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Abstract

Mn—Zn polycrystalline ferrites with Mn,_,Zn,Fe,0, stoichiometry (x=0.59, 0.61, 0.65) were prepared by solid state reaction. These ferrites
were heated at different temperatures. The cubic structure with space group Fd3m (Of) No. 227 was confirmed by the refinement of x-ray
diffraction (XRD) powders through Rietveld’s method using fullprof. Scanning electron microscopy (SEM) results revealed for all compounds a
non-homogeneous grain size and shape distribution, with a mean grain size of 9 pm. The Curie temperature 7, was found to decrease as the Zn
concentration increases. The magnetic domain relaxation was investigated by inductance spectroscopy (IS). The relaxation frequency f, shows an
increase with the increase of the grain size while the initial permeability u; decreased. We propose an R,L, parallel arm equivalent circuit to
model the IS results. The theoretical approximation is in agreement with the experimental results. We found that Mn—Zn ferrites with zinc
concentration at x=0.59 and heated to 1300 °C during 6 h show a slight improvement of the homogeneous microstructure and a relatively higher
relaxation frequency without the abrupt degradation of their permeability. This result suggests that ferrites treated in the manner presented in this

paper are good candidates for high frequency applications.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Manganese-Zinc (Mn—Zn) ferrites are very important soft
magnetic materials due to their high initial magnetic permeability
(u; > 500) at frequencies below a few megahertz (8-10 MHz),
high saturation magnetization (> 5000 G) and small grain size
(1-10 pm). These materials show a crystallographic structure of a
spinel. Spinels are isostructural with the mineral spinel MgAL O,
and they can generally be described by the formula AB,O,4. The
crystal structure of AB,O, is shown in Fig. 1, where A and B
denote divalent and trivalent cations, respectively. Nearly all
spinels belong to the space group Fd3m (Of) No. 227 [1]. Mn—
Zn ferrites have the spinel structure with Fe ions at the tetrahedral
site (A-site) and octahedral site (B-site) while all Mn** and Zn**
ions are at the tetrahedral site (A-site).

*Corresponding author. Tel.: +52 55 66 09 36.
E-mail address: guillermo.m.herrera@uv.es (G. Herrera).

Mn—Zn ferrites are often employed in applications such as
transformers, inductors, antenna rods, loading coils, converters
deflection yokes, choke coils, recording heads, magnetic ampli-
fiers, electromagnetic interference devices (EMI), power transfor-
mers and splitters [1]. Ferrites are used today in radio and
television, microwave and satellite communication, noise filters,
bubble devices, audio, video, digital recording, high-efficiency
switch-mode power supplies (SMPS) [2] and humidity sensors
[3]. Also, many efforts have been made to obtain high frequency
response of soft magnetic materials [4-10] in particular on Mn—
Zn ferrites [11-13] as noise suppressors [14] and magnetic
sensors in space applications [15].

It is known that the desired, technologically speaking, properties
of ferrites depend on a careful optimization of factors, such as: bulk
composition, purity, microstructure, divalent iron and/or oxygen
stoichiometry and an adequate control of the corresponding
homogeneity. For example, high initial magnetic permeability
can be achieved only in samples with large grain size and residual
porosity located at grain boundaries. On the other hand, intragrain
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Fig. 1. A Schematic representation of spinel crystal structure of AB,O, at
ambient conditions, space group 227, Fd3m, Z=8. This graph was obtained by
CIF file of Fullprof and plotted by the Mercury 3.0 software.

porosity can cause pinning of the domain wall decreasing the
magnetic permeability. Previous works showed that the grain size
is one of the most important parameters affecting the magnetic
properties of ferrites [16]. The preparation of high permeability
Mn—Zn ferrites is a very complicated task where the composition
and the grain size and shape homogeneity must be carefully
controlled throughout the whole specimen. Also, long sintering and
high temperatures in an oxygen-rich atmosphere results in a large
grain size accompanied by intergrain porosity and high losses of
ZnO from the bulk. This causes stress and reduces magnetic
permeability. Although Mn—Zn ferrites are well-established cera-
mic materials and have been the subject of intensive studies, the
extrinsic properties of Mn—Zn ferrites, such as initial permeability
and relaxation frequency, are still a matter of concem. The
motivation of the present work is to elucidate the effects of the
Zn concentration at different sintering conditions on the micro-
structure of three Mn—Zn compositions prepared by solid state
reaction. The stoichiometry of these Mn—Zn ferrites was selected to
take into account that their Curie temperature 7 is limited between
100 °C and 250 °C. Also, in this paper we present the evolution of
the magnetic relaxation domain wall as a function of frequency. To
perform these measurements we used inductance spectroscopy
(IS). To model the magnetic relaxation behavior, a simple
equivalent circuit has been proposed. Good agreement with the
experimental results was found.

2. Experimental procedure
2.1. Materials

Polycrystalline Mn—Zn ferrites with Mn,_,Zn,Fe,O, stoi-
chiometry where x=0.59, 0.61, 0.65 were prepared by solid

state reaction. Weighed amounts of the raw oxide powders
MnO (99%), ZnO (99.6%) and Fe,03 (99.6%) supplied by
Fisher ChemAlert, were mixed with ethanol (Sigma Aldrich,
70% in H,0O) to form a homogeneous slurry. Then the slurry
was homogeneously milled in an attrition mill (Union Process
01HD) system for 8 h in water. The grinding media to material
charge ratio was 1:3 using a stainless steel balls of 1/8 in
diameter. The steel balls were cleaned and weighed after
milling in order to recover the material impregnated on them.
The milled powders were heated at 1000 °C during 2 h in air in
a programmable Thermolyne 47900 muffle furnace. The dry
powder was plasticized with 10% wt of a PVA poly (vinyl
alcohol) aqueous solution used as a binder. The resulting
material was dried and formed into a toroidal shape (outer
diameter=17 mm, inner diameter=11 mm, height=3.5 mm)
exerting uniaxial pressures of 4 MPa for 1.5 min in a Carver
CMG-30-15 press. The heat treatment for the compacted
specimens consisted in removing the binder at 250 °C. The
samples were sintered at 1300 °C during 3, 6, 9, 24 h in a 2%
0,-98%N, atmosphere and were cooled under equilibrium
conditions. To control Fe** ions an inert gas such as N, is
needed. Oxygen gas is needed to avoid dissociation of ZnO
and hence Zn loss which might occur by Zn vaporization [17].
The heat treatment was performed in a programmable Carbo-
lite (model STF 15/-/450) tubular furnace equipped with
Eurotherm 2416CG control.

2.2. Characterization techniques

Crystalline phases were identified by X-ray powder diffrac-
tion (XRD), using a Bruker—-AXS D8-Advance diffractometer
with A (CuK,)=1.54 A radiation. The diffractograms were
recorded with a 2h° step size of 0.02° and a counting time of
10 s. Lattice constants and other structural parameters of Mn—
Zn ferrites were determined by refinement with the Rietveld
technique using Fullprof98 [18,19] available in the software
package Winplotr [20]. The refinement involved the following
parameters: scale factor; zero displacement correction; unit cell
parameters; peak profile parameters using a pseudo-Voight
function; and overall temperature factor. The starting structural
parameters and atomic positions of Mn—Zn ferrites were taken
from the literature. These ones were also refined and plotted
with Mercuri 3.0 [21] as can be observed in Fig. 1.

The theoretical density was calculated according by Akther
Hossain et al. [22]. Information regarding the ferrite grain size
was obtained from polished surfaces by scanning electron
microscopy (SEM) model steroscan 440, Leica Cambridge.
The SEM micrographs were taken with magnifications
between 2.0 and 10.0 kX with a voltage of 20 kV, current
intensity of 1000 pA and work distance of 13 mm. To
determine the Curie temperature, 7., sintered samples were
coiled as transformers and placed in a muffle furnace according
to the experimental setup described elsewhere [23]. The
frequency measurements (complex impedance spectroscopy)
were carried out at room temperature using a HP 4192A
Impedance Analyzer. This equipment allows to measure ac
current amplitudes in the 0.22-9.64 mA (RMS) range in a
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wide range of frequency (from 5 Hz to 13 MHz). The whole
system was controlled with a PC computer with measurement
software developed in the laboratory. It allowed a frequency
run ~94 points in less than 3 min. For this evaluation the
toroidal samples described above were wound as transformers
with 17 turns of 30 AWG caliber cooper wire. The magnetic
characterization was performed using cylindrical samples with
a vibrating sample magnetometer (VSM EG & G Princeton
Applied Research Corporation model LDJ 9600) at 300 K,
with a maximum external magnetic field of 5000 Oe.

3. Results and discussion

In order to investigate the thermodynamically stable pro-
ducts, reactions were carried out at different temperatures up to
1300 °C. We found that heating to 1000 °C in air during 2 &
results in an incomplete reaction in which a—Fe,O5; (Hematite,
JCPDS 33-0664) remains as a second phase. This previous
result indicates that the dissolution of a—Fe,O5 and subsequent
nucleation of Mn—Zn ferrites takes time. Formation of a second
phase such as a—Fe,O3 is a consequence of the preferential
loss of one or more of the divalent cations Zn or Mn during the
heat treatment. In this stage, the presence of hematite is not a
critical parameter, because it is expected that spinel phase
transformation should be completed during the sintering
process. Fig. 2 shows the refined XRD pattern for the Mn;
_ZnFe,0, stoichiometry where x=0.59 obtained at 1300 °C
during 6 h. The refined lattice parameters, R,, R,,, and R.,,
data related to the Rietveld fitting are summarized in Table 1.
These results confirmed the cubic structure with space group
Fd3m (OZ,) No. 227. One can observe the slight contraction of
the lattice parameter as the Zn concentration increases. This
behavior is attributed to the substitution of the larger Mn**
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Fig. 2. Rietveld refined X-ray diffraction pattern for the Mn;_,Zn Fe,O,
stoichiometry where x=0.59 obtained at 1300 °C during 6 h. The figure shows
the observed intensity (Yps), the calculated intensity (Y.a) and the difference

between observed and calculated intensities (Y ops—Ycale). Vertical lines are the
Bragg positions.

cations (0.091 nm) by Zn>* cations having a smaller radii
(0.082 nm).

3.1. Effects of Zn increase on the densification mechanism

Fig. 3 shows the density as a function of dwell time for all
compositions. In this figure one can observe that high densities
were obtained regardless the composition. Zinc is known to
improve the densification and accelerate the grain growth [24].
In this figure the higher Zn concentration shows the larger
density value as expected. Also, in Table 2, one can observe a
systematic increase of density as the Zn concentration
increases. This behavior was observed for all compositions.

3.2. Effects of Zn increase on microstructure

Fig. 4(a) shows the micrograph of the Mn,;_,ZnFe,O4
ferrite with x=0.65 sintered at 1300 °C for 6 h. The morphol-
ogy evaluation showed a tendency to increase the grain size as
the Zn concentration increases. In this micrograph one can
observe a homogeneous grain shape distribution with some
pores dispersed at the grain boundary. The big grain size
distribution and wide grain shape distribution of the samples
may be attributed to the formation of Fe?* ions, which
accelerate the grain growth rate [25].

Fig. 4(b) displays the micrograph of the Mn,_,Zn,Fe,O,
ferrite with x=0.59 sintered at 1300 °C for 9 h. This heat
treatment seems to stretch the grain size distribution. Also, a
tight grain shape distribution was perceived with the presence
of pores dispersed in the grain boundary.

Fig. 4(c) reveals that the morphology maintained the presence
of intragrain and intergrain porosity for the Mn;_,ZnFe,O,
ferrite with x=0.61 sintered 1300 °C for 24 h. This micrograph
shows seemly bigger sized grains probably due to the non-
homogeneous grain shape distribution.

We attribute that the presence of the intergrain and
intragrain porosity for ferrite with x=0.61 is due to Zn
evaporation from the spinel structure. As a consequence of
this phenomenon, the evaporation of Zn from the samples
results in reduction of Fe*™ ions to Fe>™ and loss of oxygen to
maintain charge neutrality in the sample [26]. On the other
hand, the presence of intragrain porosity is due to the high
grain growth. Pores may be left behind by rapidly moving
grain boundaries, resulting in pores that are trapped inside the
grains. This intragrain porosity is practically impossible to
eliminate [27] leading to the poor magnetic properties that will
be discuss in the magnetic section of this article. Also, it was
observed that the non-homogeneous densification caused a
broad grain size distribution.

The mean grain size (D,,) was determined by the Image J
software [28] over an average of five SEM micrographs. For
samples with x=0.65 and 0.59 sintered for 6 and 9 h showed
D,,=6.54(4) pm and 8.90(5) um, respectively. The attempt to
measure grain size from the SEM micrograph of ferrite with
x=0.61 heated during 24 h, was not very successful. It was
challenging to locate clear grain/grain boundary interface and
most of the times the surface appeared plain. In the insets of
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Fig. 4(a, b) histograms fitted with log-normal curves [29] can
be seen.

3.3. Effects of Zn increase on magnetic properties

3.3.1. Curie temperature

The permeability thermal spectra of the samples were used
as a test of formation and homogeneity of the samples as well
as an indication of the growth and the quality of the grains.
The u~T (Fig. 5) profile showed a sharp peak followed by a
“vertical” decrease of the permeability that determines accu-
rately the Curie temperature, T¢. The vertical drop indicates
that the samples have homogeneous ionic structure and

Table 1
Rietveld refinement results for Mn,_,Zn,Fe>O, ferrites obtained at 1300 °C
during 9 h.

Crystal system: face centered cubic Spacegroup:

Fd3m (227)
Concentration: x 0.59 0.61 0.65
Lattice parameter: a A) 8.4749(6)  8.4401(1) 8.4353(5)
R, (%) 12.12 12.01 12.2
R,y (%) 13.68 13.82 132
R.., (%) 10.23 10.06 10.02
Va 1.58 1.63 1.75
Ferrite (%) 100 100 100
Hematite - - -

(")E -
o p
S ]
a
e e —@—x=0.65 -
- O x=0.61
4.5 % 3% x=0.59 |
L L | L L L L L
5 10 15 20 25

t (h)

Fig. 3. Effect of heat treatments on the densification for (a) Mn;_,Zn,Fe,O,
samples with x=0.59, 0.61 and 0.65.

Table 2

homogeneous grain size distribution. On the other hand, the
permeability amplitude (sensible information about grain
growth) decreases as the Zn concentration and dwell time
increase. As reported in Table 3, from the compositional
dependence of T, this temperature is seen to decrease with
increasing Zinc content.

According to Wang et al. [30], an increase in the non-
magnetic Zinc ions reduces the magnetic moment of the A sub
lattice. Usually, the Zn ions preferentially occupy the A sites of
the spinel lattice reducing the A-B exchange interaction. On
the other hand, Janasi et al. [31] show lower T values due to
the presence of nitrogen during sintering. As we expected,
values of T derived in this work are within the range reported
previously. The profile also illustrates a Hopkinson's peak near
the T¢, a typical behavior in cubic structures like the samples
analyzed here [32].

3.3.2. Complex permeability

The magnetic relaxation process was evaluated by the
inductance spectroscopy analysis. The real and imaginary
permeability (u;”, 1;”") values as a function of frequency were
determined for each composition and sintering conditions.
Initial permeability was established from the plateau (10 kHz—
100 kHz) of the real permeability (u;") curve. The relaxation
frequency was obtained from the maximum of imaginary
permeability (u;”") plots.

Panel (a) of Fig. 6 shows the real part of initial permeability
(1;) evolution as a function of sintering treatment for Mn,
_Zn,Fe;04 (x=0.59, 0.61, 0.69) ferrites. One can observe that
the permeability value increases with increasing Zn content. A
possible explanation for this behavior is the use of low oxygen
content during sintering [6]. From the density and microstruc-
tural studies one can observe that Zn promotes an increase in
grain size. Larger grains tend to consist of a greater number of
domain walls. The study of microstructures reveals that the
average grain sizes increases with increasing dwell time. Thus
for large grains, permeability should rise proportionally to
grain diameter. One can expect higher p; for the sample
sintered at higher dwell time. However, in all the compositions
u; was found to drop after a sintering treatment of 9 h as a
consequence of expanding the number of pores within the
grains. Similar behavior was observed by Guillaud [33] in
Mn—Zn ferrites.

It is important to note that the presence of intragrain porosity
and intergrain porosity due to prolonged sintering conditions
have a negative effect in permeability. This behavior was

Green and sintered density, the % of theoretical density (T.D.) and grain size”, of Mn,_,Zn,Fe,0, ferrites with different Zinc content

obtained at 1300 °C for 24 h.

Zn concentration (x) Green density (g/cm3) Sintered density (g/crn3) T.D. (%)
0.65 2.96 (2) 4.96 (2) 96.9 (2)
0.61 2.93 (4) 4.95 (2) 96.5 (2)
0.59 2.89 (5) 4.93 (5) 96.1 (5)

*averaged at least over five microanalysis.
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Fig. 4. SEM micrographs of Mn,_,Zn,Fe,0, ferrites; (a) with x=0.65 sintered at 1300 °C for 6h; (b) x=0.59 sintered at 1300 °C for 9 h; (c) with x=0.61 sintered

1300 °C for 24 h.

evidenced in all compositions after 9 h of heat treatment. An
inverse dependence of Curie temperature and permeability can
be established from these results; i. e. Tc decreases and p;
increases with an increase in Zinc content. This behavior was
consistent in all thermal treatments.

Panel (b) of Fig. 6 shows the relaxation frequency as a
function of dwell time. One can observe at lower relaxation
frequencies that the permeability increase. In comparison, at
high relaxation frequencies, the permeability decreases. This
behavior confirms the Snoek's limit [34]. This means that high
frequency and high permeability are mutually incompatible.
The evolution of permeability spectra shows that the relaxation
frequency increases with an increase of Zn content. This is
because Zn in these compositions increases the magnetic
moment and decreases the anisotropy [35]. Anisotropy is
known to decrease with an increase in Zn content. The high
permeability values at low frequencies show the dominant role
played by the domain wall motion. Fig. 7a, b shows the
evolution of real (1) and imaginary (u”") parts of the complex
permeability (u;=u;"—u;”") evaluated at different temperatures.
One can observe two representative Zinc concentrations at
different sintering times (x=0.61 at 6 h and x=0.59 at 9 h).
All samples were sintered at 1300 °C.

Panel (a) and (c) of Fig. 7 shows that 1;” remains nearly constant
over several values of frequency before it begins to decline. The
flat y;” region, up to the frequency where it starts declining rapidly,
is known as the zone of utility of the ferrite. The fairly constant u;”
value over a large frequency range shows the compositional
stability and quality of the ferrites. This is a desirable characteristic
for various applications such as broadband pulse transformers.
These results were summarized in panel (a) of Fig. 6. Also, gradual
increase of initial permeability with rising temperature is perceived.

This behavior is attributed to microstructure and magneto crystal-
line properties caused by thermal agitation. The purpose of this
study was to corroborate the thermal behavior discussed in the
section of Curie temperature. These results are in agreement with
those reported in that section. In panel (b) and (d) of Fig. 7 one can
observe that the frequency above which y;” starts declining rapidly,
is found to increase with Zinc content. All samples showed
relaxation process. In general these frequency relaxation values
were summarized in panel (b) of Fig. 6. The relaxation frequency
value decreases as one can expect for the Snoek’s limit [34].

3.3.3. Magnetization

The room-temperature magnetic hysteresis loop of
Mn,_,Zn,Fe,0O, powders with x=0.59 treated thermally at
1300 °C during 6h is shown in Fig. 8. The saturation
magnetization, M,, remanent magnetization, M,, and coerciv-
ity, H. were evaluated. These parameters were deduced from
the magnetization curve. They are tabulated in Table 4. It can
be observed that the saturation magnetization, M, decreases
gradually as the Zn concentration increases. The decrease of
saturation magnetization can be explained by the assumption
that as the zinc content increases the relative number of ferric
ions on the A sites diminishes and this reduces the A-B
interaction. As a consequence, the measured saturation mag-
netization decreases gradually.

3.3.4. Equivalent circuit

An interesting approach to the impedance response in ferro-
and ferri-magnetic materials is provided by the use of
equivalent circuits. In this methodology [36], the behavior of
the material is modeled by means of an equivalent circuit.
With the modern computing facilities, it is always possible to
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write a script with a circuit which can represent virtually any
experimental results. The best approach is then to explore first
the simplest circuits, and then, to look for a clear correlation
between the elements of the circuit and the physical parameters
of the sample [37]. By following this procedure, it is now clear
that the simplest representation of relaxation is an R,L, parallel
circuit as the one shown in the inset of Fig. 9. Of course, this
simple modeling assumes a single time-constant. The relaxa-
tion frequency is w,=R,/L,. Fig. 9 shows the experimental
results (dots) and the respective theoretical approximation
(solid line). In general, one can observe that the inductance
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Fig. 5. Comparison between the permeability thermal spectra for Mn;,
_ZnFe,0, ferrites with x=0.59 sintered at 1300 °C (solid line); with
x=0.61 sintered 1300 °C (dash line) and with x=0.65 sintered at 1300 °C
(dot line) at different dwell time.

Table 3

spectroscopy results are in agreement with the equivalent
circuit approximation.

4. Conclusions

The structural characterization of Mn—Zn ferrites confirmed
the crystal cubic structure with space group Fd3m (Of) No.
227. The increase of Zinc concentration apparently increases
the density in the Mn,_,Zn Fe,0, ferrites. The microstructure
at lower Zn concentration shows a wide grain size distribution.
In comparison, higher Zn concentrations shows non-uniform
grain size and shape distributions. A homogeneous chemical
distribution was observed using the permeability thermal
spectra.

The real permeability as a function of frequency showed a
closer relaxation process of the magnetic domain wall for all

1000
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Fig. 6. Variations of (a) initial permeability and (b) relaxation frequency with
respect to the sintering time for Mn;_,Zn Fe,0, ferrites with x=0.59, 0.61
and 0.65.

Permeability—temperature, (,u,-—TC)* evolution of sintered Mn, _,Zn Fe,0, ferrites with different Zinc content obtained at 1300 °C and

different dwell time.

Zn concentration 3h u—Tc (°C) 6h u—Tc (°C) 9h u;—Tc (°C) 24 h u;—Tc (°C)
0.65 470-216 629-186 600-226 271-221
0.61 494-227 828-229 729-227 285-221
0.59 900-227 945-230 991-228 460-221

*averaged at least over five micrographs.
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Fig. 7. Evolution of real (x;") and imaginary (y;”) parts of the complex permeability, y;=p;"—u;”” evaluated at different temperatures, for Mn;_,Zn,Fe,0, ferrites
(a) with x=0.59 sintered at 1300 °C for 9 h; (b) with x=0.61 sintered 1300 °C for 6 h.

40
Mn, Zn Fe,O, powders
1 x=0.59

1300 °C during 6 h
201 H__ =50000e

_40 T T T T
-5000 -2500 0 2500

H (Oe)

Fig. 8. Room-temperature M-H graphs of Mn,_,Zn,Fe,0, ferrites powders
with x=0.59 treated thermally at 1300 °C during 6 h.

T
5000

Table 4

M saturation magnetization; M, and H,. coercitive field evolution (7=300 K)
of sintered Mn,_.ZnFe,0, ferrites with different Zinc content obtained at
1300 °C during 6 h.

Zn concentration (x) M, (emu/g) H,. (Oe)
0.65 30.78 44.63
0.61 33.15 45.56
0.59 36.22 42.48

a'l
29999339 00 o —e-p
Lp
500 -
r
\
*
* \ Rp
2 *
250 | ¥
)k\' al
\ =841 uH
R =16.60 Q
f_ =172 MHz
0 1 1
10° 10° 10° 107

Frequency (Hz)

Fig. 9. The real permeability (full circles with dash line) and imaginary permeability
(full stars with dash line) as a function of frequency for Mn,_,Zn,Fe,O, ferrite with
x=0.59 sintered at 1300 °C for 9 h. Comparison with theoretical results obtained by
arrangement of the equivalent circuit elements in an R,L, parallel arm (solid line).

samples. The decrease in y; as one increases the Zn concentra-
tion and dwell time was attributed to the abnormal grain
growth and the presence of porosity.

The increase of Zn concentration in the Mn;_,ZnFe,O,4
ferrites increase the frequency operation. In particular the
sample with x=0.59 treated thermally at 1300 °C during 6 h
showed a homogeneous tight grain size distribution with
higher permeability without an abrupt degradation of their
frequency operation. Ms of the Mn;_,Zn/Fe,O, ferrite
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powders decreased continuously with an increase in Zn
concentration because of the influence of cationic stoichiome-
try and their occupancy in the specific sites. It has also been
shown that the R,L, parallel arm equivalent circuit used to
model the IS results is in agreement with the experimental
results.
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