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Nanocrystalline Ni;_yMnyFe,04 (x=0; 0.17; 0.34; 0.5) ferrite powders were successfully synthesized
using the sol-gel combustion method, by using nitrates as cations source and citric acid (C¢HgO7) as
combustion/chelating agent. The reaction advancement was observed by means of IR absorption spec-
troscopy, by monitoring two characteristic bands for the spinel compounds at about 600cm~! and
400 cm™!, respectively. The as-synthesized powders were characterized by IR spectroscopy, X-ray diffrac-
tion (XRD) and scanning electronic microscopy (SEM). The magnetic study shows that the saturation
magnetization decreases with increasing the Mn addition, as result of the particle size reduction. The
dielectric properties were measured as a function of frequency in the range of 10Hz to 1 MHz. The real
part of permittivity has values of ~88 at 1 kHz and ~7 at 1 Hz for x= 0. An increasing dielectric permittivity
with increasing the amount of Mn is observed. For all the investigated compositions, both the real and
imaginary parts of permittivity decrease with frequency.
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1. Introduction

Due to their magnetic and dielectric properties, the nanocrys-
talline spinels ferrites with the general formula MFe;04 (M= Mn,
Ni) are important materials with multiple applications, such as:
magnetic recording media and magnetic fluids for storage and/or
retrieval of information, catalysts, magnetically guided drug deliv-
ery, magnetic resonance imaging (MRI) enhancement, microwave
absorbers, sensors and pigments [1].

Large-scale applications of ferrites with small particles have
promoted the development of various chemical methods for the
preparation of the nanosized spinel ferrites [2-9] as alternatives
to the solid state reaction methods, which result in large agglom-
erated particles, with limited degree of homogeneity, and low
sinterability [10]. The studies have shown that the synthesis pro-
tocol determines the structural characteristics of materials, which
in turn, influence their magnetic and electrical properties.

Lately, a high importance is given by synthesis methods with
low toxicity, or by economical methods in terms of energy con-
sumption, enable to produce fine, nano-sized, single-crystalline
and single phase powders. Spinel ferrites are generally synthesized
using the standard ceramic technique [10] which implies high tem-
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peratures and leads to particles with small specific surface. In order
to obtain ferrites with larger specific surface and higher degree
of homogeneity, alternative methods like: co-precipitation [2,11],
polymeric gel [3], hydrothermal [4], micro-emulsion [5], hetero-
geneous precipitation [6,12], sono-chemistry [7], combustion [8],
sol-gel [9] methods, etc. were used.

In particular, the synthesis by combustion reaction technique
has been shown to have great potential in the preparation of ferrites
[13] and involves an exothermic and self-sustaining chemical reac-
tion between the desired metal salts and a suitable organic fuel. The
sol-gel self-combustion technique is a method that combines the
chemical sol-gel process with the combustion process. Citric acid
is often used as chelating agent and the obtained nitrate-citrate gel
exhibits self-propagation combustion if ignited in air. This process
was successfully used in producing a large variety of ferrites with
homogeneous nanosized particles. It has also the advantages of
autocombustion, use of inexpensive precursors, simple equipment
and low temperatures for synthesis [14-16].

The MnFe,04 has a spinel crystal structure (space group Fd3m),
in which 02~ cations form a compact cubic structure, with Mn2*
and Fe3* cations placed in two types of interstitial or crystallo-
graphic positions. These positions display a tetrahedral (denoted
as A) and octahedral coordination (denoted as B) with respect with
oxygen, and in this way their local symmetry is different. In the nor-
mal spinel structure, the bivalent ions (Mn%* in MnFe,0,), occupy
only the tetrahedral positions, while the trivalent ions (Fe3* in
MnFe,04) populate the octahedral positions. In the inverse spinel
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Fig. 1. The synthesis protocol flowchart for the preparation of Ni;_yMnyFe,04 with
various compositions: x=0; 0.17; 0.34; 0.5.

structure, the bivalent ions occupy half of the B positions, and
the trivalent ions are placed in the rest of the B positions and
in all A positions. In the MnFe,0,4 ferrites obtained at high tem-
peratures (>900°C), 20% of the MnZ* ions are migrating from A
to B positions resulting in a ferrite with mixed spinel structure
[17]. Using neutron diffraction, Ghazanfar et al. [18] measured
the distribution of manganese ions among the tetrahedral and
octahedral sites in Mn;_yFe;_,O4, and they found that 30% of
the octahedral sites are occupied by Mn3* with the distribution
Mngg2*Feq 13*[Mng ¢3*Feq 63*Feg 12" 1042 This class forms the soft
ferrites group, which is characterized by high magnetic permeabil-
ity and low hysteresis losses [19].

Nickel ferrites NiFe;04 belong to the category of the most
important ferrites with inverse spinel structure with ferrimagnetic
properties. For these ferrites the Fe3* ions are placed on the tetra-
hedral sites and the Ni2* ions are placed in octahedral sites [20].

The aim of this work was to study the structure, magnetic
and dielectric properties of the nickel ferrites substituted by man-
ganese: Ni;_yMnyxFe,04 with compositions x=0; 0.17; 0.34; 0.5
obtained by using the self-combustion method.

2. Sample preparation and experimental details

The Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrite powders were prepared
using the combustion reaction by using as cations source nitrates: Ni(NOs ),-6H,0,
Fe(NO3)3-9H,0 and Mn(NOs ), obtained in situ from metallic Mn and HNO3 (20%),
and citric acid C¢Hg 07 as combustion agent. The citric acid is alow cost adequate eco-
logical fuel and its decomposition generates high temperatures during the burning
process, leading to the obtaining of the complete ferrite phase in external conditions.

The homogeneous solutions of nitrates were jellified in the presence of the com-
bustion/chelating agents and the obtained gel was then thermally treated according
to the synthesis protocol described in Fig. 1.

In order to monitor the spinel structure formation, FTIR spectroscopy was
employed (with a Jasco 660 plus FTIR spectrophotometer using the KBr pellet).

To determine the changes which occur during the heating process the TG-EGA-
FTIR apparatus consisted of a Diamond TG/DTA (Perkin Elmer) thermo-balance, a
Spectrum 100 (Perkin Elmer) FTIR spectrophotometer, a TG-FTIR (Perkin Elmer)

gas transfer accessory (1.6m stainless steel 1.5mm tube heated at 220°C) and
a heated gas cell of 100 mm length with KBr windows (heated at 150°C). The
Spectrum TimeBase (Perkin Elmer) software records every 15s a single spectrum
within the 700-4000 cm~", at a resolution of 4cm~!. The analysis was run with
10 mg sample placed into a platinum crucible, under dynamic dry air atmosphere
(100mLmin~') at a heating rate of 10 Kmin~!, within the 30-900°C temperature
range.

X-ray diffraction measurements were used to investigate the phase purity
of the spinel phase of Ni;_xMnyFe,04 (x=0; 0.17; 0.34; 0.5) by using a Seifert
diffractometer (type XRD 3003 PTS) with a CuK,, radiation (A =1.5405A). A VEGA
TESCAN scanning electron microscope coupled with EDX was used to analyze
the morphology and agglomeration tendency of the synthesized powders, as
well as the microstructure of the resulted ceramics and to check the local sto-
ichiometry of the samples. The permeability vs. frequency measurements in the
frequency domain (1 MHz-3 GHz) at room temperature were realized by using an
E4991A RF Impedance/Material Analyzer on toroidal ceramic samples with sizes of
~1.4mm x 4 mm x 12 mm (thickness, inner diameter and outer diameter). In order
to determine the M (H) hysteresis loops in the range 0-1.4T (14,000 Oe), a Micro-
MagTM magnetometer VSM (Vibrating Sample Magnetometer) model 3900 system
from Princeton Measurements Co. was used. The dielectric properties vs. frequency
in the 10 Hz-1 MHz frequency domain at room temperature were determined by
performing complex impedance measurements with an Impedance/Gain-Phase
analyser SOLARTRON 1260A. Ceramic samples were cut into plane-parallel geome-
try and placed inside a dielectric holder containing a guard ring, needed to reduce
non-homogenous field edge. The real and imaginary part of the impedance at
different frequencies were determined and then the permittivity vs. frequency
dependence.

3. Results and discussion
3.1. Thermal analysis

In order to determine the appropriate heat treatment adequate
for obtaining the spinel ferrites, a thermal analysis was firstly per-
formed.

In the first stage of the gel formation, it was observed an emis-
sion of a brown gas, NO,. After the jellifying phase, the obtained
product was dried and thermally analyzed.

The thermal decomposition of the x=0 ferrite (Fig. 2a) reveals
that the process for obtaining the spinel ferrites is ending at about
400 °C heating after this temperature has no effect for the weight
of the sample.

The components of released gaseous mixtures have been mon-
itored and identified mostly on basis of their FTIR reference gas
spectrum available on world wide web in the public spectrum
library of NIST. In the FTIR spectra recorded at 189 °C (Fig. 2b), the
presence of H,0, CO, [21] and N, O [22] is observed. The evolution
of the absorption at characteristic wavenumber for these gases with
the temperature is presented in Fig. 2c.

In agreement with the obtained results, for the ferrite formation,
are proposed the following reaction sequences:

(1 —x)Ni(NO3), + xMn(NO3), + 2Fe(NO3)3

emperature

+3CgHg07 MM NO, ¢

temperature

+dry gel  —  Nij_xMnyFe;04

N0 1 +C0; 1 +H0 1

Three steps are present in the TG-EGA-FTIR analysis (Fig. 2a):
the sample drying (below 150°C), a decomposition of the nitrates
and burning of the organic materials. Exothermic effect recorded on
heat flow curve at the peak around 290 °C is about AH ~ —5000]/g.

As shown in Fig. 2(a, d-f) the thermal decomposition on syn-
thesis of ferrites powders series is also divided into three steps.
The first is a weight loss upon drying the sample (below 150°C),
and the moisture is released at this stage (10-12% low); this ther-
mal effect is endothermic. The second stage is ranging between 150
and 262 °C (weight loss is about 21-25%). In this stage, on the DTG
curves, the shape of the curve is depending on the composition: for
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Fig. 2. The thermal analysis for the Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites: (a) simultaneous TG/DTA curves of the x =0 ferrite in air flow; (b) FTIR spectrum of evolved
gases from the x =0 ferrite, measured at 189°C by online coupled TG-EGA-FTIR system and identification of the gaseous components; (c) absorbance vs. temperature curves
of identified gaseous species evolved from the x=0 ferrite; (d) TG curves for x=0; 0.17; 0.34; 0.5 ferrites; (e) DTA curves for synthesized ferrites and (f) DTG curves for

synthesized ferrites.

the sample with x=0, the peak is at ~199 °C and the thermal effect
is endothermic; with the increase of x, a new peak at a lower tem-
perature of 170-180°C appears and the thermal effect in the DTA
curve is exothermic. The mechanism of the decomposition in this
stage is different for each precursor: for Mn an exothermic reaction
and for the Ni an endothermic effect is found (Fig. 2).

The third stage is a fast thermal decomposition between 262
and 360 °C; weight loss is 28-29%. The reaction is strongly exother-
mic, the probe temperature rise quickly over the oven temperature
in a very short time. After heating over 360 °C, the weight loss is
insignificant and no thermal effect is observed on the DTA curve.

The thermal decomposition of the x=0 ferrite (Fig. 2a) reveals
that the process for obtaining the spinel ferrites is ending at about
400°C heating after this temperature has no effect for the weight
of the sample.

3.2. Infrared spectroscopy investigation

The formation of Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) spinel
structure was monitored by using IR spectroscopy. In this scope
the IR absorption spectra in different stages of the synthesis were
recorded, taking also into consideration the information provided
by the thermal analysis. The IR absorption spectra for the sam-
ples treated at 500°C and 900°C, respectively, are displayed in
Figs. 3 and 4.

The IR absorption spectra recorded for the pre-sintered sam-
ples at 500 °C (Fig. 3) shows no absorption peaks characteristic for
the nitrate or carbonate groups. It also can be remarked the pres-
ence of the absorption bands characteristic for the spinel structure
around 600 cm~', and this behavior is also confirmed by the ther-
mal analysis. Because the maximum from approximate 730cm™!,
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Fig. 3. IR spectra of Ni;_xMnyFe,;04 (x=0; 0.17; 0.34; 0.5) after thermal treatment
at500°C/3 h.

present at 500 °C, disappear after thermal treatment at 900 °C, this
can be related to a partial disorder of the network, especially for
the compositions Ni;_yMnyFe,04 with x=0.34 and 0.5.

The spectra recorded for the samples sintered at 900 °C (Fig. 4)
present two main absorption bands corresponding to the stretching
vibrations around the values of 600cm~! and 400 cm~!, respec-
tively. The larger absorption band at ~600 cm~! corresponds to the
intrinsic vibration of tetrahedral complexes and the lower absorp-
tion band at ~400 cm~! is attributed to the stretching vibrations of
the octahedral complexes [23].

The shift of the absorption bands from higher to lower values
can be attributed to the displacement of Fe, Min and Ni ions related
to the oxygen ions in the octahedral and tetrahedral sites, and due
to this fact a modification of the Fe3*-0%~ (M3*-02-), respectively
MZ2*-02- distances takes place [24]. From the analysis of the IR
absorption spectra, it is observed that the band from ~600cm™!
shifts to lower wave numbers with increasing of Mn content. This
indicates a lower degree of occupancy of tetrahedral sites with Fe3*
ions [25].

3.3. X-ray diffraction analysis

Fig. 5 shows the XRD patterns of Nij_yMnxFe;04 (x=0; 0.17;
0.34; 0.5) nanoparticles after the thermal treatment at 900 °C. All
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Fig. 4. The IR spectra of Ni;_xMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites after thermal
treatment at 900°C/5 h.
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Fig. 5. XRD patterns of Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites after thermal
treatment at 900°C/5 h.

the characteristic peaks of the ferrite material are observed, with
the most intense peak (311) at ~36°, which confirms the forma-
tion of the cubic spinel structure (JCPDS: 10-0325) [26]. We can see
that with increasing of the Mn addition, the synthesis conditions
promote the formation of Fe; O3 (JCPDS: 87-1166) and orthoferrite
MnFeOs (JCPDS: 75-0894) as secondary phase, which is in agree-
ment with other data reported in literature [27-29].

The average crystallite size of the Ni;_yMnyFe;04 (x=0; 0.17;
0.34; 0.5) powders were determined by using the Debye-Scherrer
relation:

092
" Bcosb

where By, is the broadening of diffraction line measured at half
maximum intensity (rad) and A = 1.5405 A. The major spinel peaks
(311),(440),(511) and (220) were considered for calculations.
As can be seen from Fig. 5, once with increasing of Mn content,
the diffraction peaks become broader. The crystallite size dimin-
ishes when increasing the Mn substitution from ~50 nm for x=0 to
~40nm for x=0.50.

The refinement of the structures (Fig. 6) was carried out with
the GSAS program, developed by Larson and Von Dreele, from X-ray
powder diffraction data. The diffraction profiles were modeled by
using a multiterm Simpson’s rule integration of the pseudo-Voigt
function.

The Rietveld analysis provides accurate information on the exact
amount of additional phases, MnFeO3 and Fe, 03, from ferrite sam-
ples (Table 1).

3.4. Microstructural characterization

The SEM images of two Ni;_yMnyxFe,04 powder compositions
after the thermal treatment at 900 °C are presented in Fig. 7a and
b. The micrographs show the formation of soft agglomerates (easy
de-agglomeration) with irregular morphology constituted of quite
fine particles. The secondary electron image demonstrating a very

Table 1

The quantitative phase analysis using Rietveld refinement.
Samples % Ferrite % MnFeO3 % Fe203
NiFe,04 100 0 0
Mny,17Nigg3Fe;04 97 0 3
Mnyg 34Nig 66 Fe204 89.4 0.2 10.4
Ml]o_sNingEzOz; 814 0.3 18.3
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Fig. 6. Rietveld refinement pattern for sample: (a) NiFe;04; (b) Mng17Niog3Fe;04; (¢) Mng34NiggsFe204 and (d) Mng sNigsFe;04.

good mixing resulted by this method of the in situ processing and
spinel single phase at small x addition only. When increasing the
amount of Mn, large agglomerates of spinel are formed together
with finer particles belonging to the secondary phases (Fig. 7b). The
local microprobe EDX analysis identified the larger blocks as being
the majoritary spinel phase and the finer particles as belonging
to the MnFeO3; and Fe,03 secondary phases. These results were
confirmed by the XRD analysis.

3.5. Magnetic properties

Fig. 8 presents the M (H) loops at room temperature obtained
for the Ni;_yMnyFe,04 (x=0; 0.17; 0.34; 0.5) ceramics sintered
at 900°C/5 h. They show a typical ferrimagnetic character, with a
strong non-linearity, very small coercive field below 60 Oe and sat-

(a)

HV: 30,00 KV
View field: 14.33 pm

WD: 7.7214 mm

Det SE Detector Spm VEGAW TESCAN g

uration field of ~3 kOe. A decrease of the magnetic moment and
saturation magnetization takes place with increasing Mn concen-
tration, from Ms=50emu/g for x=0 to Ms=39 emu/g for x=0.50.
This property is in contrast with that observed in bulk ferrite, for
which the saturation magnetization Ms increases with the Mn con-
centration, as reported by Hu et al. [30]. The present results can
be explained by the gradual increase of the amount of orthoferrite
and magnetite secondary phases and to the reduction of crystallite
size, as the Mn concentration increases [27]. The coercitive field, Hc,
slightly increases with increasing the amount of Mn from ~37.4 Oe
to ~53.7 Oe for x=0-0.5, respectively.

Fig. 9 shows the complex permeability spectra of the sintered
Ni;_xMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites at room tempera-
ture. The ferrite samples present high values of permeability (1 ~ 8
for x=0 to u} ~27 for x=0.5 at 2 GHz) which are increasing with

(b)

HV: 30.00 kv
View field: 52.03 pm

WD; 8.0430 mm
Det: SE Detector

(1 1 1
20 ym VEGANTESCAN gy

Fig. 7. SEM micrographs morphology of the Ni;_yMnyFe,04 powder sintered at 900 °C for: (a) x=0 and (b) x=0.5.
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Mn content. The high value of permeability together with low per-
mittivity was reported by Lee et al. [31] in Mn and/or Co doping
in Ni-Mn-Co ferrite, where the magnetic properties for high fre-
quency microwave applications were investigated.

From Fig. 9 it can be observed that the real part of permeability
became negative in the range 2.3-2.6 GHz, due to ferromagnetic
resonance phenomena activated in this frequency domain. The
peak of the intensity of resonance (imaginary part of permittivity)
increases with increasing of Mn amount. This feature is attributed
to the natural resonance of spin rotation and the vibrational reso-
nance of the magnetic domain walls. It is known that above 2 GHz
the domain wall motion cannot follow the field variation and thus,
the frequency resonance corresponds to the spin resonance.

For polycrystalline ferrite, the permeability spectra are
described by two types of magnetizing processes: spin rotation and
domain wall motion [32]:

M =14 Xspin + Xdw

where xqpin and x4w denote the magnetic susceptibility of spin and
domain wall motion, respectively. In the sintered ferrite materials,
the spin resonance frequency is proportional with saturation mag-
netization. Since the magnetization is decreasing with x, as shown
in Fig. 8, it results that a domain wall contribution shifts the reso-
nance towards higher frequencies when increasing x from 2.4 GHz
to 2.54 GHz (Fig. 8a). This increase could also be explained by the

(a)

200 -

=200 -

ol \‘\\

-600

Real part of permeability

2,2x10° 2,4x10° 2,6x10°

Frequency (Hz)

increase of the demagnetization factor due to reducing crystallite
size with x addition. An additional contribution to the anoma-
lous high permeability and shift of the imaginary part maximum
observed for x=0.50 might be also attributed to the increasing
amount of MnFeOs3 orthoferrite and Fe,03 secondary phases.

3.6. Dielectric properties

The frequency dependence of the complex dielectric permit-
tivity (&, ¢”) for all the ceramic samples was measured at room
temperature. The real part of dielectric permittivity (Fig. 10a
decreases with increasing frequency from 10 Hz to 1 MHz and show
typical dielectric dispersion behavior (exponential decay), with a
fast decrease of permittivity at low frequencies and slower at higher
frequency. Besides the exponential decay of the permittivity vs. fre-
quency trend, an additional polarization effect is found at high Mn
addition (see the features in the frequency range of 103-10% Hz
for x=0.50 in Fig. 10a, which might be attributed to the presence
of secondary phases with as larger amount as Mn addition (x)
increases. The composition x=0 has the highest values of real part
of permittivity (at f=1kHz: ¢ ~88) and decrease with increasing
of frequency. For the composition x=0.17, & present lower value
by comparison with x=0: ¢ ~ 15 at f=1kHz. When increasing the
amountof Mn fromx=0.17 tox=0.5, the values of dielectric permit-
tivity are increasing (&’ ~ 70 at f= 1 kHz). The high values of the real
part of permittivity at low frequencies show a conductive behav-
ior of these compositions, which originate in high values of the
dielectric losses (tan § > 1) at room temperature (Fig. 10b). At high
frequencies above 10 kHz, the losses of all the compositions reduce
below unity. The composition x=0.17 presents the lowest losses
in overall frequency range and is a good dielectric above 1kHz
(tané<1.5% for f>1kHz).

The frequency dependence of the ac electrical conductivity is
shown in Fig. 10c. For all the compositions, o, increases with the
applied field frequency. This can be associated with an increase
in the hopping frequency of the charge carriers between FeZ* and
Fe3* in the octahedral sites, as suggested in Refs. [16-19,33,34].
The frequency-dependent conductivity results at room tempera-
ture presents an almost zero conduction at low frequency (up to
10 kHz) for the compositions withx=0.17,0.34 with a large increas-
ing for the frequency range 10°-106 Hz, for all compositions.

Similar dielectric properties were often reported for other spinel
ferrites [16-19,34] and are determined by the Maxwell-Wagner
interfacial polarization phenomena [35-37], which are dominant at
low frequencies. The polarization is the results of electron exchange
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Fig. 9. Complex permeability of Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites at room temperature vs. frequency: (a) real part of permeability and (b) imaginary part of

permeability.
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Fig. 10. Dielectric properties of the Ni;_yMnyFe,04 (x=0; 0.17; 0.34; 0.5) ferrite ceramics at room temperature: (a) real part of permittivity vs. frequency; (b) tangent loss

vs. frequency; (c) Ac-conductivity vs. frequency and (d) complex impedance plot.

between the ferrous and ferric ions Fe2* « Fe3* +e~, which gives
rise to local electron displacements in the direction of the applied
external field. Similarly, the Mn3* < MnZ* +e* reaction gives an
amount of holes (e*) in the octahedral sites that ensure local dis-
placements in the opposite direction with respect to the external
applied field. The above displacements are responsible for the
polarizability and macroscopic dielectric properties of the ceramic
ferrites under consideration.

It seems that by increasing Mn addition, a tendency to reduce
the losses exist (which manifests by the reduction of losses in
x=0.17 by comparison with x =0 in overall frequency range), which
might be related to the electron-hole partial compensation effects.
However, further Mn addition increase result in the formation of
higher amounts of secondary phases, whose contribution give rise
to a further increase of the losses. In order to track down more
realistic conclusions on the dielectric properties of Ni;_yMnxFe; 04
ferrites, the synthesis parameters should be adjusted to produce
pure single-phase ceramics in a large range of Mn addition.

From electrical point of view, the present Nij_yMnyFe;04
ceramics under investigation are highly inhomogeneous systems,
particularly for higher Mn addition, where the presence of sec-
ondary phases becomes predominant. This is also demonstrated
by the complex impedance analysis (Fig. 10d). It is noticed that
while x=0 and x=0.17 compositions show a single impedance
arch, the impedance plots for x=0.34 and x=0.50 compositions
reveal in their impedance diagram multiple components. Such a
behavior is determined by the heterogeneous electrical proper-
ties at the microscopic level, i.e. to different electrical properties
(resistivity, permittivity) inside the ceramic body, which might
be attributed to secondary phases and intergrain interphases. The
center of such arches is placed on the real axis and the complex
impedance can be described by equivalent complex RC circuits [38].
The size of the semicircle changes with the number of components,

with grain size and with the number of grains. The presence of a sin-
gle semicircular arc obtained at higher frequencies corresponds to
the electrical conduction determined by the interior of the ceramic
grains of the majoritary phase. The diameter of the semicircle cor-
responds to the resistance of the grain [39]. As the Mn increases,
the diameter of the semicircle decreases, indicating a reduction of
the grain interior resistance. Thus, the total impedance (Z, the real
axis intercepts at low frequency side) and imaginary component
of complex impedance Z” of all samples decreases with increase of
Mn amount (x=0.17, 0.34 and 0.5). As mentioned before, a more
detailed impedance spectroscopy study in a large range of tem-
peratures should be further performed to high purity ceramics in
order to better attribute to a microscopic entity (grain core, grain
boundary, defects, etc.), the observed impedance components.

4. Conclusions

The sol-gel combustion method, using nitrates as cations source
and citric acid (CgHgO- ) as combustion/chelating agent offers a con-
venient synthetic route to prepare nanosized Ni; _yMnxFe,04 (x=0;
0.17; 0.34; 0.5) ferrite powders.

The infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and
scanning electronic microscopy (SEM), confirm the formation of
the Ni;_yMnyFe;04 (x=0; 0.17; 0.34; 0.5) ferrites powders with
the spinel structure, without secondary phases as a-Fe,O3 and
Fe304. For higher Mn amount, besides the spinel phase, amounts
of MnFeQj3 secondary phase are observed.

The magnetic properties as a function on composition are dis-
cussed. These results showed that with increasing Mn amount
the saturation magnetization decrease and the value of coercitive
field increase. Composition-dependent ferromagnetic resonance
was found around 2.5 GHz. A dielectric frequency dispersion and
conductivity determined by the contribution of the electron-hole
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hopping mechanism were found. The complex impedance repre-
sentation (Z” vs.Z') reveal inhomogeneous ceramic ferrites and that
due to the increasing of Mn addition. The compositions with x=0
and x=0.17 present a single impedance arch instead of x=0.34 and
x=0.50 which are presented more than one components. The com-
plex impedance spectra showed an evident inhomogeneity with
increasing of Mn amount as due to distinct components of the
ceramics with different resistivity and permittivity characteristics,
possible attributed to the grain bulk, grain boundary, defects, etc.
The ceramic sample with x=0.17 is an optimum composition for
which good magnetic and dielectrical properties are obtained. From
magnetic and electric measurements resulted relatively high val-
ues of permeability (i’ ~ 20 at 2 GHz) and low values of dielectric
permittivity in the range kHz-MHz (¢’ ~ 70 for f=1kHz in case of
x=0.5).Thus, after an improvement of the synthesis process and the
elimination of the secondary phases the Ni;_yMnyFe, 04 ferrite can
be considered as promising materials for chip device application in
the range of MHz and GHz, respectively.
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