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a b s t r a c t

Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrite with x ¼ 0.00, 0.025, 0.05 and 0.075 compositions were synthesized

through the nitrate–citrate auto-combustion method. These powders were calcined, compacted and

sintered at 900 1C for 4 h. Effect of Sm substitution on phase composition, microstructure and relative

density were studied. Permeability, magnetic loss and AC resistivity were measured in the frequency

range of 1 kHz–10 MHz. Permeability and AC resistivity were found to increase and loss decreased with

Sm substitution up to x ¼ 0.05. Saturation magnetization also increased up to that substitution limit.

Observed variations in electromagnetic properties have been explained.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

NiCuZn ferrite is one of the most important magnetic materials
for multilayer chip inductor (MLCI) applications due to their high
electrical resistivity, low sintering temperature and high perme-
ability [1–5]. MLCIs are applied in large amounts in various
electronic circuits and they have greatly benefited the miniatur-
ization of many latest electronic products, including mobile
phones, notebook computers and video cameras. The chip
inductor is fabricated by putting alternate layers of ferrite and
silver electrode. This multilayer ceramic–metal composite should
be co-fired below 950 1C to suppress the interfacial diffusion of
Ag–metal into ceramics as the melting point of Ag is 961 1C.
NiCuZn ferrite is used in this application because it can be
sintered below 950 1C.

Better magnetic properties of ferrite are essential for modern
MLCIs to reduce the number of ferrite layer in the chip and thus
more miniaturization of the component is feasible. The magnetic
properties of these ferrites are determined not only by their
chemical composition but also by the presence of small additive
and microstructure [6–9] i.e., grain size, porosity and specially
grain boundary characteristics like elastic strain field due to
interstitial Cu precipitation, etc. Small amount of additives are
often used to modify microstructure and hence magnetic proper-
ties. Rare earth oxides are becoming promising additives to

improve the magnetic properties of ferrites [10–14]. Among them,
Sm-substituted CuZn ferrite [12] and La-substituted NiCuZn
ferrite [14] gave promising result from the technological point of
view, with a significant increase in relative permeability com-
pared with un-substituted ferrites. Based on these results, the
present work describes the effect of Sm substitution on micro-
structure, densification and electromagnetic properties of NiCuZn
nanocrystalline ferrite prepared by combustion reaction.

2. Experimental

The ferrite powder was synthesized through nitrate–citrate
auto-combustion route [15]. Analytical grade nickel nitrate
[Ni(NO3)2 �6H2O], zinc nitrate [Zn(NO3)2 �6H2O], copper nitrate
[Cu(NO3)2 �3H2O], iron nitrate [Fe(NO3)3 �9H2O], citric acid
[C6H8O7 �H2O] and samarium oxide [Sm2O3] were used to prepare
Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrite with x ¼ 0.00, 0.025, 0.05 and
0.075 compositions. Metal nitrates and citric acid solutions were
prepared using deionized water. Metal nitrate solutions were
standardized with respect to metal ion content through chemical
analysis using ethylenediamine tetra-acetic acid (EDTA) com-
plexometric titration. Nitrate and citric acid solutions were mixed
in 1:1 M ratio of nitrate to citric acid. The pH of the solution was
adjusted to 7 using ammonia solution. Then the solution was
heated at 80 1C to transform into gel. When ignited at any point of
the gel, the dried gel burnt in a self-propagating combustion
manner until all gels were completely burnt out to form a fluffy
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loose ash. The auto-ignition of gel was carried out in BOROSIL
glass beaker upon a hot plate.

The ash was lightly ground and calcined at 700 1C for 2 h. The
calcined ferrite powder was granulated using polyvinyl alcohol as
a binder and was uniaxially pressed at a pressure of 275 MPa to
form toroidal and pallet specimens. The specimens were sintered
at 900 1C for 4 h in air atmosphere. The bulk density and apparent
porosity of sintered ferrite was measured by Archimedes
principle. The as-burnt ash powders, calcined powders and the
sintered ferrites were characterized with respect to phase
identification, crystallite size and lattice parameter determination
using X-ray diffraction (XRD) performed on Philips PW-1830
system with Cu-Ka radiation. The crystallite size was calculated
from peak broadening using Scherrer formula. Microstructure of
the sintered specimens was analyzed by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) performed on JEOL JSM 6480 LV system. The impedance
analyzer (Hewlett Packard, Model 4192A) was used to measure
the inductance and the magnetic loss factor on toroids, wound
with six turns enameled copper wire. The resistivity was
measured on pallet samples by applying silver electrodes on the
surfaces. Saturation magnetizations were measured at room
temperature using Lakeshore-7040 vibrating sample magnet-
ometer (VSM) with a maximum magnetic field of 20 kOe.

3. Results and discussion

To identify the possible formation of second phase in the
NiCuZn ferrite upon Sm substitution, an XRD analysis was done.
Fig. 1 shows the XRD patterns of sintered ferrites specimen with
varying Sm substitutions. The most intense peaks in all the

specimens were found to mach well with cubic spinel ferrite
(JCPDS card no. 08-0234). Samarium iron oxide, SmFeO3 phase
was detected in all Sm-substituted ferrite. The amount of SmFeO3,
that is its’ peak intensity increased with increasing Sm concen-
tration. This apparently indicates that Sm did not form a solid
solution with spinel ferrite or it has very small solid solubility.
A small amount of unknown phase was found in un-substituted
ferrite. The peak was tried to match with Cu and/or Cu–oxygen
containing compounds. The matching suggested that the peak
may be corresponding to some compound in between Cu2O–
Cu4O3. Many investigators reported that NiCuZn ferrite dissociates
during sintering to precipitate Cu metal or its oxide [9,16]. The
presence of Cu–oxygen containing phase may be due to surface
oxidation of that precipitated Cu metal during sintering in air. It is
interesting to note that the Cu containing compound was absent
in all Sm-substituted specimen. This may be due to the solubility
of precipitated Cu in SmFeO3.

Lattice parameters and crystallite sizes of sintered ferrite
specimens, evaluated by XRD analysis, are shown in Table 1 along
with their bulk density, percent theoretical density and grain size.
There was a minor decrease in lattice parameter, a0 of NiCuZn
ferrite with Sm substitution, which may be due to the compres-
sive pressure exerted on the ferrite lattice by SmFeO3. Crystallite
size increased with Sm substitution due to improved densification
and grain growth. The density of sintered specimen increased
upon Sm substitution, indicating an improved densification with
the substitution. A similar trend was reported by Costa et al. [17]
for Sm-substituted NiZn ferrite. Increased densification may be
due to the evolution of excess Cu, Ni and Zn in the composition as
Sm is substituted for Fe. Sm further takes some Fe to form
SmFeO3. So the neat result of Sm substitution was to create non-
stoichiometry in compositions. It is known that, non-stoichio-
metric excess Ni, Cu and Zn are often used for low-temperature
liquid-phase sintering of the ferrite [9]. For this reason the
densification increased with Sm substitution.

Fig. 2 shows the microstructure of sintered specimen. Un-
substituted specimen (Fig. 2A) shows the presence of a mono-
phasic homogeneous microstructure with an average grain size
0.42mm. Whereas, Sm-doped specimens (Fig. 2B–D) show a
bi-phasic microstructure constituted of dark ferrite matrix grains
and small whitish grain at the grain junction/boundary. EDS
spectra obtained from the center of whitish grain confirmed the
presence of Sm, Fe, oxygen and minor amount of Cu, Ni and Zn.
This indicated whitish grains were SmFeO3. The amount of
SmFeO3 was maximum in x ¼ 0.075 composition. Average grain
sizes of matrix ferrite phase are shown in Table 1. The grain size of
matrix phase was maximum in x ¼ 0.05 composition. Relatively
lower grain size of ferrite matrix in x ¼ 0.075 composition
(Fig. 3D) may be due to the grain growth inhibition caused by
SmFeO3 [17].

Fig. 3 shows the initial permeability as a function of Sm (x)
substitution in Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrites (the values are
shown in Table 2). The permeability increased with increasing Sm
(x) substitution with a maximum at x ¼ 0.05 and then decreased
at x ¼ 0.075 composition. It is well established that permeability
of polycrystalline ferrite increases with increasing density and
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Fig. 1. XRD patterns of sintered Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrites with different

Sm-content: (a) x ¼ 0.00, (b) x ¼ 0.025, (c) x ¼ 0.05 and (d) x ¼ 0.075.

Table 1
Bulk density, percent theoretical density, crystallite size, lattice parameter and grain size of sintered Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrites with different Sm (x) content

Composition Bulk density (gm/cm3) % Theoretical density Crystallite size (nm) Lattice parameter (Å) Grain size (mm)

x ¼ 0.00 3.75 70.74 102 8.429 0.42

x ¼ 0.025 5.06 91.02 170 8.403 1.18

x ¼ 0.05 5.15 93.65 184 8.392 1.21

x ¼ 0.075 5.01 90.65 156 8.384 0.95
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grain size. Increase in permeability with Sm substitution may
primarily be attributed to the increase in bulk density. An increase
in the density, not only results in the reduction of demagnetizing
field due to the reduction of pores but also raises the spin
rotational contribution, which in turn increase the permeability
[18]. However, the lowering of permeability in x ¼ 0.075 specimen
may be due to the formation of significant amount of non-
magnetic SmFeO3 phase and decreased grain size (Table 1) in the
ceramics.

Fig. 4 shows the frequency dependence permeability of
Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrites. Permeabilities were stable
in the frequency range 100 kHz to about 2 MHz and dispersion
occurred after that. That dispersion shifted to higher frequency
with decreasing permeability of the specimen. The dispersion
behavior can be explained by Snoek’s law that cut-off frequency is

inversely proportional with magnetic permeability [19]. Also the
fact is; permeability (m0) and resonance frequency (ox) are not
independent, but are related by m0

2ox ¼ constant [20].
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Fig. 2. SEM images of sintered Ni0.25Cu0.2Zn0.55SmxFe2�xO4 ferrites with different Sm-content: (A) x ¼ 0.00, (B) x ¼ 0.025, (C) x ¼ 0.05 and (D) x ¼ 0.075.
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Fig. 3. Permeability as a function of Sm (x) substitution in Ni0.25Cu0.2Zn0.55Smx-

Fe2�xO4 ferrites.

Table 2
Permeability, saturation magnetization and AC resistivity of sintered Ni0.25-

Cu0.2Zn0.55SmxFe2�xO4 ferrites with different Sm (x) content

Composition Permeability (m) Saturation

magnetization

(emu/cm3)

Resistivity

(O/cm)

x ¼ 0.00 150 222.22 3.3�106

x ¼ 0.025 236 332.95 2.7�107

x ¼ 0.05 312 360.35 5.4�107

x ¼ 0.075 200 310.90 2.1�107
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Fig. 4. Frequency dependency of permeability in different Ni0.25Cu0.2Zn0.55Smx-

Fe2�xO4 ferrites.
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Fig. 5 shows the relative loss factor (RLF), i.e., the ratio of the
magnetic loss tangent to initial permeability. RLF (up to a
frequency about 2 MHz) of the ferrite decreased with Sm
substitution. The higher RLF of un-substituted ferrite may be
due to higher hysteresis loss of the specimen, which may arise
from its porous (porosity �30%) structure. In general, hysteresis
loss increases with increasing porosity [21]. RLF of all specimens
increased after about 2 MHz frequencies due to resonance-
relaxation losses. The composition with x ¼ 0.05, has lowest RLF
and hence will be the best material for applications up to about
2 MHz frequency.

Fig. 6 shows the magnetic loop of different Ni0.25-

Cu0.2Zn0.55SmxFe2�xO4 ferrites. Saturation magnetization (Ms)
values of different compositions are given in Table 2. The Ms of
substituted ferrites was higher than un-substituted specimen,
may be due to higher permeability of substituted ferrites. The Ms

of x ¼ 0.075 specimen was lower than x ¼ 0.05 specimen due to
its (x ¼ 0.075) lower permeability as stated above.

Fig. 7 shows the frequency dependency of AC resistivity for
different specimen. The resistivity (r) was calculated using the
formula: r ¼ 1/(oe0k0 tan d), where e0 is the permittivity of free

space, k0 is the relative dielectric constant, tan d is dissipation
factor and o is the angular frequency. The resistivity was
increased with Sm substitution. The conduction in ferrite is
considered to occur by the electron hopping between Fe2+ and
Fe3+ ions those locating at octahedral site of the spinel ferrite
structure. The specimen with x ¼ 0.05 showed highest resistivity
among all, which may be attributed to the presence of lower
amount of Fe2+ ions in the ceramics. As described earlier, Sm-
substituted compositions are deficient in Fe content and the
crystallization of SmFeO3 at their grain boundaries impedes the
oxidation of Fe+3 ions inside the grains. Hence, Fe+2 ions are
expected to be at minimum in Sm-substituted ceramics. This may
be a reason of increased resistivity in them.

4. Conclusion

The substitution of Sm for Fe in Ni0.25Cu0.2Zn0.55SmxFe2�xO4

ferrite revealed mainly the formation of secondary phase SmFeO3.
Relative density and grain size of the ferrite increased with
increasing Sm substitution. Increased densification may be due to
the appearance of excess Ni, Cu and Zn compared with Fe in the
composition. A significant increase in initial permeability of the
ferrite was found at small fraction (x ¼ 0.05) of Sm substitution.
The increased permeability was due to better densification and
increased grain size in substituted ceramics. The AC resistivities of
substituted ferrites were also increased due to the lowering of Fe+2

ion concentration. The composition Ni0.25Cu0.2Zn0.55Sm0.05-

Fe1.95O4 showed the best electromagnetic properties among all
specimens and would be a better material for MLCI applications.
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