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ABSTRACT

The CuyMgos_xZngsFe;04 (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) ferrites were prepared by sol-gel method. The
effect of copper content on the structural and magnetic properties was investigated by X-ray diffraction
(XRD), Mossbauer spectroscopy (MS), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), vibrating sample magnetometer (VSM) and magnetic susceptometer. Results
show that single spinel ferrite particles were prepared by controlling the type and amount of additive.
Copper content has significant influence on magnetic properties of prepared samples. It was found that
with increasing copper in CuyMgos_xZngsFe;04, saturation magnetizations along with grain size were
increased while the values of coercivity were decreased. The variation of effective magnetic susceptibility
exhibits almost linear trend with magnetic field. A frequency-dependence peak was observed in ac mag-
netic susceptibility versus temperature for fine particles which is well fitted by Vogel-Fulcher model. It

was proved that there is strong magnetic interaction among prepared nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Soft magnetic materials have great potential application in elec-
tronic industry. The most common type is cubic spinel ferrites with
formula AB,04 which contains tetrahedral (A site) and octahedral
(B site) crystalline sites. The magnetic and electrical properties of
soft ferrite could be easily tuned by incorporation and suitable dis-
tribution of additional cations (divalent or trivalent) in the spinel
structure. Mg-Zn ferrite has cubic spinel structure and is widely
used in many electronic devices because of high electrical resis-
tivity, hard mechanical properties, high Curie temperature and
environmental stability [1,2]. The sintering temperature of Mg-Zn
ferrite is relatively high (more than 1300°C) which is the main
drawback for utilizing these materials in some applications. By
partial substitution of Mg with Cu, it is realized that the sintering
temperature could be reduced [1,3]. At high sintering temperature
the role of CuO as a sintering aid is to form liquid phase among grain
boundaries and consequently to cause grain growth and enhance-
ment of density. It is found that with diffusion of copper cations
into crystal structure of Mg-Zn ferrite during sintering process, the
magnetic properties coupled with dielectric characteristics will not
deteriorated [3,4]. Several investigators have studied the magnetic
and electrical properties of Mg-Zn ferrites by partially substitut-
ing Mg with Cu ions to be fabricated by different methods [4-8].
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However there is still some lack in magnetic characteristics of this
type ferrite, particularly magnetic susceptibility of Mg-Cu-Zn fer-
rite is not widely studied. With this view in mind the present
paper premise deals with the formation and magnetic properties
of CuxMgp5_xZngsFe;04 (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) in powder
configuration in micron and nanosize range by sol-gel method. The
magnetic susceptibility versus applied field and temperature was
investigated for Mg-Cu-Zn ferrite respectively. The role of copper
cations on the saturation magnetization, coercivity, grain growth
and phase formation of Mg-Zn ferrite is also evaluated.

2. Experimental

The Mg-Cu-Zn ferrites with composition of CuyMgg5_xZngsFe; 04 (x varies from
0 to 0.5 with step of 0.1) with particle size of 100 nm to 2 wm and less than 30 nm
were prepared by controlling the amount of additives introduced in the sol-gel
method. The aqueous sol was produced by dissolving iron nitrate, copper nitrate,
magnesium nitrate and zinc nitrate, according to desired stoichiometric propor-
tion, in deionized water and then mixed together by constant stirring. Citric acid
was added to the sol for the enhancement of nitrates dissolution. The pH value of
solution was adjusted to 7 using ammonia. All of the solutions were dark brown
indicating, the presence of Fe3* ions. The gels were obtained by slow evaporation at
70°Cuntil gel dried. The powders were sintered at 1000 °C for 2 h. The nanoparticles
were employed to investigate the variation of blocking temperature with frequency.
The phase identification of the powders was carried out by an X-ray diffractome-
ter (XRD) with CuK, radiation. The MS characterizations were performed in the
transmission geometry, using a conventional spectrometer, operated in the con-
stant acceleration mode. The y-rays were provided by a 57Co(Rh) source, with a
nominal starting activity of 25 mCi. The Mdssbauer spectra were analyzed using a
non-linear least-square routine, with lorentzian line shapes. Eventually, a hyperfine
magnetic field distribution, By Dist., was used as histograms in the spectral anal-
ysis. All isomer shift (§) data are given relative to a-Fe throughout this paper. The
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Fig. 1. XRD patterns of CuyMgo5_xZnosFe;04 prepared by sol-gel processing.

morphology and size distribution of nanoparticles were investigated by field emis-
sion scanning electron microscopy (FESEM) and transmission electron microscopy
(TEM) model JEOL 2010. The magnetic properties were studied by vibrating sam-
ple magnetometer (VSM). The ac magnetic susceptibility has been measured versus
static magnetic field and temperature at different frequencies in the selected range
of 40-1000Hz and 100-300K respectively, using a Lake Shore ac susceptometer
model 7000.

3. Results and discussion
3.1. Structural and magnetic analysis of micron sized particles

3.1.1. Structural characteristics

The XRD patterns of samples in Fig. 1 revealed thatin all samples,
by substituting Mg with Cu, no extra peak corresponding to any sec-
ondary phases were identified. Based on the XRD results, it seems
that copper cations could be rearranged in the spinel structure of
Mg-Zn ferrite. It is reasonable to conclude from the patterns that
the spinel phases can be formed in the all specimens at relatively
low sintering temperature and time. Consequently, copper could
play as a suitable sintering aid for fabrication of Mg-Zn ferrite at
temperature lower than solid state reaction. It must be noted that
the nature of sol-gel process is to reduce the final sintering tem-
perature and this obvious reduction of sintering temperature can
be attributed to the utilizing Cu cations coupled with driving force
of sol-gel process.

Fig. 2 shows the RT Mossbauer results for some representative
samples. The spectra revealed ferrites not completely magnet-
ically ordered and were fitted considering hyperfine magnetic
field distributions (see insets, in the figures). Table 1 presents the
obtained hyperfine parameters, for the whole series of samples.
According to this data, all the iron cations are in the ferric state
(Fe3*). Substitution of magnesium by copper from x=0.5 down to
x=0.2 does not significantly change the average magnetic hyper-
fine field. However, a clear decrease occurs from x=0.1, including
the appearing of a paramagnetic fraction for the x=0 sample. Ear-
lier results on the copper (CuFe,;04), magnesium (MgFe,04) and
zinc (ZnFe,04) stoichiometric ferrites have shown that only the

Fig. 2. Mossbauer spectra of CuyMgp5_xZnosFe;04 with x=0, 0.3 and 0.5.

zinc ferrite is not magnetic at RT. Besides, the former is an inverse
spinel (Bys~480KkOe/site A—512kOe/site B), the middle one is a
partially inverse spinel (degree of inversion ~0.9; B,s ~ 482 kOe/site
A — 500 kOe/site B) whereas the later is a normal spinel. Therefore,

Table 1
Hyperfine parameters for the ferrite samples (IS = somer shift; QS = quadrupole split-
ting; By = hyperfine magnetic field; I” =linewidth).

Sample Site IS(mm/s) QS(mm/s) By (T) [I'(mm/s) Area (%)
x=0.5 Bys Dist.  0.31 -0.03 31.0 0.36 100
x=0.4 By Dist.  0.30 —-0.03 30.7 0.35 100
x=0.3 Bys Dist. 030 -0.02 319 0.34 100
x=0.2 Bys Dist. 030 -0.03 31.6 0.36 100
x=0.1 By Dist.  0.29 -0.02 28.9 0.32 100

By Dist. 030 -0.03 26.3 0.30 85.8
2= Doublet 0.33 0.46 - 0.49 16.2
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it is plausible to suppose that for x=0 the trivalent iron is shared
nearly half-and-half among the sites A and B, although this is not
clearly evidenced in the respective RT spectrum. Then, decreasing
the copper content implies in a “migration” of iron cations to the
octahedral (B) sites, since part of the magnesium cations go to the
tetrahedral (A) sites. As expected, the consequence is the progres-
sive weakening of the hyperfine magnetic field and the appearing
of a paramagnetic component (i.e., the doublet) for x=0, from the
iron locate at the site B.

Morphology and particle size of synthesized micron sized fer-
rites were investigated by FESEM. Results show that copper content
can act as a contributor on particle size. The increase in particle
size with increasing Cu content which is clearly visible in Fig. 3 is
according to the prediction.

3.1.2. Magnetic characteristics

Fig. 4a displays narrow hysteresis loops with high saturation
magnetization and low coercivity for the synthesized Mg-Cu-Zn
ferrites. Fig. 4b illustrated the compositional dependence of sat-
uration magnetization and coercivity. It is revealed that with
increasing the amount of copper in the composition, saturation
magnetization is increased, while coercive force is decreased. The
variations of M with chemical composition can be explained on
the basis of the exchange interaction between the ions at the tetra-
hedral (A) and octahedral (B) sites. In the Mg-Cu-Zn ferrite, the
stable Zn2* ions occupy only at A sites and Mg2*, Cu2* and Fe3* ions
have preference for the B site [1]. The resultant magnetization is
difference magnetization between magnetization of A and B sites.
By substitution of Mg2* with Cu2* ions, since Cu?* have a magnetic
moment of 1 g, magnetization in B site increase and this lead to
increase of saturation magnetization.

It is well known that coercivity in polycrystalline ferrites is
strongly dependent on the first magnetocrystalline anisotropic
constant and grain size. In spinel ferrite the value of first anisotropic
constant is small and has no important influence on the coercivity,
while in the hexagonal ferrite this parameter could be acted as a
very significant contributor. In a polycrystalline sample, the den-
sity of the grain boundary is in inverse proportion to the grain size.
Accordingly, we conjecture that the pinning of magnetization at
the grain boundaries is the most likely cause for determining the
coercivity. If the grain size largely increases, however, the coerciv-
ity caused by grain boundary pinning will disappear because each
grain can be in multi-domain state. Basically, our result is consistent
with previous reports, which have shown the fact that the coerciv-
ity of ferrite depends on the temperature and the grain size [9,10].
Consequently in this study, it seems that coercivity can be tuned by
grain size. Actually, sample x=0 contains the smallest grain size,
however sample x=0.5 has the largest size. Since the coercivity
has opposite trend with grain size, the coercivity is reduced by an
increase in copper content. It is mentioned in the previous section
that with increasing copper content, grain size increases, therefore,
it can be predicated that coercivity must be reduced by increas-
ing copper amount in the prepared samples. This predication is
completely consistent with the obtained results.

3.1.3. Magnetic susceptibility versus static magnetic field

Fig. 5 indicates the variation of effective magnetic susceptibility
of micron sized ferrite particles (100 nm to 2 um) with static mag-
netic field. It is observed that effective magnetic susceptibility in
all samples exhibits linear variation with increasing magnetic field.
Based on the experimental findings the mechanism of susceptibility
can be proposed as follows: the porosities and inhomogeneity are
probably responsible for the domain wall pinning and the observed
behavior in effective magnetic susceptibility. If there were no pin-
ning centers in the samples, the domain walls would under the
influence of external field take an equilibrium position with min-

Fig. 3. FESEM micrographs of CuyMgg5_xZnosFe;04 (x=0, 0.3 and 0.5).

imum energy. With pinning centers, domain walls are pinned in
different positions and the field exerts a pressure on them tend-
ing to shift into equilibrium position. The further away they are
from the equilibrium position, the larger the pressure is. However,
pinned domain walls can still move within the potential wall of
pinning centers. The smaller the pressure by the field, the larger
the mobility of domain walls in the potential wall. When a domain
wall gets released from a pinning site under the combined influ-
ence of the dc field and the ac field, it will jump to a new stable
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Fig. 4. (a) Hysteresis loops of synthesized Mg-Cu-Zn ferrites; (b) Compositional
dependence of coercivity and saturation magnetization.
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Fig. 5. Variation of effective magnetic susceptibility versus static magnetic field.

Fig. 6. TEM micrograph of sample with x=0.5.

position. In the new position, it will experience a smaller pressure
due to the dc field than in the old position, resulting in an increased
mobility of the domain wall in the new position. Jumping back to
old sites will not occur because the pressure on the domain walls
due to the dc or ac field pushes them in one direction only. After
the jump, the domain walls only oscillate in new potential walls,
which is a reversible process. They do not have enough energy to
jump continuously between the pinning sites.

3.2. Magnetic properties of nanoparticles

The particle size distribution was estimated based on analyz-
ing the bright field images of randomly selected nanoparticles. It
reveals from Fig. 6 that the mean particle size is 12 nm. This size
is obtained by counting 50 single nanoparticle at various micro-
graphs.

To study the magnetic dynamic behavior of the nanoparticles,
the ac magnetic susceptibility of prepared ferrites versus tempera-
ture at different frequencies was measured. Fig. 7a and b reflects the
temperature dependence of ac magnetic susceptibility at different
frequencies in the range of 111-1000 Hz and at an ac magnetic field
of 800 A/m for ferrite nanoparticles with composition of x=0.5. It
is revealed that imaginary parts exhibit a peak near 270K which
is frequency dependent and shifted to higher temperature with
increasing frequency. This characteristic maximum is the signature
of blocking/freezing process of the superparamagnetic/spin glass
systems [11-15]. The blocking temperature is the threshold point
of thermal activation. Above Tg, magnetocrystalline anisotropy is
overcome by thermal activation and the magnetization direction of
each nanoparticle simply follows the applied field direction. Con-
sequently, the nanoparticles show paramagnetic properties. Below
the blocking temperature, thermal activation is no longer able to
overcome the magnetocrystalline anisotropy of the nanoparticles.
As a consequence, the magnetization direction of each nanoparticle
rotates from the field direction back to its own easy axis without
any movement of the nanoparticle. Since the nanoparticles and
consequently their easy axes are randomly orientated, overall sus-
ceptibility is reduced with decreasing temperature as Fig. 7a and b
shows.

The interacting or non-interacting behavior of the fine pow-
ders was evaluated by Neél-Brown (non-interacting model)
and Vogel-Fulcher (interacting law) [16-18]. According to the
Neél-Brown model, the blocking temperature measured at a
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Fig. 7. Real parts (a) and imaginary parts of susceptibility (b) In (f) versus 1/(T— Ty ) (c), blocking temperature versus composition (d).

given working frequency, is related to the considered frequency
as: In1/2av=In 1o +KV/kgTg. Attempt time is calculated from the
curves and it is found that it spreads between 7 1027 to10~2° s for
samples with x=0.5 and x = 0 respectively. These values, however,
are unphysical, being several orders of magnitude lower than the
typical value found in the literature for a non-interacting assembly
of superparamagnetic nanoparticles (10-8-10-11s). This suggests
that the Neél-Brown model is not appropriate to describe the
dynamic behavior of our system. In this case, deviations from the
model can be ascribed to the presence on strong interactions, as
indeed suggested by TEM image (inset of Fig. 7a) that showed the
presence of several large aggregates.

For interacting magnetic nanoparticles, the frequency depen-
dence of Ty is given by the Vogel-Fulcher law [19]:

In1

Ey
27V =In7o+ kg(T — Tg) M

here E, is the energy of barrier, T is an effective temperature which
reveals the existence of the interaction between nanoparticles and
Tis the characteristic temperature indicating the onset of the block-
ing process. We tried to fit the experimental data of x” (T) for our
samples, using Eq. (1). By fitting the experimental data from ac mag-
netic susceptibility (Fig. 7c) it was found that the value of attempt
time is 5 x 10712 s, Since the maximum of susceptibility is at a tem-
perature higher that 200K, it is likely because of the interparticle
interactions a pure superparamagnetic (SP) regime is not attained

at room temperature. This would be coherent with the fact that
coercivity and remanence are almost zero in our samples and not
exactly zero, as expected for a pure SP. The interaction between
nanoparticles affected the blocking/freezing temperature by modi-
fying the potential barrier. By increasing the strength of interaction,
T shifts to higher temperatures.

InFig. 7d, we see that the blocking temperature increases almost
linearly with increasing Cu concentration in the samples. The main
reason is attributed to the size of nanoparticles. Basically, with
increasing Mg content and hence reducing Cu content in the com-
position the size and distributions of particles are decreased. It is
well known that blocking temperature has linear proportional to
the volume of particles and anisotropy constant. Consequently, it
is reasonable to have the mentioned trend in blocking tempera-
ture versus copper content. Another contributor which mustalso be
considered is the amount of paramagnetic phases in the prepared
samples. It was clarified by MS results that the amount of param-
agnetic phase is increased by reducing copper content. Therefore
the anisotropy constant is higher for copper rich samples compared
with the Mg rich ferrites.

4. Conclusions
The Mg-Cu-Zn ferrites with composition of

CuxMggs_xZngsFe,04 were prepared in powder configura-
tion by sol-gel method. Substitution of magnesium by copper from
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x=0.5 down to x=0.2 does not significantly change the average
magnetic hyperfine field. However, a clear decrease occurs from
x=0.1, including the appearing of a paramagnetic fraction for the
x=0 sample. Saturation magnetization increases with increasing
of copper content. Coercive force was decreased by adding cop-
per ions and effective magnetic susceptibility was increased by
increasing of copper concentration. It is observed that effective
magnetic susceptibility in all samples exhibits linear variation
with increasing magnetic field. The good agreement between
experimental data of magnetic susceptibility and Vogel-Fulcher
model confirms the existence of strong interactions between
nanoparticles.
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