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An investigation was made of combustion synthesis to uniformly incorporate small
amounts of samarium additive into nanocrystalline Ni0.5Zn0.5Fe2−xSmxO4 (0.0 ≤ x ≤ 0.1)
nanopowders (≈26–20 nm particle size). The effect of the addition of the rare-earth ion
samarium on the microstructure, relative density and magnetic properties of the Ni-Zn
ferrite obtained by combustion reaction was studied. The samples were uniaxially
compacted by dry pressing, sintered at 1200◦C/2 h, and characterized by bulk and apparent
density, XRD, SEM and magnetic properties. The nanopowder samples without additive
displayed an average grain size of 2.87 µm, while the addition of 0.05; 0.075 and 0.1 wt%
Sm was found to inhibit grain growth, decreasing the average grain size to 0.77; 0.68 and
0.62 µm, respectively. The relative density was found to increase with the addition of
samarium (>98.00% of the theoretical density). The samples without additive showed
higher hysteresis parameter values. C© 2004 Kluwer Academic Publishers

1. Introduction
Ni-Zn ferrites have been studied extensively in both
scientific and technological contexts, primarily due to
their applicability in many electronic devices, with high
permeability at high frequency, remarkably high elec-
trical resistivity and reasonable cost [1, 2].

Ni-Zn ferrites have a basic AB2O4 with an inverse-
spinel structure and the Fd3m space group. The
chemical formula can be written as (Znx Fe1−x )
[Ni1−x Fe1+x ]O4. The crystal structure involves two
crystallographically distinct sites called tetrahedral A
sites and octahedral B sites, where Ni2+ ions prefer
B sites and Zn2+ ions prefer A sites. The metal-ions
(Fe3+) in the spinel lattice involve tetrahedral A and
octahedral B sites [3]. It is a prototypical ferromagnetic
material belonging to a group of soft ferrite materials,
whose chemical composition consists of a solid solu-
tion of NiO, ZnO and Fe2O3 oxides. Iron oxide in the
hematite form (α-Fe2O3) constitutes around 70% of the
composition’s weight [4].

Ni-Zn ferrites are advantageous over other soft mag-
netic materials for use at high frequencies because they
possess high electrical resistivities combined with use-
ful ferrimagnetic properties. The properties of ferrites
are highly sensitive to the preparation methodology,
sintering conditions and impurity levels present in or
added to them [5–14]. The essence of these studies re-
veals that, although it is difficult to prepare a ferrite

with only good properties, a satisfactory result can be
achieved by improving the most required property at the
cost of the least required one for a particular application
[11].

The electrical and magnetic properties desired
specifically in these materials depend, to a large ex-
tent, on the original characteristics of the powders used
(their forms, average size and particle size distribution,
degree of agglomeration, etc.), which affect the densi-
fication and microstructure of the final product. On the
other hand, these properties depend heavily on the ox-
idation state and cation distributions at the octahedral
B site and tetrahedral A site lattice [2].

Ni-Zn ferrites are widely used as transformers in
switch-mode power supply (SMPS). The main reason
for using ferrites in transformer cores is that their loss
of eddy currents is very low. A ferrite material that is
to be used in a SMPS should have a high saturation
magnetization, high amplitude permeability, and low
power losses [15]. To improve the electrical and mag-
netic properties of Ni-Zn ferrite, the ferrite must have a
dense, homogeneous, fine-grained microstructure. Ad-
ditionally, small amounts of cationic substitutions are
usually used. Three types of additives are normally used
for incorporation into the basic ferrite. The first type,
e.g., V2O5 [5] and Bi2O3 [7], acts indirectly via liquid
phase formation, influencing the microstructure’s de-
velopment during sintering. Addition of the second type
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modifies the grain boundary chemistry and increases
the grain boundary resistivity, e.g., SiO2, CaO [8, 10]
and Ta2O5 [10]. The third type of cation is soluble in the
spinel lattice, such as TiO2, SnO2 [9, 10], etc. These ad-
ditives affect the intrinsic properties of magnetization,
anisotropy and electrical resistivity.

Among the several additives studied in the litera-
ture, samarium, specifically, has resulted in quite sig-
nificant values of the magnetic properties of the Cu-Zn
ferrite [15]. According to Sattar et al. [15], their Sm-
doped sample (Cu0.5Zn0.5Fe2−x Smx O4) gave an espe-
cially promising result from the technological point of
view, with an increase of ≈60% in relative permeability
compared to the unsubstituted sample. Both the lattice
parameters and the Curie temperatures were found to
be nearly constant.

Based on the satisfactory results obtained with Cu-Zn
ferrite, this work describes the influence of the addition
of the rare-earth ion samarium on the microstructure,
relative density and magnetic properties of the Ni-Zn
ferrite nanopowder obtained by combustion reaction.

2. Experimental methods
Fine particle oxides of Ni-Zn-Sm ferrite with nom-
inal composition of Ni0.5Zn0.5Fe2−x Smx O4, with
x = 0.0; 0.05; 0.075 and 0.1% mol, were prepared
for combustion reaction using urea as fuel. Details
of the experimental procedure are given in our pre-
vious work [16–21]. The compositions were dubbed
C05, C05I, C05II and C05III, respectively. The
materials used were iron nitrate—Fe(NO3)3·9H2O
(Merck), zinc nitrate—Zn(NO3)2·6H2O (Merck),
nickel nitrate—Ni(NO3)2·6H2O (Merck), samarium
nitrate—Sm(NO3)3·9H2O and urea—CO(NH2)2
(Synth). Stoichiometric compositions of metal nitrate
and urea were calculated using the total oxidizing and
reducing valencies of the components, which serve
as the numerical coefficients for the stoichiometric
balance, so that the equivalence ratio �c is unity and
the energy released is maximum [18]. Ferrite nanopar-
ticles without and with additive prepared by the present
method can easily form well-crystallized particles
with a large surface area in the range of 43–57 m2/g.
The resulting powders showed extensive XRD line
broadening and the crystallite sizes calculated from
the XRD line broadening were in the nanometer range
(26–20 nm).

Ni-Zn compacted samples sintered at 1200◦C/2 h
were characterized by X-ray diffraction (Kristaloflex
D5000, Cu Kα with a Ni filter, and scanning rate of
2◦2θ /min, in a 2θ range of 20–60◦). The bulk and appar-
ent density were calculated by dimension and weight
measurements, using the Archimedean principle. B-
H loop measurements were performed on toroids with
primary and secondary windings of 26 SWG enam-
eled copper wire, using a hysteresis loop tracer (TCH
8600-B). All the measurements were taken at room tem-
perature. The maximum permeability (µmax) was deter-
mined for the tangent of the hysteresis B-H loop, Fig. 1,
where the displacements of the irreversible domain wall
occur [22]. Fig. 2 shows the toroids sintered and wound
with 26 SWG enameled copper wire. The as-prepared

Figure 1 Loop B-H of the magnetization and desmagnetization.

Figure 2 Representation of the toroids sinterized to 1200◦C/2 h and after
windings of 26 SWG enameled copper wire.

combustion reaction powders and the microstructure of
the polished surfaces of the sintered samples were ana-
lyzed by scanning electron microscopy (Philips XL30
FEG)—SEM.

3. Results
3.1. Ray-X diffraction
To identify the possible formation of second phase
with the addition of the Sm3+ concentration in the
Ni0.5Zn0.5Fe2O4 (C05) system, an X-ray diffraction
analysis was made of the samples with 0.1% mol of
Sm3+ (C05III). Fig. 3 presents the X-ray diffractogram

Figure 3 X-ray diffratogram of the samples of the systems C05
(Ni0.5Zn0.5Fe2O4) and C05III (Ni0.5Zn0.5Fe1.90Sm0.1O4) sintering at
1200◦C/2 h.
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of systems C05 and C05III obtained by combustion re-
action and sintered at 1200◦C/2 h. As can be seen, the
C05 system (without additive) presented only a Ni-Zn
ferrite cubic phase, while the C05III system (0.1% of
Sm3+) also presented an ortorhombic second phase of
iron samarium oxide (SmFeO3).

3.2. Microstructure
The microstructures were characterized by SEM (scan-
ning electronic microscopy) on the polished surfaces
of the samples sintered at 1200◦C/2 h with a heating
rate of 5◦C/min, as shown in Fig. 4. System C05 (with-
out additive), Fig. 4a showed a monophasic and homo-
geneous microstructure with an average grain size of
2.87±1.11 µm. System C05I (with 0.05% Sm3+ mol),
Fig. 4b, displayed a bi-phasic microstructure consti-
tuted of a matrix of dark grains and a second phase
formed of clear grains located among the grains of
the matrix. The average grain size determined was
0.27±0.08 µm for the clear grains and 0.77±0.29 µm
for the dark matrix grains. A comparison of the average
size of the dark grains of this system with those of the
C05 system (without additive) clearly revealed that the
addition of 0.05% mol of samarium inhibited the grain
growth by about 73%.

Fig. 4c and d show the micrographs of the C05II (with
0.075% Sm3+ mol) and C05III (with 0.1% Sm3+ mol)

Figure 4 Microstructure obtained by SEM after sintering at 1200◦C/2 h and heating rate at 5.0◦C/min: (a) C05, (b) C05I, (c) C05II e and (d) C05III.

systems. As can be seen, the same behavior as that ob-
served in the C05I system prevailed in both cases, i.e., a
microstructure composed of two different phases. The
first phase consisted of a matrix of dark grains and the
second phase was made up of a samarium-rich pre-
cipitate at the junctions of the matrix’s grains. It was
clearly observed that the increase in samarium con-
centration increased the amount of precipitate, thereby
reducing the average grain size of the matrix and in-
creasing the average grain size of the precipitate. The
average sizes of matrix and precipitate grains were, re-
spectively 0.68 and 0.28 µm for the C05II system and
0.30 and 0.62 µm for the C05III system. Comparing
the average size of the dark grains (matrix) of these
systems with the average grain size of the C05 sys-
tem (without additive, 2.87 µm), it was found that the
addition of 0.075 and 0.1% in mol of the additive in-
hibited grain growth by approximately 76 and 78%,
respectively.

3.3. Density
Results of the measurements of apparent porosity, geo-
metric density Dg, apparent density and the respective
relative densities for the systems without and with ad-
ditive (C05, C05I, C05II and C05III), after sintering
at 1200◦C/2 h showed, an increase in the samarium
(Sm3+) concentration tended to increase the samples’

1775



density (increased densification) and, hence, to reduce
their porosity. The apparent density values were slightly
higher than the geometric density values for the sam-
ples doped with 0.05 and 0.075% mol of samarium. In
the case of the samples of the system without and with
0.1% of samarium, these two parameters were of the
same order of magnitude.

The Ni0.5Zn0.5Fe2O4 nanopowder without additive
displayed a relative density of about 95% of the the-
oretical density, while the chemical addition of 0.05;
0.075 and 0.1 wt% Sm3+ to the nanopowder caused
the relative density to increase. This clearly indicates
that increasing the Sm3+ concentration increased the
relative density of the samples, which reached values
of around 100% of the theoretical density. These values
are higher than those reported by Sattar et al. [15] for
Ni-Cu ferrite doped with samarium (92.4% TD) ob-
tained by oxide mixture and sintered at 1000◦C/6 h.
In agreement with Sattar et al. [15], the samples with
samarium presented the smallest relative value when
compared with the unsubstituted samples. This phe-
nomenon was attributed to the formation of SmO2 dur-
ing the sintering process. SmO2 favors the growth of
grains with large inner pores. A different behavior was
observed when the addition of Sm3+ was used as a
substitute in the Ni-Zn ferrite of this study. The for-
mation of the second SmFeO3 phase was found to
favor the inhibition of grain growth and to increase
the relative density in comparison to the unsubstituted
samples.

3.4. Magnetical properties
The dependence of the maximum flux density (B)
on the applied magnetic field (H ) by loop hysteresis
B-H of the C05, C05I, C05II and C05III systems sam-
ples sintered at 1200◦C/2 h is shown in Table I and the
results of hysteresis measurements (coercive field Hc,
remanent flux density Br, maximum flux density Bmax,
loss hysteresis PH and maximum permeability µmax)
and the average grain sizes of the C05, C05I, C05II and
C05III systems sintered at 1200◦C/2 h are presented
and an increase in Hc is observed as the concentration
of samarium increases. This increase is attributed to a
decrease in grain size.

The results depicted in Fig. 4b, c and d evidence
that the addition of samarium to the Ni0.5Zn0.5Fe2O4
system inhibits grain growth owing to the formation
of a second phase (SmFeO3 precipitate) between the
ferrite grains. Thus, because the magnetic properties
(magnetization, permeability) are dependent on the do-
mains’ wall movement, large grains tend to consist
of a greater number of domain walls. The magneti-
zation/demagnetization caused by domain wall move-

T ABL E I Characteristics physics of the samples of the system Ni0.5Zn0.5Fe2−x Smx O4 without and with additive of 0.05; 0.075 and 0.1% mol
samarium obtained by combustion reaction

Systems Dg (g/cm3) Dvol/Dt (%) Da (g/cm3) Da/Dt (%) Pa (%)

C05 5.02 ± 0.06 95.40 ± 1.00 5.01 ± 0.05 95.40 ± 0.93 1.51 ± 0.48
C05I 5.22 ± 0.03 99.40 ± 0.61 5.25 ± 0.02 99.80 ± 0.45 0.99 ± 0.46
C05II 5.19 ± 0.05 98.70 ± 0.98 5.26 ± 0.01 100.00 ± 0.25 0.0
C05III 5.26 ± 0.04 100.00 ± 0.80 5.26 ± 0.02 100.00 ± 0.29 0.0

Figure 5 Loops hysteresis (magnetization) for samples of the system
Ni0.5Zn0.5Fe2−x O4 with x = 0.0; 0.05; 0.075 e 0.1% mol samarium
sinterized at 1200◦C/2 h and heating rate at 5◦C/min; f = 1 kHz;
e = 4.0 mm e H = 2000 A/m.

ment requires lower energy compared to that required
for domain rotation. Therefore, the larger the grain size,
the easier the displacement. Hence, it was to be ex-
pected that the increase in the concentration of Sm3+ in
the Ni0.5Zn0.5Fe2O4 systems did not cause an increase
in the hysteresis parameters, considering the decrease
of the Fe-Fe interactions due to the reduction of the
Fe3+ concentration in B sites caused by the substitu-
tion of the Sm3+ ion. However, to control the eddy
current, which is an important property when operat-
ing at high frequencies (above 500 MHz), the addition
of samarium can be effective.

The area of the B-H loops in Fig. 5 reveals the char-
acteristic soft or permeable magnetic material of the
C05 and C05I systems. The C05II and C05III systems
can be classified as intermediate magnetic for mag-
netic recording. A slight reduction can be observed
in the coercive field, as well as an increase of the
maximum flux density and permeability in the C05I
(0.05% de Sm3+) system compared with the doped
C05II (0.075% de Sm3+) and C05III (0.1% de Sm3+)
systems.

Table II shows the direct dependence of the hysteresis
parameter on the grain size. In this case, the effect of the
microstructure on the magnetic properties for operation
at low frequencies, which was the case of this study,
was stronger than the effect of the composition (de-
pendent on each system’s intrinsic characteristics). The
higher Sm3+ concentration increased the coercive field
and the hysteretic losses, reducing the samples’ mag-
netization and permeability. Therefore, the C05 system
(without additive) presented the best results in terms
of hysteresis parameters for use as soft magnetic de-
vices at low frequencies. The C05I system resulted in
magnetic parameters that were within the range of the-
oretical values for Ni-Zn ferrite, i.e., 0.30–0.40 T for
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T ABL E I I Physical characteristics and hysteresis parameters of the samples of the system Ni0.5Zn0.5Fe2−x O4 with x = 0.0; 0.05; 0.075 e 0.1%
mol Sm3+ sinterized at 1200◦C/2 h and heating rate at 5◦C/min. f = 1 kHz; e = 4.0 mm and H = 2000 A/m

Systems C05 C05I C05II C05III

Average grain 2.87 ± 1.11 0.77 ± 0.29 0.68 ± 0.25 0.62 ± 0.26
size (µm)

Hysteresis parameters ( f = 1 kHz; e = 4.0 mm and H = 2000 A/m)

Hc (A/m) 92.73 ± 3.40 294.31 ± 5.33 397.45 ± 9.64 480.06 ± 9.53
Bmáx (T) 0.35 ± 0.01 0.33 ± 0.01 0.30 ± 0.01 0.28 ± 0.01
µmáx 776.54 ± 87.71 403.21 ± 49.81 334.48 ± 11.25 308.28 ± 10.95
PH (W/kg) 41.67 ± 5.38 49.54 ± 3.19 69.21 ± 1.30 87.54 ± 5.40

flux density and 10–1000 for permeability [23]. The
magnetization and permeability values obtained for the
C05II and C05III systems render them applicable as
intermediate magnetic devices for recording purposes.
One feature observed was that the addition of Sm3+
greatly contributed toward achieving high relative den-
sity in Ni-Zn-Sm ferrites.

As shown in Table II, the system with 0.05% of Sm3+
(C05I) presented a main phase with average grain size
73% smaller than that of the system without additive
(C05). However, the magnetization and permeability
results for this system were, respectively, only 5.7 and
48.1% lower than those of the system without additive.
The addition of Sm3+ to the Ni0.5Zn0.5Fe2O4 system
probably impaired the magnetic properties when ana-
lyzed at a frequency of 1 KHz, due to the significant
reduction in grain size with the increase of the Sm3+
concentration.

The predominant losses in Ni-Zn ferrite are hystere-
sis and eddy current at operating frequencies lower
than the relaxation frequency of the wall displace-
ment. The loss in hysteresis depends on the magne-
tostriction, magnetocrystalline anisotropy, saturation
magnetization and microstructure. The eddy current
loss depends on the eddy current circuit dimension and
electric resistivity, which are microstructure dependent.
The eddy current can be reduced by increasing the re-
sistivity of the ferrite core, which depends on the grain
boundary resistivity and the grain resistivity. A small
grain size, which increases the resistivity by maximiz-
ing the grain boundary surface, increases the relaxation
frequency as well; however, it decreases the permeabil-
ity and increases the coercive field [10]. According to
Drofenik et al. [24], at low operating frequencies, the
eddy current is proportional to the average grain size
and inversely proportional to the resistance of the grain
boundary. On the other hand, at high frequencies, the
loss of eddy current is determined by grain size, grain
boundary thickness and permissivity. Thus, the reduc-
tion of grain size caused by the addition of samarium
contributes beneficially to control eddy current losses
by producing an overall increase of resistivity at the
grain boundary.

4. Conclusions
In conclusion, the combustion synthesis is a versatile
process to synthesize Ni-Zn ferrite on a nanophase-
scale and the results presented here indicate that small
amounts of samarium incorporated into Ni-Zn ferrite

can influence the materials’ properties. The XRD of
the samarium-doped samples revealed that the major
phase of the Ni-Zn ferrite was cubic spinel, with a small
amount of samarium iron oxide (SmFeO3) as secondary
phase. The addition of samarium to the Ni0.5Zn0.5Fe2O4
system inhibited grain growth and increased the sam-
ples’ final density, resulting in Ni-Zn-Sm ferrites with
a relative density of 98 to 100% of the theoretical den-
sity. The 73, 76 and 78% reduction of the grain size
of the samarium-doped samples compared with that of
the samples without samarium impaired the magnetic
properties, restricting the material to low frequency ap-
plications of 1 kHz. The values of maximum flux den-
sity, coercive field, maximum permeability and hys-
teresis loss of the systems with 0.05; 0.075 and 0.1%
mol of samarium ranged from 0.33–0.28 T; 294.31–
480.06 A/m; 403.21–308.28; and 45.62–87.54 W/kg,
respectively.
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