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Abstract

A series of Co-Zn ferrite samples substituted by Mn were prepared by the usual double sintering
ceramic technique. The x-ray diffraction patterns of the samples confirmed the formation of single-phase
spinel structure, and x-ray analysis supply data that suggests the cation distribution of the material. The
tetrahedral and octahedral radius permits one to calculate the theoretical lattice parameter and the bond
lengths Fe-O at A and B sites. The particle size of the given samples was measured from the Scherer
equation and a correlation was found between particle size, and structural and magnetic properties.
The XRF confirmed the presence of stoichiometric solid-state reaction in the material. The saturation
magnetization M decreases continuously with increase of Mn content. For Cop.6 Zno.a Mng Fea_zOa,
the Neel model for the two sub-lattice can be used up to x = 0.8 to explain the compositional variation
of magnetic moment due to the reduction of the A — B interaction. Above z = 0.8, the reduction of the
B-B interaction is responsible for an increase in the magnetic moment due to the canting effect.
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1. Introduction

Structural and magnetic properties of spinel ferrites depend upon the method of preparation, nature
of dopant and dopant concentration. Mn-Zn ferrite is extensively used in high frequency applications up
to 10 MHz [1-3]. Several researchers have studied the magnetic properties of Mn-Zn ferrite as a function
of temperature [4] and grain size [5]. The magnetic moment of Mn ferrite (MnFe;O4) agrees with the
Neel coupling scheme [6], and has a much lower resistivity than CoFe;O4 and NiFe;Oy4 [7]. Using neutron
diffraction, Yamzin et al. [8] measured the distribution of manganese among tetrahedral and octahedral
sites in Mni_, Fes_,O4 and found that 30 percent of the octahedral sits are occupied by Mn3t with the
distribution Mngfg Fegf'[ [Mngfg Fei’fg Fegﬂ Og.

The manganese ferrite is nearly normal spinel, where about 80% of Mn?* ion occupy the tetrahedral A
sites. However, there are Mn3t ions at the octahedral B sites, and are connected by the presence of Fe?*t
ions also present at these sites [9].

This present research was carried out with the following goals.

Fabricate various spinel ferrites by ceramic method.

Investigate the correlation between the structural parameters and substituted Mn ions.

Study the occupancy of various ions at tetrahedral and octahedral sites.

Investigate the magnetic behavior of the samples by measuring the saturation magnetization, and mag-
netic moment.
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Determine the order of spin canting via calculations of the Yafet-Kittel angles.

2. Experimental Procedure

The samples of stoichiometric composition CoggZngsMn,Fes_ 04,0 < x < 1, were prepared
via the usual double sintering ceramic technique. Pure oxides were mixed and grounded in to a very
fine powder. The mixture was heat treated at 900

o

C for 10 h and then cooled to room temperature.
The powder was again grounded and re-powdered over 10 hours, gradually. The mixture was sintered for
the final time at 1300 °C for four hours and then slowly cooled to room temperature. The single phase
formation of the ferrite sample was confirmed by x-ray diffraction patterns obtained by using a Philips
PW 1710 diffractometer employing CuK, radiation (A = 1.5405 A). The x-ray density was determined
using the formula D, = (8M/Naa?), where M is the Molecular weight, N4 is Avogadro’s number and a
is the lattice constant. The elemental composition of the samples was measured using a HNU Instruments
TEFA-PC Energy Dispersive x-ray fluorescence (ED-XRF) analyzer, consisting of an x-ray spectrometer
and sample chamber. The x-ray tube used in the present study worked with a molybdenum anode at 20
kV. The magnetization measurements were carried out at room temperature using an automated Oxford
vibrating-sample magnetometer (VSM).

3. Results and Discussion

3.1. Cation distribution studies

The spinel structure has been extensively dealt with by Gorter [10]. The unit cell of the ideal spinel
structure is given in Figures. la and 1b. The anions form a cubic closed pack in which cations partly
occupy the tetrahedral and octahedral interstices. These are respectively called A and B sites, with space
group O} — F3 dm [11]. The unit cell contains 32 anions formatting 64 tetrahedral interstitial sites and 32
octahedral sites, out of which 8 tetrahedral and 16 octahedral sites are occupied by cations.

XRD patterns of Cog.¢ Zng.4s Mn, Fes_, Oy for the samples with z = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9 and 1.0, are shown in Figure 1. The patterns were indexed and cubic lattice was observed. The
results indicate that the material has a well-defined crystalline single phase belonging to the fcc system.
The diffraction pattern gave a verification of the presence of spinel crystal structure for each composition of
Cog.¢ZngsMng Fes_,O4. The structural parameters for different concentration are listed in Table 1.

Table 1. The x-ray parameters for the given samples.

Mn MW D
content (x) | (gm) Cation distribution U ) PA) | qA) | (nm)
0 237.20 (Zn2h Fedt)[Coth Fedt, 0.387 | 0.012 | 1.999 | 2.01 | 24.5
0.1 23711 | (ZnoaFedt ,Mn2h ) [Cott Mndt  Fedt ] | 0388 | 0.013 | 2.003 | 1.993 | 24.52
0.2 237.02 (Zno 4M’no 116F60 484)[COOA6MTLOAOB4F€1A316] 0.389 0.014 2.018 1.985 24.7
0.3 236.93 (Zno 4M’no 174 Feo 426)[COOA6MTLOA126 F61A274] 0.3895 0.0145 2.02 1.976 24.75
0.4 236.84 (Zno 4M’no 232 Feo 368)[COOA6MTLOA168 F61A232] 0.3898 0.0148 2.034 1.956 24.75
0.5 236.74 (Zno.aMng.29 Feg. 31)[COOA6M’ROA21 F61A19] 0.3899 | 0.0149 | 2.033 1.98 24.8
0.6 236.65 (Zmo.aMng.s5 Feg.25)[Coo.6 Mno.25 Fer.s) 0.3916 | 0.0166 | 2.075 | 1.985 | 24.87
0.7 236.56 (Zno 4F60 19M’no 41)[COQA6M77,0A29F61A11) 0.3917 0.0167 2.078 1.986 24.9
0.8 236.47 (Zmno.aMng.a7 Feo.13)[Coo.c Mno.s3 Fer.or] 0.3925 | 0.0175 | 2.095 | 1.985 | 24.95
0.9 236.38 (Zno 4M’no 52 Feo 08)[COQA6M0A38F61A02] 0.3927 0.0177 2.101 1.988 25.7
1 236.29 (Zno 4M’no 58 Feo OQ)[COOA(}MTLOAALQ FeoAgg] 0.393 0.018 2.109 1.987 30.54
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Figure 1. The geometry of the spinel ferrite unit cell. Figure 2. The x-ray diffraction patterns for the studied

samples.

The theoretical (ay,) and experimental(a.,) values of the lattice parameter, the radius of tetrahedral site
r4 and the octahedral sites rp have been calculated and are plotted as a function of Mn content x and are
shown in Figures. 3 and 4. The a4, has values near a, at high concentrations of Mn, but are different at
valuesz < 0.5. This means that there is a deviation from the ideal formula of cation distribution due to the
presence of some Mn*t with radius = 0.052 nm. Figure 4 Shows that 74 increases with x, butrp remains
constant. The substitution of Mn?* with radius 0.068 nm for Fe3* with radius 0.064 at tetrahedral sites
leads to the increase of r4. The presence of Mn?t with radius 0.068 nm Fe?t at octahedral sites does not
change the rp values. The variation of the bond length p, ¢ with Mn content (given in Table 1); where p
is the shortest distance between A site cation and the oxygen ion, and ¢ is the shortest distance between B
site cations and oxygen ions. The bond length was calculated using the relations [12]

=aV3(s l) —af302-2 1) (1)
¢=aV3otg) p=al3T -5+ )
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where 6 = ( u — 0.375) and wu is the oxygen positional parameter. The value of u is given by the following
relations (12):
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Figure 3. The experimental and theoretical lattice parameters as a function of Mn content.

rAz(u—i)\/ga—Ro .
2

5
rp = (§ —4)a — R,,

where R, is the radius of the oxygen ions. The values of p and ¢ increase with Mn content, a characteristic
which can be attributed to the increase in lattice parameter. Levine [13] has suggested that there exists an
inverse relationship between the covalent character of the spinel structure and bond lengths. Since p and ¢
increases with Mn content, it can be concluded that the covalent character of the spinel structure decreases
as well. Similar results have been reported in the case of Li-Cd and Cu-Zn ferrites [14, 15].
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Figure 4. The radius of tetrahedral and octahedral sites as a function of Mn content.
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The theoretical lattice parameter can be calculated using the values of r4,7p and R,. In order to
calculate 74 and Rp it is necessary to know the cation distribution, which can be represented by the formula

(Zno.aFegsMnit) [CongMniitFei’j_xH] ,

where t is the fraction of divalent Mn?* ions at tetrahedral sites and was found to be ¢ = 0.58. The ionic
radius can be calculated from the following relations:

ra =0.47rz,04 + (06 — t)rpest + trarer
) 3)
rp = 5[0.67“CO2+ + (x — )" A+ + (1-4 -+ t)TFe3+]-

As known, Co?* and Mn ions prefer position at octahedral sites while Zn ions prefer tetrahedral sites.
The different cation distributions could result in the agreement between the theoretical and experimental
lattice parameters. These cation distributions are given in Table 1, column 3.

According to the distribution formula, 58% of Mn content as divalent ions occupies tetrahedral sites and
the remainder of the Mn content occupies octahedral sites as trivalent ions.

3.2. Oxygen positional parameter u and inversion parameter ¢

Suppose the cations and anions are spheres. The A site is smaller in size than the B sites. A site is
unable to accommodate available cations without local distortion of the sites. Thus each A site expands by
an equal displacement of the four surrounding oxygen ions, towards and along the body diagonal of the cube,
to form a tetrahedral with an A—ion having cubic symmetry. However, six oxygen ions surrounding a B
site are shifted in such a way that this oxygen octahedral shifts by the same amount, as the first expands. A
quantitative measure of this displacement is the oxygen positional parameter u, given by a distance between
an oxygen ion and a face of a cube. The ideal FCC parameter is u = % = 0.375, where the packing of ions,
within the lattice, is taken as perfect. However, slight deviation from the perfect value may occur due to
relatively larger oxygen ion which causes a small distortion of the lattice structure to make space for the
cations at the available interstitial sites in the unit cell.

The oxygen atom in the spinel structure is not generally located at the exact FCC sub lattice. Their
detailed positions are deformed as given by the w parameter, which reflect adjustment of the structure to
accommodate differences in the radius ratio of the cation in A and B sites. The u value for spinel ferrite
ranges between 0.375 and 0.385. It has been reported that, for divalent ions at tetrahedral sites, the u value
is 0.387 but the ideal u value for the trivalent ions at A sites is 0.381. When parameter u is less than the
ideal case (u = 0.375) it is assumed that the origin was taken at one of octahedral sites, not at tetrahedral
sites.

The results of the calculation of inversion parameter §, and oxygen positional parameter for Co-Zn-Mn
ferrite are presented in Table 1, where § = u— 0.375 is the deviation from the ideal u-parameter. The spinel
ferrite has u parameter slightly above 0.375. The value of u parameter for the studied samples increases from
0.387 to 0.393 in going from = = 0 to 1.0, while the value of § increases from 0.012 to 0.018. The increase
in u parameter may be due to the shift of the origin at the tetrahedral sites with the decreasing number of
Fe ion at the octahedral sites. (That is, the distortion of the lattice, and the deviation from FCC ideal case,
increases with Mn content). The cation distribution for each sample shows the presence of Mn ions at either
A and B sites. Accordingly the Mn ferrite belongs to the family of inverse and normal ferrites. Negative
deviation from Vegard’s low (which means a linear relationship between the increase of the lattice parameter
and the addition content) occur when the same ion is present at different crystallographic positions with
different chemical bonds. The rate of the increase for lattice constant with Mn content is greater than that
of normal ferrite (0.015) and smaller than 0.04 for the inverse ferrite.
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3.3. Grain Size

Figure 5 shows the average grain size D as a function of Mn content; and that the average grain size D
increases with Mn content. The grain size is inversely proportional to the line width for diffraction peaks.
The average grain size were calculated using the Scherer equation [16] D = kA/hq2Cos 6, where k = 51.57
is the Scherer constant, A = 1.5405 A is the wavelength of the CuK, radiation, h1 P I8 the peak width at
half maximum and 6 corresponds to the peak position. It has been found that the ferrite usually requires a
volume distribution upper limit < 50 nm and a concentration of at least 13% Fe, to be spinel. The volume
distribution showed that the particle size ranged from 21.3-28.9 nm with an average of 24.89 nm for z =
0.6; from 22-26 nm with an average of 24.1 nm for x = 0.7; 18-32 nm with an average of 24.86 nm for x
=0.8; 20.5-38 nm with an average of 25.7 nm for z = 0.9; and 24.6-37.2 nm with an average of 30.54 nm
for x = 1.0. All the grain size was within the spinel limits. The upper limit of grain size is very important
for successful spinning.
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Figure 5. The grain size as a function of Mn content.

Figure 6 shows the x-ray density D, and bulk density as a function of Mn content, the former increasing
as the latter increases. Note that the atomic weight of Mn, at 54.9, is lower than that of Fe3* (at 55.85).
The porosity of the samples increases with xand varies from 0.07 to 0.18. The porosity p was calculated
using the relation

The bulk density decreases from 4.8 for z = 0.0 to 4.2 g/cm?® for x = 1 and the grain size increase from
24.8 to 30.54 nm. As the grain size increases the density decrease, the porosity increases. The inter-granular
pores as developed during sintering must also be capable of moving with the grain boundaries as growth
occurs.

3.4. X-ray fluorescence

The elemental composition of the samples was measured by x-ray fluorescence (XRF), and is shown in
Table 2.
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Figure 6. The x-ray density, bulk density and the porosity as a function of Mn content.

Table 2. The samples compositions as given from XRF.

Mn content Composition
xz=10.6 Cog.6Zng. 4Fe; 30Mng. 6104
z=0.8 Cog.6Zng.4Feq 215Mng 78504
z=0.9 Cog.6Zng.4Feq g76Mng 92404
z=1.0 Cog.6Zng.4Feq.9g5sMnq 0504

The XRF spectrum for samples x = 0.6, 0.7, 0.8 and 0.9 are shown in Figure 7. The composition weight
(in %) and net intensity associated with the Fe-K,, line for various elements are given in Table 3.

Table 3. The XRF analysis data.

z =0.6 z=0."7 z=0.9 z=1.0
Element | Weight, Net Weight, Net Weight, Net Weight, Net
Element % intensity % intensity % intensity % intensity
Mn 6.820 351.76 17.386 731.74 19.599 863.93 21.896 977.59
Fe 57.444 2278.47 | 48.146 1703.52 45.646 1718.09 43.469 1683.28
Co 18.854 696.23 17.656 510.64 17.732 531.31 17.493 525.36
7n 16.883 241.44 16.812 214.99 17.023 231.46 17.143 239.88
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Figure 7. XRF of the samples z = 0.7, 0.8, 0.9, and 1.

Note that, with increasing Mn content, the intensity of the FeK,, line decreases, the MnK,, line increases,
whereas the Co and Zn lines are nearly the same for all samples. The MnKg line overlaps with the FeK,
line. The XRF spectra show the presence of the Fe, Mn, Co, and Zn and there are no other traces of other
oxides, indicating the high purity of the oxides used.

3.5. Magnetic Properties

The magnetic properties of Cog ¢ Zng.4 Mn, Fes_,O4 have been investigated by magnetization hysteresis
curve measurements at room temperature. The initial magnetization curves for all samples are shown in
Figure 8. The magnetization curves shift to lower values as Mn content increases since the magnetic moment
of Mn?* is lesser than that of Fe3t, resulting in the decrease of the A-B interaction. The saturation
magnetizations osin emu /g for all samples were taken from the M-H loop .The saturation magnetization
M; in (emu/cc) was calculated by using the formula My = (1 — P)oy ds, where P and ds are the porosity
and density of the samples, respectively. The saturation magnetization o, (emu /g) was plotted against
Mn content as shown in Figure 9. The variation of the saturation magnetization oscan be explained on the
basis of cation distribution and exchange interaction. The Mn ions substitute Fe?* as Mn?* at tetrahedral
and as Mn?t at octahedral sites, which decrease the inverse character of the studied ferrite, as shown in
x-ray analysis. o, decreases as the inversion parameter ¢ increases from 0.012 to 0.018, the A — B negative
interaction decreases and consequently saturation magnetization decreases. Above x = 0.8, osincreases and
A-B interaction increases.
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Figure 8. The initial magnetization curves for the studied samples.
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Figure 9. The saturation magnetization as a function of Mn content.

Assuming anti-parallel interaction, the theoretical magnetic moment is given by

pen = (5.8 — ) g, (5)

where x is the value of Mn content. The experimental value of magnetic moments p.,, were obtained by the
formula [17]

MW - M,

Hex = "854, (6)

The experimental magnetic moment decreases by increasing Mn content, as shown in Figure 10. The
magnetic moment estimated from x-ray analysis was given by considering 1Mn?*, 0.6Fe?>t and 0.4Zn?* ions
at A sites and 0.6Co?*, (z — t)Mn3t and 1.4—x + ¢ ions at B sites, and has values near p;,. The deviation
between theoretical magnetic moment and experimental magnetic moment may be due to the fact that the
structure does not have a completely inverse character. The magnetic moment of the divalent ions = gMup,
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where g has the value 2. In the studied samples g may differ from this value. The deviation may also due to
triangular moment of spin, which was treated theoretically by Yafet and Kittel angle [18]. The increase in
magnetic moment My above x = 0.8 indicate the canting and the non-co linearity of the spin. This leads to
the presence of spin vectors at B-sites, which makes a specific angle, and is responsible for the reduction of
the B — B exchange interactions, which increases the net magnetic moment of the samples. The canting and
the change in the magnetic moment ordering with Mn addition are observed by measuring ¥ — K angle. The
values of Y — K angle have been calculated using the formula piez, = (6 + ) cos ay—i — 5(1 — ) where piegp
is expressed in the units of Bohr magneton. These values are listed in Table 4. The Y — K angle increases
and reaches 73.6° at x = 1 and equal to zero for the samples with x = 0.0, 0.3 and 0.4.
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Figure 10. Experimental magnetic moments as a function of Mn content.

The behavior of magnetic moment with Mn addition can be divided into two regions. In the first one
the Neel’s theory is applied [19], in which there is a strong negative interaction between ionic moments
atA and B sites. The second region above z = 0.8, where the increase of the magnetic moment and the
reduction of B — B interaction with the substitution of Mn is demonstrated by the presence of non-collinear
arrangement on the B-sites. The non-colinearity in B sites is reflected by the presence of ¥ — K angle
between the magnetic moment, which is responsible for the deviation from Neel’s model and hence increases
the magnetization. The difference between p;p and pe, increases at higher values of Mn content due to the
increase of Y — K angle and the occurrence of non-colinearity of magnetic moment at B-site. The increase
of magnetization is due to the increase of spin contribution by increasing the particle size. The effect of
pores on magnetization appears in the first region where the magnetization decreases. The pores created
demagnetizing field, and causes a rotation of magnetization away from the easy direction or nucleation of
reverse domains.

The magnetic data is given in Table 4.
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Table 4. The saturation magnetization, the magnetic moment and the Yafet-Kittel angle.

X | o5 (emu/g)  prex (4B) pa—ray (BB) pun (BB) ov_K
0 106 4.49 5.8 5.8 0
0.3 86.7 3.67 5.42 5.5 0
0.4 82 3.47 5.29 5.4 0
0.5 71 3.01 5.17 5.3 32.04
0.6 68 2.88 5.05 5.2 42.32
0.8 40.6 1.72 4.81 5 66.42
0.9 44.7 1.89 4.66 4.9 69.73
1 46.2 1.97 4.54 4.8 73.61

4. Conclusion

By varying the Mn content the magnetic moment of all samples changed. The magnetic moment was
theoretically calculated using the cation distribution from XRD and compared with the value calculated
using experimental saturation magnetization observed from magnetizing curves. The differences in u:, and
ler can explaining by considering the magnetic interaction, non-linearity and the canting effect; which
are responsible for this differences. My decreases with increasing Mn content due to the decrease of A-B
negative interaction. At x = 0.8, there is canting effect for the magnetic moment at Bsites, which decreases
the negative B — B anti-ferromagnetic interaction and increases the magnetization of B sites; hence the net
magnetization increase. The effect of B — B interaction is usually masked by the strong A — B interaction.
The cation distribution was calculated from x-ray data analysis and the Mn addition substitute Fe3t at
tetrahedral and octahedral sites. The theoretical and experimental lattice parameters were nearly similar.
The radius of tetrahedral sites, the bond length at tetra and octahedral sites increases by increasing Mn
content, so the covalent character of the given ferrite decreased. The calculation of oxygen positional
parameter indicates some deviation from the ideal value of 0.375 for the FCC lattice by increasing Mn
content. The average grain size was calculated for all samples and was found within the spinel limits. The
particle size was increase by increasing Mn content. The results show that there is a correlation between
particle size and porosity with the structural and magnetic properties of the given samples.
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