the reduction of the sintered density as

one can observe in Table 2. Sun et al. reported that R2O3,

for some R = transition metal or rare-earth ions cannot

continue to enter into the lattice, but form secondary phases

such as RFeO3. This destroys the homogeneous composi-

tion and microstructure [30]. On the other hand, micro-

graphs labels (c–f) taken at the polished and etched surface

of the toroid, shows the homogeneity of the grain shape

distribution at the surface. This result is in agreement with

Schichijo et al. [31] In this study the authors suggest that

the effect of the increased V2O3 concentration is to produce

a homogeneous shape microstructure with relative small

grain size. Narayan et al. [27] refer that the rounding of the

grains and their shape are because the grains are separated

by the liquid phase. Also when we increase the V2O3 wt%,

the grain-size distribution analysis reveals a bimodal

behavior as reported by Lebourgeois et al. [32]. It is known

that V2O3 is not a stable phase, and the use of an Oxygen

atmosphere, during high heat treatments of Vanadium

(V3?) ions, could cause oxidation of the Vanadium (V5?)

ions. This assumption leads to the presence of a liquid

phase [27] during sintering. A consequence of this is the

Table 1 Crystallographic data and results of Rietveld refinement of

X-ray diffraction patterns of Ni0.70Zn0.30Fe2O4 ferrites sintered at

1250 �C for 24 h, in which spinel is detected as single crystalline

phase

V2O3 (wt%) 0 0.25 0.50 0.75

a (Å) 8.3506 (8) 8.3556 (2) 8.3587 (5) 8.3584 (5)

V (Å3) 582.31 (3) 583.35 (4) 584.00 (4) 583.94 (1)

Rp (%) 9.27 8.98 9.66 9.34

Rwp (%) 10.5 10.3 10.4 10.6

Rwp (expected) (%) 10.02 9.61 9.72 10.05

v2 1.07 1.05 1.10 1.08

Table 2 Green and sintered densitya, the % of theoretical density

(TD) and grain sizea of sintered Ni0.70Zn0.30Fe2O4 ferrites with dif-

ferent vanadium content

V2O3

concentration

(wt%)

Green

density

(g/cm3)

Sintered

density

(g/cm3)

TD (%) Grain

size

(lm)

0 2.85 (8) 5.12 (5) 96.51 (2) 4.81 (4)

0.25 2.85 (8) 5.10 (4) 96.13 (5) 4.28 (4)

0.50 2.92 (1) 4.96 (3) 93.49 (3) 5.00 (5)

0.75 2.92 (9) 5.01 (4) 94.43 (9) 6.45 (5)

a Averaged at least over five measurements
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transition from normal to anomalous grain growth [13, 21,

23]. According to the arguments presented in the effects of

V2O3 doping on the densification mechanism section, this

result leads to the precipitation of a V-rich phase at the

grain boundaries [33] as can be observed in the EDX

results. The mean grain size (Table 2) was determined by

means of Image J software [34] over an average of five

SEM micrographs. In the insets (Fig. 2a, b), histograms

fitted with a Log-normal curve can be seen as Jankovskis

reported in a previous study [35].

Figure 3a and b shows the chemical composition

determined by EDX along the grain and grain boundaries

Fig. 2 SEM micrographs taken on fracture of Ni0.7Z0.3Fe2O4 samples sintered at 1250 �C during 24 h. (a) 0.25 wt%, (b) 0.50 wt%. Evolution

of SEM micrographs taken on the polished surface of toroids, (c) V2O3 0 wt%, (d) 0.25 wt%, (e) 0.50 wt%, (f) 0.75 wt%

1762 J Mater Sci (2012) 47:1758–1766
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for the sample doped with 0.75 wt% of V2O3. The ele-

mental concentration results for the sample without dopant

are in agreement with a previous study [36] (therein, the

mean of five values were taken at the center of the grain

and at the grain border). Tables 3 and 4 show the chemical

composition for global and point-to-point EDX analysis on

the grain boundary. One can observe the formation of a

V-rich phase situated at the grain boundary. This result is

in agreement with those previously reported in the litera-

ture, [14, 21, 37]. However, the presence of a second phase

related to V was not detected by XRD measurements.

Effects of V2O3 doping on magnetic properties

Curie temperature

The permeability thermal spectra of the samples were used

as a test of the formation and the homogeneity of the

samples as well as an indication on the growth and the

quality of the grains. The li–T (Fig. 4) profile showed a

sharp peak followed by a ‘‘vertical’’ decrease of the per-

meability that determines accurately the Curie temperature,

TC. For each composition, almost constant values of TC

were obtained. The vertical drop indicates that the samples

show both homogeneous ionic structure and homogeneous

grain-size distribution [17]. On the other hand, the per-

meability amplitude (as a good source of information on

the grain growth) decreases with an increase in the V2O3

concentration. This result means that samples without

dopant and with 0.25 wt% of V2O3 show a wide grain-size

distribution, and thus, the l–T curve was more peaked. The

samples with 0.50 and 0.75 wt% of V2O3 were more sen-

sitive to grain-boundary effects, and thus, the l–T curve

was less peaked. The profile also shows a Hopkinson’s

peak near the TC, a behavior normally exhibited by cubic

structures like those of the samples analyzed in this study

[38]. Table 5 shows the compositional dependence of TC.

Complex permeability

The decrease of li and increase of frequency (Table 5)

were reported using complex impedance technique [39–42].

This behavior is in accordance with Snoek’s law [43].

The decrease in the permeability can be explained by the

microstructural changes. The intergrain porosity around the

grains introduces wall discontinuities across the grain

boundaries. Also, the intragrain porosity and the presence of

Vanadium at the grain boundary are supposed to pin the

domain walls, resulting in a decrease of the permeability

and an increase of the magnetocrystalline anisotropy [30].

Fig. 3 EDX spot analysis, in which the electron beam was stopped

and positioned on: (a) the center of the grain, and (b) the grain

boundary in a 0.75 wt%-V2O3 doped sample

Table 3 SEM/EDX global composition microanalysis results (wt%)a

for samples Ni0.70Zn0.30Fe2O4 ferrites with different vanadium

contents

V2O3 concentration Niquel Zinc Iron Vanadium

0.0 18.94 (5) 6.43 (2) 52.31 (4) 0.0

0.25 19.54 (4) 6.46 (5) 52.65 (5) 0.76 (2)

0.50 18.30 (5) 5.75 (3) 53.24 (5) 1.20 (5)

0.75 19.16 (5) 6.33 (5) 53.11 (4) 1.12 (5)

a Averaged at least over five analysis

Table 4 SEM/EDX point-to-point composition microanalysis results

(wt%)a for samples Ni0.70Zn0.30Fe2O4 ferrites with different vana-

dium contents

V2O3 concentration Niquel Zinc Iron Vanadium

0.0 16.84 (4) 7.83 (3) 44.13 (3) 0

0.25 16.76 (3) 8.68 (3) 43.22 (3) 0.84 (2)

0.50 16.80 (5) 9.03 (3) 42.64 (3) 1.09 (4)

0.75 16.33 (5) 7.28 (4) 45.27 (4) 6.90 (5)

a Averaged at least over five analysis
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Figure 5 shows the evolution of Cole–Cole representations

for Ni–Zn ferrites. The samples with lower V2O3 concen-

trations showed a mixed relaxation–resonance dispersion.

In fact, this behavior is much closer to a relaxation process,

characterized by a decrease in real permeability, l0; a

maximum in imaginary permeability, l00; and a semicircle

in the Cole–Cole representation. In contrast, a natural res-

onance process was observed in samples with higher V2O3

concentration, which exhibit a strong increase in the real

part just before the resonance frequency, followed by a

vertical decrease through the frequency axis toward nega-

tive values, and finally, an asymptotic approximation to

zero. The imaginary part shows a strong maximum, and the

Cole–Cole plot is a full circle. In a recent article, Herrera

[42] makes a comparison between the evaluations of com-

plex permeability on those Ni–Zn ferrites with the use of a

resonant equivalent circuit. The experimental results are in

agreement with theoretical approximations.

The presence of a wall resonance in the complex per-

meability analysis is significantly enhanced by the increase

in the V doping [41, 42]. The doping of V2O3 can signif-

icantly improve the dynamic properties Ni–Zn ferrite at the

microwave-frequency range.

Magnetization

The room-temperature magnetic hysteresis loops of

Ni0.7Zn0.3Fe2O4 powders doped with Vanadium at different

concentrations are given in Fig. 6. The powders were ball

milled for 2 h in an agate mortar. Samples with almost the

same size and weight were used for these measurements.

Table 5 shows the saturation magnetization, Ms, remanent

magnetization, Mr, and coercivity, Hc. These parameters

were deduced from the magnetization curve for sintered

samples. It can be observed that the saturation magneti-

zation, Ms, decreases gradually as the V2O3 concentration

increases. Ms results are in agreement with a previous study

published by Jain et al. [33]. Those authors indicated that

the gradual decrease of Ms is the reflection of the effect of

the V content on the microstructure of the material simi-

larly to what we have observed for li.

The decrease of saturation magnetization can be

explained by the cation distribution between the A and B

sites in the ferrite structure. The occupancy of A sites by

Fe2? ions displaces some Fe3? ions from A to B sites. This

has a direct effect on the increase of the B interaction and

Fig. 4 Comparison between the permeability thermal spectra for

Ni0.7Z0.3Fe2O4 ferrites with 0, 0.25 wt% (solid line); 0.50 and

0.75 wt% of V2O3 (dash line)

Table 5 Permeability–temperature—(l–TC)—evolution

V2O3 concentration (wt%) l–TC (K) li fr (MHz) fs (MHz) 4pMs (kG) 4pMr (kG) Hc (Oe)

0 130–553 112.4 (9) 36.6 (5) 44.8 (2) 3.7 (6) 3.0 (2) 4110 (2)

0.25 115–553 87.1 (2) 41.1 (5) 50.7 (4) 3.6 (7) 3.1 (3) 4970 (3)

0.50 38–553 32.2 (2) 73.3 (6) 76.5 (4) 3.5 (7) 2.9 (2) 3279 (3)

0.75 36–553 29.8 (6) 83.9 (3) 86.5 (9) 3.5 (7) 2.9 (2) 4719 (2)

li initial permeability; fr relaxation frequency; fs resonance frequency; Ms saturation magnetization; Mr remanence magnetization; and Hc

coercitive field

Fig. 5 Comparison between Cole–Cole plots for Ni0.7Z0.3Fe2O4

ferrites with 0, 0.25 wt% (solid line) and 0.50 and 0.75 wt% of

V2O3 (dash line)
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the decrease of the A–B interaction, resulting in a reduction

of canting within the A lattice. As a consequence, the

measured saturation magnetization decreases gradually. On

the other hand, Hc increases for doping of 0.25 wt%, and

significantly decreases for doping of 0.50 wt%, and

increases again for 0.75 wt%. The reduction of grain size

by the presence of intergrain porosity is a well-known

method to subdivide the ferrite into single-domain parti-

cles, which increases the coercivity Hc. This argument is in

agreement with the fact that, addition of nonmagnetic V3?

enhances the magnetocrystalline anisotropy (K), and given

that coercivity is proportional to magnetocrystalline

anisotropy (Hc � K), then, the coercivity increases with the

increase of the concentration of V2O3.

Conclusions

The observations from XRD, SEM, and magnetic studies

are summarized as follows:

1. Single cubic spinel phase of Ni0.7Zn0.3Fe2O4 stoichi-

ometry was determined by XRD.

2. The lattice parameter increased upon increasing the

V3? ion substitution in the Ni0.7Zn0.3Fe2O4.

3. SEM results and SEM/EDX confirmed that the heat

treatment (1250 �C for 24 h) and the location of

V2O3 lead to abnormal grain growth with intragrain

and intergrain porosity (decrease in the magnetic

properties).

4. The evolution of morphology shows at higher

concentration of Vanadium a compact grain-size

distribution. In comparison, lower concentrations of

Vanadium result in a wide grain-size distribution.

5. A homogeneous chemical distribution was observed

using the permeability thermal spectra.

6. Cole–Cole representations showed a closer relaxation

process of the magnetic domain wall for samples

with lower concentration. In contrast, a natural

resonance process was observed in samples with

higher V2O3 concentration.

7. The decrease in li was attributed to the abnormal

grain growth and the presence of porosity.

8. The use of V2O3 and its increasing concentration as a

dopant in Ni–Zn ferrites increase the frequency

operation and coercivity, Hc, without abruptly

degrading the saturation magnetization, Ms.

9. Ms of the Ni–Zn ferrite powders decreased continu-

ously with an increase in Vanadium concentration

because of the influence of cationic stoichiometry

and their occupancy in the specific sites.

10. The use of Vanadium as a strong dopant for the

preparation of the ferrites for any particular applica-

tion at high frequency proved to be appropriate. This

result suggests that ferrites treated in the manner

presented in this article, could be good candidates as

radar-absorbing materials, presenting a broad

response at the microwave-frequency range
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