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Abstract

Here we reported the synthesis of Mg—Cu—Zn ferrite (Mgg45Cug 12Zng490Fe>04) by ceramic and self-sustaining auto-combustion
(sucrose) methods. Required oxides in powder form were processed (hand mill=3h, pre-sinter=600 °C for 180 min and final
sinter=910 °C for 9 h) to obtain the ferrite sample through the ceramic methods. Whereas, aqueous metal nitrates along with the
sucrose as fuel were processed (at 200 °C, final sinter =600 °C for 180 min) to obtain ferrite product via the auto-combustion route. As-
synthesized ferrite samples were then subjected to crystallographic, structural and magnetic investigations by techniques viz. X-ray
diffraction, IR spectroscopy and B-H measurements. Purity and phase formation were confirmed by XRD examinations. Cation
redistribution was also suggested by XRD analyses which supplement the variation of magnetic properties. IR absorption bands were
found to be in the expected high frequency range (574.95 cm ™' and 582.39 cm ~ ') and low frequency range (& 431 cm ') which fortifies
the spinel phase formation. Boost in magnetic performance of sucrose methods’ yield was observed owing to reduced porosity and
increased surface area. Thus, Mg—Cu—Zn ferrite prepared via the self-sustaining auto-combustion route has superior magnetic properties
at relatively low sintering temperature and can be employed in multi-layer chip application readily.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Multi-layer ferrite chip components are fabricated by
laminating sheets of ferrite and silver as metallization for
the internal coil windings. Melting point of silver is 961 °C,
hence restricting the co-firing temperature below 950 °C.
Ferrites for multilayer components, therefore, have to
exhibit a good sintering activity to form dense layers with
optimized properties at 7' < 950 °C.

NiCuZn ferrites were developed as the standard ferrite
materials for the fabrication of multilayer chip components
[1]. However, they still have unresolved issues like stresses of
internal windings, compatibility with silver and its mobility in
the ferrite. Moreover, nickel oxide raw materials are hazar-
dous and of high cost, hence it would be advantageous to
replace Ni with another metal in the ferrite material.
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Mg—Cu—Zn ferrite can be prepared by various methods
like hydrothermal, co-precipitation, combustion, sol-gel,
precursor etc. The Auto-combustion route follows highly
exothermic redox reaction between metal nitrates and
fuel to produce the final product. Prime advantage of
auto-combustion process is the nano-scale yield with
the use of inexpensive equipments. Additionally, the
technique is ideally suited for the products with the
improved sintering activity owing to the enhanced
surface area.

Major advantages of the auto-combustion method are as
follows:

e Highly reactive product due to nano-size.

e Involvement of low processing temperature.

e Metal nitrates and an organic fuel are mixed in water to
form an aqueous solution, hence, molecular mixing of
the components.
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® Instead of wusing a high temperature furnace to
supply the energy needed for the component oxides to
react , the auto-combustion reaction itself supplies the
energy.

In the present communication Mg—Cu—Zn ferrite was
prepared by the ceramic as well as self-sustaining auto-
combustion route (sucrose method). The sucrose method
wasas born from a process called proteic sol-gel in which
the coconut water (protein present in coconut water) acts
as a chelating agent for the development of oxides [2]. In
order to reduce production cost further, sucrose was used
as an alternative for coconut water [3].

2. Materials and methods

Mg 45Cug 12Zng 4oFe,O4 ferrite was prepared by
ceramic and self-sustaining auto-combustion processes.
For the ceramic route stoichiometric amounts of
desired analytical reagent (AR) grade oxide powders
(MgO, CuO, ZnO and Fe,05) in required proportion were
hand milled for 3 h in acetone media and pre-sintered at
600 °C for 180 min. This pre-sintered powder was then
again hand milled for 2h and uniaxially pressed at a
pressure of 7 t/in.? to form pellets. These pellets were then
finally sintered at 910 °C for 9 h.

In case of the self-sustaining auto-combustion (sucrose)
method stoichiometric amounts of desired AR grade metal
nitrates were dissolved in distilled water by maintaining ratio
of metal ion concentration to Fet ion concentration as 1:2
(0.712 mol Mg(NQO3), - 6H,0O, 0.178 mol Cu(NOs),- 3H,0,
0.593 mol Zn(NO3), - 6H,0 and 2.966 mol Fe(NO3); - 9H,0).
Aqueous solution of metal nitrates, 0.8 mol of 10% (W/V)
aqueous polyvinyl alcohol (PVA) and the aqueous solution
of sucrose (4 mol metal ion) were mixed together to form
metal nitrate-sucrose-PVA solution, which was then
evaporated to a viscous liquid (at 80 °C). Complete evapora-
tion of viscous liquid (at 200 °C) results in the formation
of carbonaceous black colored fluffy mass that was then
ground to fine powder. The ground powder was then
uniaxially pressed at the pressure of 7 t/in.” to form pellets.
Pellets thus formed were finally sintered at 600 °C for
180 min.

As-synthesized ferrite products were characterized by
using powder X-ray diffraction and Infrared spectra (IR)
techniques. Philips PW-3710 X-ray diffractometer
(CuKa=1.5424 A) was used for XRD analysis. IR spectra
of finely crushed ferrite samples were recorded using a
Perkin-Elmer 783 spectrophotometer from 300 to
800 cm ~' by the KBr pellet method. Magnetic properties
were measured at room temperature using a high-field
hysteresis loop tracer in the applied field of 1.6 kOe and
2 kOe. From the obtained B-H plots, the saturation
magnetization (M), remanence magnetization (M,) and
coercivity (H.) were determined.
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Fig. 1. X-ray diffractograms for Mg-Cu-Zn ferrite.

3. Results and discussion
3.1. XRD analysis

As-obtained ferrite samples were characterized for structural
analysis by using the X-ray diffraction technique. From X-ray
diffractograms (Fig. 1), formation of cubic spinel phase is
perceived and all XRD peaks are in consonance with the
JCPDS card no. 08-0234 and earlier reports [4]. Variation in
XRD peak intensities for ceramic and sucrose methods was
also observed from the diffractograms. According to the X-ray
diffraction principle, change in XRD peak intensity is gen-
erally caused by the change of structure factor which further
depends on atom kind, quantity and position of atom in the
cell. Besides, grain size, micro-strain, non-uniform lattice
distortions, grain surface relaxation, solid solution inhomo-
geneity and temperature factors are also responsible for such
variation in peak intensity.

The average grain size and lattice constant were deter-
mined by fitting the most intense diffraction peak (311) to
Gaussian function and using the Debye—Scherrer formula.
The X-ray density of ferrite samples was estimated by
using the relation

&M

X—ray density (pferrile) = W

where M is the molecular weight of particular ferrite, N is
the Avogadro number and « is the lattice constant.

The actual density p, of ferrite samples was also measured
by employing the Archimedes principle. By having the knowl-
edge of actual density and X-ray density, the percentage of
porosity (% P) in each sample was calculated.

Shift in peak positions and the difference in lattice
parameter can be credited to the change in Mg>™ ion
distribution on A-sites, taking into account the fact that
copper ions prefer the B-sites [5]. Zn>T ions on the A-sites
exhibit a smaller ionic radius than on the B-sites because of
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Table 1
Table of XRD analysis for Mgg 4sCug. 12Zng 40Fe,04 ferrite.

Ceramic method Sucrose method

20 (hkd) dpy (10‘) 20 (hkd) s (10\)
30.30 (220) 2.9639 30.11 (200) 2.9636
35.77 311) 2.5287 35.45 (311) 2.5273
37.21 (222) 2.3842 45.03 (400) 2.0956
43.28 (400) 2.0957 53.39 (422) 1.7110
53.77 (422) 1.7126 56.93 (511) 1.6131
57.14 (511) 1.6167 62.51 (440) 1.4818
62.78 (440) 1.4854 - - -
Table 2

Data on lattice parameter (a), particle size (D~), X-ray density (p, x 10
kg/m®), actual density (p,x10°kg/m?), and porosity (% P) for
Mg0>4gCUQ>1zzn0_40F6204 ferrite.

Preparation method a( A) D~ (um) Px Pa % P
Ceramic 8.38 0.27 4.97 5.25 5.33
Sucrose 8.36 34.16 5.02 5.09 1.37
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Fig. 2. IR absorption spectra of Mg—Cu-Zn ferrite.

covalence effects [6]. Thus the remarkable shift in peak
positions is due to the redistribution of the Mg> ™" ions.
Data on XRD analysis is provided in Tables 1 and 2.

3.2. Infrared absorption spectroscopy

IR absorption spectrum is an essential tool used for
study of the ionic positions though vibrational mode
analysis [7,8]. According to Waldron’s classification [9],
the vibrations of the unit cell of cubic spinel can
be construed in the tetrahedral (A-site) and octahedral
(B-site) sites. So, the absorption band v; is caused by the
stretching vibration of the tetrahedral metal-oxygen bond,

and the absorption band v, is caused by the metal-oxygen
vibrations in octahedral sites.

The IR absorption spectra (Fig. 2) of finely crushed
ferrite samples were obtained by using KBr as solvent in
the wave number range of 300 cm ™~ '-800 cm ~'. Cation—
oxygen bond (A—O) lengths for the octahedral and tetra-
hedral sites were calculated by using the formulae [10]

(Tetrahedralbondlength)—d, x = v/3(u—1 /4)a

(Octahedral bond length)—dpy = <3u2— < ta
where a is the lattice parameter and u is the oxygen
diffusion parameter.

The absorption bands for Mg—Cu-Zn ferrite samples
were found to be in the expected frequency range fortifying
the cubic spinel phase formation [11].

The difference in the frequencies between v; and v, is
due to changes in bond length (Fe**—0?7) at octahedral
and tetrahedral sites [8]. In the present spectra for sample
prepared via the ceramic route, v, band appears at
574.95cm ™! and it increases to 582.39cm ' for auto-
combustion yield. Similarly, the second absorption band v,
for ceramic sample appears at 431.69 cm ' and it is also
found to increase slightly to 431.86cm™' for sucrose
sample. The change in the band position is expected
because of the difference in the Fe®*t—0?~ distances for
the octahedral and tetrahedral complexes. Thus, these
shifts in the band frequencies could be explained on the
basis of the change in the bond length due to cation
redistribution that causes variations in the cation—oxygen
bond (A-O) length for the octahedral and tetrahedral
groups [12,13].

The values of the force constants fr and fo for the
tetrahedral and the octahedral sites (Table 3) were calcu-
lated by using the relation [14].

f =4
where ¢ is the speed of light 2.99 x 10°m/s, v is the

vibration frequency of tetrahedral and the octahedral sites,
and u is the reduced mass for Fe’> ™ ions and the O®~ ions.

3.3. Magnetic properties

Cation distribution, particle size and density of the
product are the factors that influence the magnetic proper-
ties of ferrite. The magnetic properties of the as-prepared
ferrite samples were analyzed by the magnetic hysteresis
loop at room temperature. High-field hysteresis loop tracer
was used for the investigations of magnetization (B—H)
curves. Magnetization curves revealed an increase in
coercive field (H.), remanent magnetization (M,) and
saturation magnetization (o) for sucrose methods’ yield.
At the applied magnetic field of 1.6 kOe (Fig. 3) saturation
magnetization was found to be 43.27emu/g and
53.39 emu/gm for the ceramic and sucrose method sample
respectively. And, at the applied magnetic field of 2 kOe
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Table 3
Tetrahedral band (vq), octahedral band (v;), bond lengths, tetrahedral force constant (f7) and octahedral force
constant (fo) for Mg 45Cuy.12Zng 40Fe,04 ferrite.
Preparation method vy (em™ ") v, (em™Y) Bond length (A) fr fo
Tetrahedral Octahedral dyn/cm dyn/cm
Ceramic 574.95 431.69 1.9740 2.0042 240.45 135.55
Sucrose 582.39 431.86 1.9749 2.0051 246.72 135.66
conversion of a number of Fe>* ions to Fe’™ ions with
60 ~ subsequent increase in the FeA"—Fejt super-exchange inter-
2.y actions which give rise to spin canting aznd surface spin
T 40 disorder [15]. In addition, conversion of Fe*™ ions to Fe’™
o brought about a reduction in crystalline size of ferrite
2 20 4 repared by sucrose method which can be correlated to the
£ prep y
2 ] difference of ionic radii in both ferric and ferrous ions.
S T ; T The individual grain acts as a magnetic material havin
2000 1000 2000 & & &
E ’_&-J a certain amount of saturation magnetization. These grains
5 = together form a magnetic circuit to produce resultant
. 1 saturation magnetization. The presence of pores breaks
] _ . . . .
= . the magnetic circuits present among the grains and results
in a net reduction of magnetic properties with decreasing
50 density [16], hence decreased porosity of sucrose yield is
Magnetic Field Strength (Oe) one of the reasons for enhanced magnetic property.
Particle size also affects the magnetic properties as the
Fig. 3. B-H measurement at 1.6 kOe magnetic field. domain size depends on it. If the particle size is quite large
and consists of several domains, the magnetization in the
direction of applied magnetic field takes place by domain
- wall displacement as well as by domain magnetization
S“‘"’“ ‘(':"ii-’: "““’f“"l rotation. If the volume of the particle is reduced in such a
eramic s = o emu/gm . . . . . .
T ! - way that it contains only single domain, then its change in
o magnetization takes place by rotation only, as a result of
g which the coercivity increases [17,18]. The formation and
A width of domain walls in multi-domain grains depend on
5 crystal anisotropy energy. Hence the domain wall width
s and domain wall thickness were also calculated (Table 4)
N . .
A using the relation [19],
[
o 1/2
] kT,
s Dy=(222"C) x102%m
chl
60
1/2
= (F2TN ™ 5 106
Magnetic Field Strength (Oe) 4 Kia3

Fig. 4. B—H measurement at 2 kOe magnetic field.

(Fig. 4) saturation magnetization was found to be
48.21 emu/g and 56.85 emu/gm for the ceramic and sucrose
method sample respectively.

Unquestionably, the ferrite prepared by the sucrose
method has better-quality magnetic properties depending
upon the redistribution of cations on A and B sites of
spinel ferrite. In other words, the superior magnetic
behavior of sucrose sample could be attributed to the
migration of little Fe*™ ions from B site to A site via

where, kg is Boltzmann constant, 7, is the curie
temperature=160 °C [20], K, is the anisotropy constant
and « lattice parameter.

An attempt was made to calculate the anisotropy
constant (K) and the magnetic moment per formula unit
in the Bohr magneton (np) by using the following relations
[21]:

— MO'S
B~ 5585
MK
He=—"
gs
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Table 4

3601

Values for coercive field (H,), saturation magnetization (os), remanent magnetization (M,), anisotropy constant (K), domain wall width (Dyw) and domain

wall thickness (Dy) of Mg-Cu-Zn ferrite.

At 1.6 kOe
Preparation method H_ (Oe) og (emu/gm) M, (emu/gm) —K; ( x10* J/m3) Dy (pm) Dy (um)
Ceramic 97.40 43.27 6.62 3.9 1.164 0.981
Sucrose 99.03 53.39 7.48 4.8 1.041 0.887
At 2 kOe
Preparation method H, (Oe) os (emu/gm) M, (emu/gm) —K; (x10%*J /m3) Dy (pm) Dy (pm)
Ceramic 120.13 48.21 7.71 5.3 0.998 0.841
Sucrose 146.10 56.85 9.84 7.6 0.833 0.705

where M is the molecular weight of particular composi-
tion, H. is the coercivity, o, is the saturation magnetization
and K is the magneto-crystalline anisotropy constant.

4. Conclusions

The presented article emphasizes the comparative dis-
cussion of Mg—Cu—Zn ferrite prepared via ceramic and
self-sustaining auto-combustion (sucrose) methods. For-
mation and purity of spinel phase were confirmed by XRD
and IR absorption spectroscopy. Cations redistribution on
the A sites and B sites of spinel phase induced XRD peak
shifting. Consequently, spin canting and surface spin disorder
persuade magnetic behavior of sucrose methods’ yield. Thus,
sucrose methods’ nanoscale yield has a superior magnetic
behavior with the improved sintering activity owing to the
enhanced surface area which can facilitate the co-firing of
ferrite with silver in multi-layer chip application.
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