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A. HAKEEM?, 1. AHMAD®, G. MURTAZA" *", G. MUSTAFA", M.KANWAL”",
M. T. FARID®, M. HUSSAIN®, H. R. LODHI° , M. AHMAD*

®Department of Physics, Govt. Post Graduate college Jampur, Pakistan.
®Department of Physics, Bahauddin Zakariya University, Multan,60800 Pakistan.
‘Department of Physics, GC University Faisalabad, Layyah Campus, Layyah
31200, Pakistan.

Department of Physics, COMSATS Institute of Information Technology, Lahore
54000, Pakistan.

Nano sized Mn-Zn ferrite particles were synthesized by co-precipitation method. The X-
ray diffraction analysis of sintered powder at 1000°C reveals the ferrite possesses spinel
face centered cubic structure. Particle size is observed by SEM ranging from 50nm to
85nm. The magnetic properties are measured by using the Physical property measurements
(PPMS) technique. The Fourier transform infrared spectroscopy is used to detect the
presence of the metallic compounds in the ferrite sample. Lattice constant is proportional
to the Mn contents and it decreases with the increase of Zn contents. The actual density of
the ferrites was found to be increasing, where as X-ray density depend on the molecular
weight. Lattice constant of the material tends to decrease with an increase of Mn contents.
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1. Introduction

Manganese-Zinc (Mn-Zn) elements are important in many high frequency power
electronics and magnetic applications as a consequence of their high magnetic permeability and
electrical resistivity. The concentration of ferrous and ferric ions and their distribution between the
tetrahedral and the octahedral sub-lattices, play a critical role in determining their magnetic and
electrical properties [1]. Zinc ferrite has long been the subject of studying among the spinel
ferrites, because it possesses unique properties such as chemical and thermal stability and the
magnetic properties depends mostly on particle size [5]. Soft magnetic ferrites are used as cores in
modern electronic components such as recording heads, filters, switching power supply
transformers, amplifiers, etc. Mn-Zn ferrites attracted much attention due to a wide range of
relative magnetic permeability value (from 10° to 10%) and low magnetic losses as well as
increased thermal stability, high saturation magnetic flux density at high temperatures (Bs>0.4T at
370K) and a relatively high curie temperature, operating frequency is usually in the range of 1
KHz to 1MHz but in some applications the frequency is in GHz range [6, 7]. Furthermore,
excellent corrosion resistance and chemical stability enable them to be applied in extreme
conditions.

Recently, a variety of preparation routes have been examined for Mn-Zn ferrite
production; mechano-chemical processing [8, 9], Chemical co-precipitation method [10], sol-gel
[11], or micro emulsion [12]. This paper deals with Mn-Zn ferrites prepared by co-precipitation
technique. The spinel ferrites (MFe,O4, where M= Mn, Ni, Co,Zn, Cd, etc) are particularly
important magnetic material due to their use in electromagnetic interference (EMI) in the MHz
range like TV ghost suppressor [13-16]. Mn-Zn ferrites having spinel structure with Fe ions at
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both tetrahedral (A-site) and octahedral (B-site) while Mn?* and Zn*" ions occupy tetrahedral (A-
site). The introduction of different metal cations concentration into the soft ferrites, leads to
change in electric and magnetic properties of the material considerably [17]. Requirements for
magnetic cores used in switching power supply transformers include soft magnetism, easy
magnetization with a small external magnetic field, and low loss. Magnetic materials are classified
into two groups, metallic materials and oxide materials. The electric resistance of the metallic
materials is generally lower; driving the transformer of a switching power supply causes large
eddy current loss at high frequencies. In order to suppress loss Mn-Zn ferrites are used in the
transformer rather than metallic materials. Mn-Zn ferrites are very important in biomedicine, as
magnetic carriers for biodegradation enzymes and protein immobilization [18]. The drawback of
Mn-Zn ferrites is their saturation magnetic flux density which is lower than those in metallic soft
materials. This means that a larger volume of ferrite core is required to produce the same amount
of magnetic flux as metallic cores produce. In the present paper, we have synthesized the Mn-Zn
ferrite by co-precipitation technique to study the variation effect of Mn/Zn contents on the
structural, electrical and magnetic properties of Mn-Zn ferrite.

2. Experimental method and calculations

2.1 Materials
All the chemical re agents Zn(NOs),.6H,0, Mn(NO,),.6H,O and anhydrous ferric nitrate
Fe(No3)3.9H,0 of Sigma Aldrich are taken.

2.2 Synthesis method

Nano crystalline ferrites Mn-Zn are prepared by co-precipitation method. The desired
composition is obtained by taking stoichiometric amount of Zn (NO3),.6H,0, Mn (NOs),.6H,0
and Fe (N03)3.9H,0 are dissolved in deionized water. On adding the ammonia solution the pH of
the solution becomes10 and it becomes neutral after stirring 2hrs. Put the solution in a sonicater for
20 minutes then place it for a while in the ultrasonic bath so that precipitate will settle down then
filter it with a filter paper. Wash the precipitate with deionized water until it becomes free of
impurities. The product is dried to remove water contents. The dried powder is sintered at 1000°C
for five hours.

2.3 Characterization

The X-ray diffraction (XRD) patterns of the samples are recorded on a BRUKER X-ray
powder diffractometer using CuKa (1.54060A) radiation. The scans of the selected diffraction
peaks are carried out in the step mode. The crystallite size was calculated by the help of a
Scherrer’s formula [19].

2.4 Calculations
The lattice constant ‘a’ can be obtained by using the following relation:

a:dhleh2+k2 +l2 (1)

where dy is the distance between the adjacent Millar planes (h k I). It can be calculated by the
relation:

(2)

with n =1 for the cubic system, XRD data can be used to calculate the X-ray density p, which is

given by Smit and Wijin [20].
- M 3
px_ Na3 ( )
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Where M is the molecular weight and N is the Avogadro’s number (6.023 x10*atoms/mol), Z is
the number of molecules pet unit cell (for oxide compounds having cubic spinel structure Z = 8)
and ‘a’ is the lattice parameter in (cm). The average particle size is determined by using the

Scherrer’s relation
_ 094

- pcos (4)

Where D is crystallite size, 0 is the Bragg’s angle, A is the wavelength of the X-ray radiation, and
B is the line width at maximum height [21].

The X-ray diffraction of calcinated Mn-Zn ferrite sample sintered at 1000°C are subject to
calculate the average particle size using Debye — Scherrer formula. The crystalline structure of
composite Nano particles is characterized by Scanning Electron Microscope (SEM).The two theta
value of the (311) plane, full width half maximum value of the (311) plane calculated using a
scientific peak fit software and calculated particle size using the measured FWHM values. It is
well known that high calcinations temperatures increase particle size. This increase is not desired
since the main advantage of co-precipitation method in relation to ceramic one is to obtain fine
particles with a narrow size distribution in low calcinations temperatures. Thus, the best way to
produce Mn-Zn ferrite to single phase is to increase the calcinations time.

3. Results and discussions

The x-ray diffraction measurement of ferrite fired at 1000°C shows that all peaks of Mn-
Zn ferrite consist with those of a typical spinel face centered cubic structure. Fig. 2 illustrates the
XRD patterns of the ferrite. The XRD pattern of the ferrite indicates that the material is based on
cubic spinel structure. The average crystallite size is in the range of 50-85nm. The strong
diffraction peaks at 20 = 17.73°, 30.22°, 35.53°, 43.30°, 53.58°, 57.35°, 62.72°,72.95° corresponds
to (220), (311), (400), (422), (511), (440), (533), (444) typical planes of Mn-Zn ferrite spinel
structure according to the JCPDS (Joint Committee on powder Diffraction Standards) cards
[22].There are some secondary peaks at 20 = 22°, 31°, 47°, 52° indicated by asterisk, these may be
due to the excess quantity of ZnO. The Scanning Electron Microscope (SEM) images are shown in
Fig. 1.

$4800 5.0kV 9.3mm x3.00k SE(M)

10.0um S4800 5.0kV 9.3mm x10.0k SE(M)

Mnolzznolg Fe204 Mn0_82n0_2F9204

Fig. 1 Scanning Electron Microscope (SEM) images of (a) Mng,Zng gFe,04, (b) MnggZng .Fe;0y,
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Fig. 2 XRD-diffraction images of (a) Mng,Znq gFe;04, (b) MnggZng,Fe;04, (€) MNngsZngsFe;04

It is cleared from SEM micrographs that the samples prepared with co-precipitation
technique have the spherical morphology with narrow size distribution. The particle size of the
sample was in the range of 50nm to 85nm. It can be seen that lattice parameter increases
proportionally to the manganese content ‘x’ which may be a direct consequence of larger ionic
radius of Mn*? (0.91 A) as compared to Zn*? (0.82 A) [23]. It has been observed that with the
decrease of Zn contents the lattice constant ‘a’ value is increasing. The values of lattice parameter,
crystal density and crystallite size with Zn substitution are shown in table. .

Table I. Zn substitution ‘x’, lattice parameter ‘a’, X-ray density(g/cm3)
and crystallite Size D(nm) are given below.

Zn Lattice constant X-Raydensity Crystallite
Substitution’x’ ‘a’ (gm/cm?) Size D(nm)
0 8.72 4.69 85

0.2 8.68 4.74 78

0.4 8.65 4.85 65

0.6 8.58 5.10 58

0.8 8.50 5.14 56

1.0 8.45 5.18 50
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Fig. 3 Variation of Lattice constant ‘a’ with Mn and Zn contents.

The x-ray density depends on the lattice constant and molecular weight of the sample,
where as the mass density (pm) of the samples is being calculated from the geometry and mass of
the sample. Both densities py, pmas a function of Mn concentration are plotted in Fig. 4. It can be
seen from the Fig.4 that the X-ray density decreases with the increase of Mn- content x’ as it is
inversely proportional to the lattice constant, which increases with increasing Mn concentration.
Mass density of the ferrite was found to be increasing with x which may be due to the iron
reference between Mn and Zn [30] Or it may be due to the difference in the specific gravity of
Mn(7.21g/cm®) and Zn(7.133g/cm?), as describe in CRC book[24].
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Fig. 4 The variation of X-ray density, sample density with Mn contents.
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Fig. 5 Tangent loss Vs log f(Hz) (a) Mng2Zng gFe,04, (b) MnggZng ,Fe,0y,

Figure 5 show the value of dielectric loss at low frequency is high for Mng,ZnygFe,04 and
at high frequency the values remain same or a slight increase in the value of MnggZng,Fe,0,.

A maximum loss may be observed, when the hopping frequency is nearly equal to that of
externally applied electric field. The loss in dielectric arises from the inability of polarization in a
molecule to follow the rate of change of the oscillating applied electric field.

MnO.Z Zn 0.8 Fezo4
N MnOSZn02 FeZO4

L L L L L L L L
-6.0 6.5 7.0 75 -8.0 -8.5 -9.0 9.5
log f(Hz)

Fig. 6 Quality factor Vs log f (Hz) (a) Mng2ZnogFe;04, (b) MnggZng ,Fe,0,,

The values of quality factor at low frequency is high for Mng,ZnygFe,O, but it decreases
at high frequency as compare to MnggZng,Fe,O, as it is depicted in the Fig. 6. The high Q-values
are due to the high resistivity of the samples. The imperfection and defects in MnggZng,Fe,O,4 are
lower than Mng,ZnggFe,0,. Smaller grain size is competent for larger quality values. The
maximum value of dielectric constant appears at low frequency is the result of interfacial
dislocation piles up, grain boundary defect and oxygen vacancies etc. Dielectric constant varies
with frequency depicts the dispersion due to Maxwell Wagner interfacial polarization that is in
agreement with Koop’s phenomenology theory [25-26]. The data shows that the dispersion of the
dielectric constant at low frequency comes from the grain boundary and at high frequency it comes
from the grains. The value of the real part of dielectric constant decreases with the increase of
frequency, the variation of the real part of dielectric constant with frequency is shown in Fig. 7.
Electrons are distributed around the nuclei evenly in the absence of an electric field but at the
application of electric field; electron cloud is from the nuclei in the direction opposite to the
applied field. As a consequence, the separation between the negative and positive charge take
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place and the molecule behave like an electric dipole. Three modes of polarization occur that are
electronic polarization, atomic polarization and orientation polarization [27].The decrease in
dielectric constant with frequency is due to either the lag of dipole oscillations behind those of the
applied ac electric field at high frequencies or due to more need of thermal energy to disturb the
ordered dipoles at higher frequencies of the applied field [28]. The dielectric material with a
heterogeneous structure can be imagined as a structure consists of well conducting grains
separated by highly resistive thin layers called grain boundaries. In this case, the applied voltage
acts on the small particles (grains) and a space charge polarization is build up at grain boundaries.
Space charge polarization is due to the conductivity of the grains and the presence of the free
charges at the grain boundary. Koop’s proposed that the effect of grain boundaries is predominant
at low frequencies. The high value of the dielectric constant is the result of the thinner grain
boundaries.The materials which have low dielectric constant are preferred for high frequency
applications. The low dielectric constant materials have remarkable penetration depth ability for
the electromagnetic waves and these reduce the skin effect [29-32].
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Fig. 7. Dielectric constant Vs log f(Hz) (a) Mng 2Zng gFe,04, (b) MnggZng,Fe,0.,

The imaginary part of the dielectric constant versus frequency is shown in Fig. 8. The
decrease in the imaginary part of dielectric constant with increase in frequency agrees well with
the Debye relaxation process. The maximum value in the imaginary part is observed when the
hopping frequency is equal to the external electric field frequency. The value of imaginary part of
dielectric constant attains a maximum value then it decreases due to the power loss. The dielectric
constant is directly proportional to grain size [33, 34].
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Fig. 8.Imaginary Part of Dielectric constant Vs log f(Hz) (a) Mng,Znq gFe;04, (b) MnggZng,Fe;0,.
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The value of the imaginary part of dielectric constant is high at the low frequency and vice
versa it becomes low at the high frequency MnggZng ,Fe,0,.
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Fig. 9 ac Conductivity Vs log f(Hz) (a) Mng2Zng gFe;04, (b) MnggZngFe,0y,,

The ac conductivity of Mn-Zn ferrites was studied and it was found to be a function of
frequency as shown in Fig. 9. The frequency dependent ac conductivity showed a plateau in the
low frequency region and dispersion at high frequency region. In the low frequency region the
conductivity is independent of frequency and at high frequency, it is frequency dependent. The
variation of the ac conductivity with the frequency at room temperature oc,. shows a normal
behavior, it increases with the increase of frequency. Frequency dependence of ac conductivity o
(w) follows the relation [35].

6 (0) = A" (5)
Where o = 2xf, n is dimensionless exponent and A has the dimensions of Q*cm™ Dielectric
constant and ac conduction mechanism are strongly correlated [45].

The variation of resistivity with frequency is shown in Fig.12. At low frequency the
resistivity is high, its mean the grain boundary plays an important role but as the frequency
becomes high, the resistivity becomes low; so the grains play an effective role at the high
frequency and resistivity decreases with the increase of frequency.

The capacitance value is high at low frequencies but it is low at high frequencies as shown
in Fig.11. In fact, the alternating voltage half period becomes shorter at high frequencies so the
space charge polarization fails to settle itself and capacitance begins to drop. The time required for
electronic or ionic polarization to set in is very small as compared with the time of voltage sign
change between the two half-period of the applied alternating voltage. The variation of capacitance
with frequency is given by the relation [36].

C =Cy+ [st/(w?t? + 1)] (6)

Where Cq is geometrical capacitance, s is conductance corresponding to absorption current, T is the
dipole relaxation time and o is the angular frequency. According to this, capacitance is maximum
when © = 0 and minimum when ® = oo [36].
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Fig. 12 ac Resistivity Vs log f(Hz) (a) Mng,ZnggFe,04, (b) MnggZng ,Fe,0y,
The value of ac resistivity of MnggZng,Fe,O,4 is high at low frequency but at high

frequency the values of both are almost equal. The resistivity of the ferrite in general depends on
several factors such as the density, porosity, grain size, chemical composition etc [37].
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Fig. 13 FTIR spectra of (a) Mng,ZnggFe,04, (b) MnggZngFe 0y,

FTIR spectroscopy is a very useful technique to deduce the structural investigation and
redistribution of cations between octahedral and tetrahedral sites of the spinel structure in Mn-Zn
nanoparticles. The band around 1371cm™ is for C-H out of plane deformation vibration. The peak
at 2929 cm™ is assigned to methylene (CH,) group. The adsorbed water is featured by bands at
3416cm™, 1626cm™which are assigned to the O-H stretching and H-O-H bonding modes of
vibration, respectively. The characteristics peaks of Zn-O stretching vibrations are observed at
2353 cm™. The presence of band at 1048 cm™ represents the C-O stretching and the band at
593cm™ is attributed to the stretching vibration of tetrahedral and octahedral groups [38-40]. It can
be seen from the Fig. 14 that for a given external magnetic field, magnetization of Mn-Zn ferrite
powder is clearly related to the substitution degree of Zn. The saturation magnetization decreases
with the increase of Zn content because it is non metallic ion. The M-H curves exhibit a linear
magnetization with small coercivety indicating that ferrite nanoparticles are super paramagnetic
the magnetic domains are based on randomly oriented non-interacting particles [41,42]. The Mn-
Zn samples cannot fully saturate at 8KOe, this thing indicates the presence of super paramagnetic
and single domain particles. The values of saturation magnetization increased from 4.5emu/g to
18.7 emu/g increases with the increased percentage quantity of manganese contents. The
coercivety value for the Nano composite increases from 165 Oe to 2720e showing increased in
magnetization results from Mn contents.
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Fig. 12 M-H curves for (a) Mng,Zng gFe,04 (b) MngsZng sFe;04 (€) Mng gZng .Fe;04
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4. Conclusions

Structural analysis with XRD indicates that the system confirms the formation of Mn-Zn
ferrite structure with lattice constant increasing proportionally to the Mn content. The increase in
Mn concentration x favours the formation of Mn-Zn ferrites with higher density. X-ray density
depends on the lattice constant and molecular weight of the sample shows a decreasing trend with
increasing Mn content. Samples of Nano crystalline MngysZngsFe,O, has been successfully
synthesized using co-precipitation method. Mn-Zn ferrites exhibit the super paramagnetic behavior
so it can be used for electronic devices. The synthesized ferrite sample by the co-precipitation
technique exhibits the single phase Face center cubic structure. The crystallite size of the powder
varies in the range of 50-85nm and average particle size measured by SEM is 95nm. The
increasing value of Zn substitution depicts the crystallite size and lattice parameter decreases while
crystal density increases. The saturation magnetization decreases with the increase of non metallic
Zn ions while the capacitance increases proportional to Zn contents.
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