Journal of Sol-Gel Science and Technology

@ CrossMark

Ni?*-substituted Mg-Cu-Zn ferrites: a colloidal approach of tuning
structural and electromagnetic properties

L. M. Thorat' - J. Y. Patil? - D. Y. Nadargi® - U. R. Ghodake® - R. C. Kambale® - 5. S. Suryavanshi?

Received: 8 December 2017 / Accepted: 16 April 2018
© Springer Science--Business Media, LLC, part of Springer Nature 2018

Abstract

A robust synthesis approach to Ni**-substituted Mgy 5.,Ni,Cig2sZng sFe;04 (0 < x<0.25 mol.) ferrimagnetic oxides using
citrate assisted sol-gel process is reported. The route utilizes simple metal nitrate precursors in aqueous solution, thus
climinating the need for organometallic precursors. Citric acid acts as a fuel for the combustion reaction and forms stable
complexes with metal ions preventing the precipitation of hydroxilated compounds to yield the composite ferrite structure by
auto-combustion process. The XRD signatures, especially (3 1 1) plane, confirmed the formation of spinel structure, The
linear growth of lattice constant from 8.385 to 8.409 A was observed by Ni** substitution from 0 to 0.25. The dense
microstructure is observed with the average grain size of 0.42-2.18 um. The transport properties revealed the
semiconducting behavior of as-prepared ferrite material, with an increase in the DC-electrical resistivity by the
incorporation of nickel. The magnetic properties viz. initial permeability (i;) and magnetic moment (ng) are explained, based
on the deviation in saturation magnetization (M), anisotropy constant (K|)_ density values, and exchange interactions.
Furthermore, the effect of adding Ni*" on the Curie temperature, frequency-dependent diclectric properties of the ferrite
material are also discussed.
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Highlights

» A traditional and robust synthesis approach (citrate assisted sol-gel process) is adopted to develop Ni*' substituted

MgCuZn ferrimagnetic oxides.

* A detailed study of citrate autocombustion process, associated sol-gel reactions, and thereby structural and

electromagnetic properties is made

* The addition of nickel results in increased aggregation of the colloidal backbone of ferrite and the loss of the mesoporous

network structure.

e With incrcasing Ni content, an increase in the activation energy upto x = 0.10), decrease in loss tangent and saturation

magnetization, arc observed.

1 Introduction

Electronie devices perform a wide variety of tasks to make
our lives more comfortable. Though their list is too long, to
name few—mobile phones, i-pads/notepads, and cntertain-
ment gadgets arc the most widely used electronic devices in
today’s life. The dynamic growth and development occur-
ring in the field of telecommunication and information
technology has emerged the need of electronic devices with
smaller size, cost cffective, and higher efficiency. Spinel
ferrites (especially ferrimagnetic oxides) have key role in
the technological applications, because of their interesting
electrical, magnetic, and diclectric properties. Their high
clectrical resistivity, low eddy current, diclectric losses,
high satwration magnetization, high permeability, high
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Curie temperature, good chemical stability, and mechanical
hardness make them useful in many applications such as rod
antennas, electronic devices, sensors, memory devices, data
storage, and telecommunication [1-5]. Morcover, they have
a niche market in equipment for medical diagnostics,
microwave devices, gas sensors, information storage sys-
tems, and MultiLayer Chip Inductors (MLCIs) [6-9].
Mg-Cu~Zn ferrite is an appropriate magnetic material sui-
table for high frequency applications, due to its high resis-
tivity (10" {tcm), high curie temperature (~500 K), and
environmental stability [10-14).

In the state of the art, Hameed et al. [15) reported
ZTIFE:O.; and Mg‘Cunngn{,.gz_me.9304 (where x=10.20,
0.25, 0.30, 0.35, and 0.40) nanoparticles for lithium storage.
The sol-gel-assisted combustion route was employed to
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develop the material. The application of nickel zinc ferrite
and graphene nanocomposite as a modifier for fabrication of
a sensitive electrochemical sensor for the determination of
omeprazole in real samples is reported by Abbas et al. [16].
Similarly, Satalkar et al. reported role of cationic distribu-
tion in determining magnetic properties of Zngq,
Ni,MgpaCug |FeaOy . nanoferrite.  Zero  values  of
Yafct-Kittel angle (ay_y) recommended the presence of
Necl-type magnetic ordering in the developed ferrite [17].
For MLCI application, Kamble et al. discussed Mg-Cu-Zn
ferrite  (Mgg4sCup 12Zng 40Fe204) by ceramic and self-
sustaining auto-combustion (sucrose) methods. The ferrite
material using ceramic route was developed using required
oxides in the powder form, whereas, aqueous metal nitrates
along with sucrose as fuel were used in auto-combustion
route for developing the identical ferrite material [18]. High
magnetic loss Mg—Cu ferrites prepared by a solid-state
reaction for ultrahigh frequency EMI suppression applica-
tion, was investigated by Li et al. [19). Mg-Cu-Zn ferrites
are useful in the fabrication of multilayer chip inductor
components as surface mount devices (SMD) for minia-
turized electronic products such as cellular phone,
digital diaries, videos camera recorders, etc. This system is
particularly used in the SMD and MLCI due to their
high electric resistivity and excellent soft magnetic prop-
erties at high frequencies. In view of it, as Ni** has
higher magnetic moment (2.83 uB), compared to Mg**
(2.00 uB), the magnetic properties with incorporation of Ni*
* in place of Mg>* will be enhanced. In miniaturization of a
device for MLCI applications, high u;, M,, low eddy cur-
rents losses, and high electrical resistivity, which are
important requisites, are almost complementary in the Ni-
based ferrite [20].

Therefore, in the present work, attempts were made to
develop Ni**-substituted Mg-Cu-Zn ferrite (Mgg s..Ni,.
CugasZngsFesOs (0sx<0.25)), using citrate assisted
sol-gel, auto-combustion process, and investigate their
structural and electromagnetic properties.

\Citric acld

Precursor
(Mg, Ni, Cu, Zn, Fe - nitrates)

2 Experimental details

The general approach of making Ni**-substituted
Mg-Cu-Zn ferrites involves following two major steps: (i)
synthesis of material powder by sol-gel combustion and
formation of pellets and/or toroids, (ii) investigation/char-
acterization of the developed ferrite material.

2.1 Synthesis of ferrite material

In a typical synthesis, AR grade nitrates (magnesium nitrate
(Mg(NO;)2:6H,0)), nickel nitrate (Ni(NO,),-6H,0), copper
nitrate (Cu(NO;),-6H,0), zinc nitrate (Zn(NOs),-4H,0),
ferric nitrate (Fe(NO3)3:9H,0), and citric acid (CgHyzO5)
were obtained from Sigma Aldrch and were used as
received. The stoichiometry of the redox mixture for com-
bustion was calculated and kept constant, based on total
oxidizing and reducing valence of oxidizer and reductant
(3:5 mol). The synthetic reagents were well mixed in the
suitable amount of distilled water. The reaction mixture/sol
was stirred for ample time, till it attained the homogeneous
phase. The temperature of sol was eventually raised up to
425K. In accordance with the natural behavior (Fig. 1:
graph part), at the set temperature the sol viscosity increased
gradually with respect to time. The highly viscous sol
attained the percolation threshold and ended-up to a gel,
enriched with water. The resultant gel was continued to heat
treat at higher temperature (450-575 K). The viscous gel
began frothing and eventually after water evaporation, the
gel started exhausting into fast flameless auto-combustion
reaction with the evolution of large amount of gaseous
products after which it gets auto ignited. The obtained
powder was calcinated in air at temperature 775 K for 2h to
remove the traces of unreacted leftovers, and retained the
pure ferrite material. This powder was then made into pel-
lets (15 mm diameter and 2 mm thickness) and toroids
(Inner diameter = 1.5 cm, outer diameter = 2.5 cm, average
height =0.3 em) with manual pressing machine (pressure

Ni-Mg-Cu- Zn Ferrite
powder

Fig. 1 Schematic illustration for the preparation of ferrite gel, using citnue initiated sol-gel process, along with reaction mechanism
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= 1.5 ton/cm’, binder: PVA). Finally, both pellets and tor-
oids were sintered at 975 K for 2 h in air.

2.2 Characterizations of the material

Crystallinity and phase identification of ferrite was inves-
tigated using X-ray diffraction (XRD) by using Bruker D8
advanced X-ray diffractometer, SAED, EDS analysis. The
Structural analysis was done using both the electron
microscopy techniques—SEM (Model 6306A JEOL-ISM,
Japan) and TEM (Philips CM 200 FEG). The material was
studied for its magnetic and inductance measurements using
VSM (Lake Shore 7410 VSM) and controlled impedance
analyzer (Hioki Model 3532-50 LCR HiTester, Japan),
respectively. The frequency dispersion of initial perme-
ability was studied in frequency range 100 Hz-1 MHz at
300K. The initial permeability was determined from
inductance measurements of coils using the formula [21]:
L

T 000aN g% (1)

where, N = No. of copper turns on the toroid, h = thickness
of toroid (em), d, d» are inner and outer diameters, L —
series inductance in (micro Henry).

LCR-Q meter (HP-4284A) was used to study the
dielectric measurements at room temperature. The suscept-
ibility measurements were carried out on powder sample
using double coil set up [22]. The average crystallite size (f)
was calculated from the Scherrer equation. The X-ray
density p, of the ferrite samples was calculated using the
relation p, =8 M/Na®, where M is the molecular weight, N
is the Avogadro’s number (6.023 x 102 atom/mol.), &’ is
the volume of the unit cell. The bulk density of the samples
was estimated by Archimedes principle using xylene med-
um. pp, = (wp')/(w — w'), where w is the weight of sample
In air, w' is the weight of sample in xylene, p' is the density
of xylene. By means of temperature variations of suscept-
ibility and initial permeability curves, the Curie temperature
of the material was determined. DC-electrical resistivity
measurement was carried out from room temperature to
500 °C using two probe methods.

2.3 Mechanism of citric acid initiated sol-gel
chemistry

The citrate gel method is a traditional, simple sol-gel pro-
cess, which offers the homogenous sol formation, and hence
the final material. The impact of the homogeneity of citrate
sol-gel precursors is on the reaction temperature, since the
final crystalline metal oxide may be formed at considerably
lower temperatures than powder solid-state methods where
mass transport between grains limits the reaction [23).
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Moreover, in the present appmach,.duc to its. better gic.
persion and versatility, the synthesis of_ m“l"mmmncm
mixed ferrite materials can be better realized [24], As _th g
citric acid is widely used acidulent to form a %c:l: the vise-
osity of the precursor solutiom‘sgi .shm:fts updwtiJ m(l:rcm“{g
temperature by the addition of citric acid, and the ge ;taui: is
achieved. This gel is further heat tfcatcd to .auto-c_:oml ustion
process, to yicld the required ferrite material (F]g‘ J: .

The stepwise progress and concerned reaction mechan-
ism of the above process is cxplained as follows.

i) Dissolution of metal salts in water:

En) this first step, the precursors (metal nitrates) are z?ddcd to
the polar solvent (water), and subjected to the sallvauon pro-
cess. Here, the salvation process can be referred to as hydra-
tion, as water is the solvent. The water molecules replace NO;
ions, and get attached with the metal-cations. 'I.‘he formed
aquo-cations are represented in the following reaction Eq. (2).

M(NO),+n(H0) ™5 [M(H,0),]* +z(N03)™,  (2)

where, M(NO;)n are the metal nitrates, and [M (Hz"-)),,}~+
are aquo-cations.

(ii) Complexation and chemically controlled condensa-
tion in the presence of the citric acid:

In the second step, under the control condition, citric acid
is added to above solution containing aquo-cations. After
addition of citric acid, it forms complex with hydrated metal
fon, as per the following Eq. (3).

[M(H20), ] +2(NO)" +<{CoH50r— .
M(Cols01), (H20),_ ¥ [(NOs); (#:0),]°

(iii) Formation of metal-citric acid chelates:

In third step, the stability of complex is further enhanced
by getting converted into metal-citric acid chelate. Here, a
metal jon gets attached with different carboxylate groups of
citric acid, forming a cyclic chelate, which is a stable
complex. The reaction scheme of forming stable chelate is
shown in the following Eq. (4).

[M(CGHSO'J'),\' {Hzo)n—t]’hx [{NOEJ; (Hza)x] *

[M(CeHs07)x (H20)5x)*™ [(NO3); (H,0),]

| 4)

{IM(CeHs07)2x (H20)n-2] [(NO3) ]2 (H20)2,)

3 Results and discussion

3.1 Crystallographic identification and density
measurements

The crystal structure of as-developed ferrite was confirmed
by grazing incidence XRD. Figure 2a shows the XRD

CE Scanned with OKEN Scanner
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Fig. 2 a Xeray diffraction patterns of the Mgys Ni,CiyqsZngsFe,0; (0<x<0.25) ferrites, b typical EDAX spectra for
MggnsNig 20Cuy 252y sFe,0,

Table 1 Data on lattice constant (a), crystallite size (1), bulk density (p), X-ray density (p,), relative density (pg), grain size (D), particle size (f))
from TEM, activation energy, Curic temperature from DC resistivity (Tc) of Mgy 1s..Ni,CuyasZng sFe,0y femites

# Content of Lattice Crystallite Grain Particle size Activation energy T from DC  Density
Ni (x) cinslant, a sizet(m)  size!D () (m) (V) resistivity (°C)
@ (pm) Ferri Para Bulk, p,, X-ray, p, Relative, py
region  region (gem’)  (glem’) (%)

10 8.385 51 0.42 315 0.46 0.67 151 435 5.18 84
2 005 8.392 48 2.18 237 0.50 0.74 153 5.05 5.21 97
3 010 8.400 51 1.22 201 0.63 0.87 171 4.91 5.23 94
4 0.15 8.405 47 1.36 338 0.46 0.70 184 4.89 5.26 93
5 020 8.407 49 2.01 180 0.49 0.73 201 4.82 5.30 91
6 025 8.409 53 1.45 114 0.59 0.83 227 4.90 5.33 92
“From XRD

*From SEM

“From TEM

patterns of different compositions of Mg »5.,Ni,Cug5Zng -
Fe,04 (0<x<0.25) ferrites. As expected, the material shows
the exact same Bragg reflection signatures which are typical
for the cubic spinel structure (highest intense peak corre-
sponding to (3 1 1) plane). The relative intensities of the
various reflections arising from the various crystal plane
refiections are in well agreement with the standard JCPDS
data # 080234, and exhibit the single-phase structure. The
lattice constant (a) for all the compositions is tabulated in
Table 1, which displays a gradual increase of “a” value with
increasing Ni doping. As Ni** has larger jonic radii (0.78 A)
than Mg?* (0.71 A) ions, so when substitution of Ni2* ions at
the expense of Mg®" ions takes place in the composition, the
“a” value is expected to be reformed accordingly [25, 26].
The concentration of Cu®" and Zn?" ions are unchanged.
Moreover, as the substitution of Ni*' by Mg** takes place,
the expansion of the unit cell is also expected 1o happen [27].

The crystallite size of the material is obtained using the
Scherrer equation, which values between 47 and 53 nm. The
values of density (relative density, observed density by X-
ray, bulk density) and porosity are also listed in Table 1. All
the ferrite samples exhibited high relative density (more than
90%) due to the presence of Cu in the ferrite system. Cu ions
have a major role in the densification of the ferite due to
their high atomic mobility [28, 29]. The replacement of Mg
atoms by Ni atoms, directs the increment in the relative
density, duc to their respective atomic mass. Magnesium has
lower atomic mass (24.30 amu) than nickel (58.69 amu).
Therefore, the relative density of the control sample (x=
0.00) was found lower (84%) as compared with the sample x
=0.25. It was also observed that the X-ray density of each
sample was higher than the corresponding bulk density, due
to the existence of the pores in the material after sintering
treatment [30).

@ Springer
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Fig. 3 a—e SEM images, and al-el TEM images with SAED pattem of Mgy s..Ni,Cug25Zny sFe;04 (0 < x5 0.25) ferrites

3.2 Surface morphological properties

The typical pore diameter of a given MgCuZn ferrites is on
the order of 100-300 nm depending on its density [31]. This
mesoporous structure is seen in morphological analysis.
SEM and TEM images of the pristine MgCuZn ferritc are
shown in Fig. 3a and al. The addition of nickel results in
increased aggregation of the colloidal backbone of ferrite
and the loss of the mesoporous network structure. During
the sol-gel process, the mixed ferrite developed in the form

@ Springer

of micron-sized sccondary aggregation of pristine colloidal
particles. The size of these aggregates is influenced by the
nickel content in the sol. With increasing doping con-
centration, these aggregates are increasing in size (Fig. 3b-f,
bl-fl). In addition, the volume fraction of nanoparticle-like
nickel oxide-rich inclusions also increases with Ni content
as seen qualitatively in the TEM images (higher contrast
due to heavier element Ni in the bright field image).
Undoubtedly, the presence of copper also strongly
affects the microstructure of the developed composite
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Table 2 Elemental composition

?bu-lim"d from EDAX data for Element  Aomic percentage of as-propared ferrite
erites o
X=0 X=005 X=0.10 X=0.15 X=020 X=025
L Mg 428 365 264 179 097 =
2 N = 096 197 291 37 451
3 4.10 443 467 445 a1l 439
4 Znl* 8.24 8.77 831 8.54 8.88 8.08
5 Fe't 3347 36.56 34.63 35.97 37.59 35.99
6 0¥ 49.91 45.63 47.78 4634 44.08 47.03
B decrease its resistivity. The activation energics for different
10+ regions and the Curie temperature values are listed in Table
o 1. The activation energy was strongly influenced by Ni-
addition and the type of conduction mechanism. The acti-
z 8 vation energy values for paramagnetic region are higher
é 74 v than those found in ferromagnetic region. This in turn
= A indicates that the conduction in ferrites is due to hopping of
S 4 e :fd polarons [35]. The conduction mechanism in ferrites can be
£ s euten o™t — 8= x=0,00 explained based on Verwey principle, where different
ad e :::_““::0’50 temperature regions arises due to conduction and hoping of
1 g —v—x=0.15 extrinsic type carriers as well polarons. The change in
3" —e =020 slopes of two regions separated by Curie point evidenced
24 e the influence of the ferrimagnetic ordering on the con-
T ductivity process. This increase in DC resistivity due to Ni
4 L6 18 20 22 24 26 28 30 32 3d

10007 (K™

Fig. 4 DC resistivity (log py) as a function of temperature (1000/T) for
all the ferrites

ferrite. Cu facilitates the liquid phase sintering and increases
the rates of cation inter diffusion because of its segregation
to the grain boundaries [32]. If the driving force of grain
boundary movement on each grain is homogeneous then
uniform distribution of the grain size is expected. In con-
trast, if the driving force is non-homogenous then there is an
abnormal grain growth [33]. The non-uniformity of the
grain size in the present case can be attributed to the non-
homogeneous driving force on the grains by liquid phase
sintering [34]. The maximum particle size (338 nm) was
observed for sample with x=0.15. Elemental analysis
(EDS, Fig. 2b) of as-developed ferrite confirmed the pre-
sence of Ni, Mg, Cu, Fe, and O, and thereby the formation
of Ni-Cu-Zn-Mg Fe,04 (Table 2). The presence of circular
bright spotsfring structure (Fig. 3, SAED patterns) corre-
sponding to various planes as represented in XRD pattern,
re-confirms the spinel structure of developed ferrite.

3.3 Transport property
Figure 4 shows the variation of DC-clectrical resistivity of

ferrites as a function of temperature. The material showed
semiconducting nature, as rise in the temperature led to

doping, is attributed to decrease in electron hopping at B
site which is mainly responsible for conduction mechanism
in ferrites [23, 24].

3.4 Dielectric properties

Dielectric constant (¢') as a function of frequency (100 Hz to
1 MHz) at room temperature for the ferrites is shown in Fig.
Sa. Dielectric constant of all the ferrites decreased quickly
with an increase in the frequency, and finally attained a
constant value at higher frequencies. Such tendency in the
dielectric measurement indicates the ferromagnetic behavior
of the material [36]. Further, the dielectric properties are
mainly governed by the conduction mechanism in the fer-
rites, where an electron hopping takes place.

In addition, complex dielectric constant (£*) was inves-
tigated as a function of frequency depicted in Fig. 5b. It
displayed the decrease in £" value with increase in the
frequency, and after particular frequency, it responded
independently against the frequency. This behavior is due to
the existence of Maxwell-Wagner interfacial polarization,
which exists in the inhormogeneous dielectrics [32, 33]. The
large values of dielectric constants at low frequencies were
observed due to the predominance of Fe** ions, interfacial
dislocations, oxygen vacancies, and grain boundary defects
[37].

Figure 5c shows the behavior of dielectric loss tangent of
ferrites as a function of frequency (100 Hz to | MHz) at

@ Springer
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Fig. 5 Dielectric properties of the ferrites as g function of frequency. a Diclectric constant, &', b complex diclectric constant, &", ¢ dielectric loss

tangent, tand, d AC resistivity, pac

room temperature. Around 100 kHz, the diclectric loss
tangent got decreased, then-after remained constant at
higher frequencies. This initial decrease of dielectric loss
tangent can be explained based on phenomenological
model. The dielectric losses in ferrites are generally
refiected in the resistivity, i.e., materials with low resistivity
exhibit high dielectric loss and vice versa. The decrease of
loss tangent with increasing Ni** content is duc to the
cxchange of electrons between Fe?' and Fe'*, which is
responsible for the conduction mechanism in ferrites.

The AC resistivity of ferrites provide primary informa-
tion related to the localization of charge carrers at grain/
grain boundarics, intergranular tunneling of charge carriers
across the grain boundary, and dielectric polarization of
magnetic ions [38]. The AC resistivity of all the ferrite
samples is depicted in Fig. 5d. It shows the room tem-
perature AC resistivity of ferrites was found 1o be influ-
enced by Ni addition. The maximum AC resistivity was

@ Springer

observed for sample with x = 0.05. The ferrite samples with
high density retained high AC resistivity. Furthermore, by
the application of higher Ni, the probability of clectron

jumping through Fe**/Fe** led to reduction in the
resistivity.

3.5 Magnetic properties
3.5.1 AC susceptibility studies

The normalized AC susceptibility (yr/ yu7) of the ferrites as
a function of temperature is depicted in Fig. 6a. The (yr/yrr)
values of all the ferrites unhampered up to certain tem-
perature, and thereafter they got decreased abruptly near the
Curic temperature. The constant behavior of normalized
susceptibility up to Curic temperature is because of insuf-
ficient thermal energy to disturb the aligned moments of
spins. This behavior confirms the ferrimagnetic nature of
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Fig. 6 Maguetic properties of the fermites. 1 Nomalized AC suseeptibility (p/rey) as o function of tempervture, b magnetic hysteresis loops

the material. However, above the Curie temperature the
decrease in susceptibility is due to the sufficient thermal
energy that disturbed the moment's alignment. Here, it
indicates the transition of the material from ferrimagnetic o
pammagnetic state.
The Curie temperature (DC resistivity) of all the ferrite
samples is given in Table 1. The Curie temperture was
found to increase with an increase in the nickel content, due
0 an increase in the ferrimagnetic region and at the same
time, decrease in parumagnetic region. The Curie empeni-
ture of NikFe,04 (585 °C) is higher as compared to MgFe,0,
(440°C). Allso, the substitution of Ni causes the increase in
A-B interactions resulting from replacement of Mgt by
Ni?* on octahedrnal (B) site, similar type of behavior was
also observed in earlier studies [34, 35]. Above the Curie
emperature a complete disordered state as well as the
magnetization destruction is obtained. The high Curie
temperature for x=0.25 femrite. is due to the strong
exchange interaction (A-B) between the different sub-
latices [38).

3.5.2 Magnetization

The typical hysteresis loops of as-prepared ferites at room
icmperature are shown in Fig. 6b. The magnetic hysteresis
of all the samples exhibited a typical shape, confirming
magnetic ordering the material. The values of saturation
magnetization (M,), coercivity and remanence for all ferrite
compositions are given in Table 3. The saturation magne-
tization was increased with increasing Ni doping. This is
can be explained based on cation distribution and the
exchange interactions between A and B sites of the ferrite.

In Mg-Cu-Zn ferite, the stable Zn*' ions occupy the A
sites, whereas Ni*' and Mg? ions occupies B sites. Ni*!
ions have higher magnetic moment (2.83 i) than Mg*!
ions (2pp). Therefore, it leads to an increase of the
saturation magnetization of the ferrite |39], The ferrite with
v=0.25 exhibited maximum value of
magnetization.

Table 4 gives the probable cation distribution, experi-
mental, and theoretical magnetic moments for various
compositions of Mgy 3. Ni,Cugas Zng s Fe,Oy ferrites. The
experimental magnetic moment was increased with increase
in Ni content whereas the ay.y was decreased. The decrease
in @, is mainly due to substitution of Ni having high
magnetic moment than for Mg with zero magnetic moment

saturation

3.5.3 Initial permeability

The wom temperature initial permeability (i) of synthe-
sized ferrites was measured in the frequency range of
100 kHz-10 MHz, The g; value of the ferrites exhibited a
constant behavior up o a certain frequency and then-after
increased with further increase in the frequency (Fig. 7a). In
case of Ni doping, g value increased with Ni content x —
0.05 and then decreased with further increase in Ni. The
suid variations are due to different sintering density.

Initial permeability at ambient temperature () and dur-
ing temperature eycle (Aw;) is tabulated below in Table 3.
The ferrites with higher densities exhibited high ni value, It
was observed that for Ni doping greater than x = 0,05, 1
decreases. This reduction is due to an increase in magne-
tostriction constant by substitution of Ni to Mg. The rota-
tional () and wall (i) permeability were also caleulated
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Table 3 Data on magnetic

d o T (o
: . Mn He My KixI10' Te(°C) Te Q)
parameters like saturation o gsn;:;m OF M (o) MM, M, e ' (crgfcc)  from from g
magnetization (M,), MJ/M,, g Xac
coercivity (Ff.), iniual
pcrmt.ag_ill_ilw (i), "::ﬂo"ﬂ’ 1 0.00 239 0.0038 341 1268 17 1252 1400 1500 100 -2.50 145 140
oniiminaso ) p Pl 2 005 263 00029 273 2620 14 2607 3100 3198 98 263 IS8 149
crystalline anisoropy constant 3 010 290 0.0034 327 1930 19 1912 2500 2567 67 —277 182 170
(). thermal hysteresis of initial 4 15 248 0.0041 406 1569 13 1557 1900 2050 50 -290 200 190
permeability, Curie temperature 304 212 210
(Te) from y, . and g, for all the 5 020 341 00050, 479 522 24 4% Sl2 557 45 N 5 2
ferrites 6 0.25 318 0.0049 506 520 20 501 GUO 636 36 31T 226 231
Table 4 The probable cation : T 3
distribution and the magnetic * ¥ Cation distribution B GRS e
all the i ’ nar
mespenty ol all e feritien L 000 (MgopsCuomsZig sFep ) [Mgo225Cug 225Fe, 45]%0, 5999 194 P62
2 005  (MgnoadCugpnZng sFeq )" [NigysMgo 180Cug2nFe; 4]0y 5964  2.15 58°51'52"
3010 (MgoorsCuosZng sFeq )" Nin.1oMgo135Cup3sFe) 52]°0, 5948 232 35°37°24°
4 0I5 (MgooCugg0Zng sFeg aq) Nio 1sMgopmoCunaselie 2P0, 5932 2.10 57°23'2"
5020 (MgoonsCugmsZngsFeg ) [N oMgonisCuozusFer 51)%0, 5916 270 31797387
6 025  (CuponasZng sFeg gm0 [Nin2sCuy 2475Fe; 5925704 5918 2.52 53°23'35°

using the following formulae:

U =1+ 22M%s) 1k, (5)

Mo =t = (U — 1) (6)
The magnitude of u, was found rclatively larger in
comparison with g, for all compositions of Mg s, Ni,.
Cug25Zng sFe,0, ferrite. Thus, a conclusion can be drawn
that the main contribution to the initial permeability is due
to domain wall motion. The value of initial permeability at
x=0.05 is almost twofold greater than at x=0.00
(Mg—Cu-Zn ferrite) and fivefold greater than x = (.25
(Ni-Cu-Zn ferrite). The high value of initial permeability
exhibited by sample with x=0.05 is mainly attributed to
the higher sintered density and higher grain size exhibited
by that sample,

Figure 7b shows the variation of initial permeability as a
function of temperature for different compaositions of fer-
rites. The initial permeability exhibited a constant behavior
up to a particular temperature then achieves a peak value
and then suddenly drops to a minimum value at Curie
temperature. The abrupt decrease in initial permeability at
Curie temperature is the sign of transition from ferrimag-
netic state to the paramagnctic state, as discussed above.
Furthermore, the magnitude of Curie temperature increased
with an addition of Ni*', which is mainly due o the mag-
netic nature of Ni** than nonmagnetic nature of Mg®" ot
octahedral site. The variation of magnetic loss factor with
temperature is shown in Fig. 7c. Higher the value of initial
permeability, lower is the value of loss factor. As the initial

) Springer

permeability drops to a minimum value at Curie tempera-
ture, the loss factor got increased at higher temperature
scale. The ferrite with x=0.05 exhibited lowest value of

loss factor at room temperature, indicating its suitability for
MLCI applications.

4 Conclusions

In conclusion, we developed a simple and straight forward
synthesis strategy for fabricating spincl-type Ni*'-sub-
stituted Mg-Cu—Zn nanocrystalline ferrite through citrate
gel combustion process. The doping level of Ni is varied in
the range of 0<x<0.25, where the system is Mgg 95, Ni,.
Cug2sZng sFe,0,. Citrate gel method yiclded a single-phase
ferrite material with high density and dense microstructure.
The structural, morphological, transport, dielectric, and
magnetic propertics of the ferrites are discussed. The
microstructure was strongly influenced by the addition of
Ni**. The addition of nickel results in increased aggregation
of the colloidal backbone of ferrite and the loss of the
mesoporous network structure. The DC resistivity study
confirmed the semiconducting nature of the material and
ferrite samples exhibited high resistivity values making
them useful for high frequency applications. The clectric
transport, dielectric, and magnetic propertics were strongly
found to be dependent on Ni content. With increasing Ni
content, an increase in the activation energy (upto x = 0.10),
decrease in loss tangent and saturation magnetization, arc
observed. Magnetic properties reveal that the Mg s, Ni,.
Cug25Zng sFe;0y with v = 0,08, due to its lowest coercivity
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Fig. 7 Permeability studies of the ferrites. a Frequency dependency of initial permeability (), b, ¢ temperare dependency of permeability and

loss factor

and highest initial permeability, would be the suitable
material in MLCI with reduced layers and more
miniaturization.
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