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ABSTRACT 

Cobalt-Cadmium ferrites with composition Co1-xCdxFe2O4, (where x = 0.0, 0.1, 0.3, 0.4, 0.5) prepared by 
conventional double sintering ceramic technique. Phase analysis of the samples was performed to confirm the 
formation of single-phase cubic spinel structure using X-ray diffraction technique. At different sintering times 
(1hrs, 2hrs and 4hrs) real part of the complex permeability µ′, imaginary part of the complex permeability µ″ 
and relative quality factor (Q-factor) were elaborately discussed as a function of frequency using impedance 
analyzer. Real Permeability increases with the increase of Cd content(x) and it is maximum for the composition 
Co0.5Cd0.5Fe2O4 sintered at 10750C for 4h.The sintering time dependence of the imaginary part of the complex 
permeability curves are very interesting to note that Resonance frequency , fr is maximum for CoFe2O4 sintered 
at 10750C/2h and decreases with increasing Cd content(x). The maximum quality factor peaks shift to higher 
frequency with increasing Cd contents which reflect that utility range of frequency increases. The quality factor 
i.e, the measure of performance increases with increasing Cd contents(x). 
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1. INTRODUCTION 

Ferrites are the ferrimagnetic mixed oxides having the general formula MFe2O4 where M is a divalent metal ion 
such as Mg, Mn, Zn, Ni, Co, Fe, Cd and Cu.  Spinel ferrite is one of the most important classes of magnetic 
materials due to their outstanding electrical and magnetic properties. They have been extensively investigated 
and become the subject of great interest because of their importance in many technological applications from 
both the fundamental and the applied research point of view. The important structural, electrical and magnetic 
properties of these spinels are responsible for their applications in various fields. The spinel ferrite belongs to an 
important class of magnetic materials because of their remarkable magnetic properties, particularly in radio 
frequency region, physical flexibility, high electrical resistivity, mechanical hardness and chemical stability 
(Rajath et al., 2008; Lee et al., 1998; Sharma et al., 2006). The partial replacement of nonmagnetic Cadmium 
(Cd) ions in cobalt (Co) ferrite is expected to weaken the magnetic coupling, resulting in decrease of Curie 
temperature (Tc). A little works were found on mixed Co-Cd ferrites (Gabal and Ata-Allah, 2004; Ghani et al., 
1991). Co ferrites are quite important in the field of microwave industry which are a mixture of CoFe2O4 with 
long range ferromagnetic ordering with Tc   5200C. Thus, with increasing Cd content(x), the FeA-O-FeB 
interaction becomes weak and Tc is expected to decrease. A selective magnetic dilution is very important in 
ferrites. The nonmagnetic ions such as Cd2+ ions that can be used in such dilution should have ionic radius 
comparable with that of the magnetic ions. It is well known that diamagnetic substitution can result in spin 
canting, i.e. non-collinear spin arrangements (Dorman and Nogues, 1990; Dormann, 1991; Balayachi et al., 
1998; Bhargav and Zeeman, 1980). Yafet and Kittel (1952) formulated a simple model, which could explain the 
canting in these materials. When ferrites are sufficiently diluted with nonmagnetic ions (such as Cd) they can 
exhibit a wide spectrum of magnetic orderings: ferromagnetism (FM), local spin canting (LSC), 
antiferromagnetism (AFM), re-entrant spin glass (RSG), and spin glass (SG) (Dorman and Nogues, 1990; 
Dorman, 1991; Buchow, 1995). This is because intra-sublattice interactions of the spinel ferrites are weaker than 
the inter-sublattice interaction; as a result there are unsatisfied bonds in the ferromagnetic phase. Due to these 
unsatisfied bonds, increasing the magnetic dilution accentuates the competition between the various exchange 
interactions resulting in a variety of magnetic structures (Gabal and Ata-Allah, 2004; Dorman, 1991; Balayachi 
et al., 1998). A phase diagram has been proposed by Dormann et al. (Bhargav and Zeeman 1980) to classify the 
different substituted ferrite compounds. Some works have been performed on Co-Cd (Vasambekar et al., 1998; 
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Hemeda and Barakat, 2001) ferrites. The main objective of this paper is to study the effects of substitution Cd2+ 
ions in place of Co2+ ions and sintering time on complex permeability and relative quality factor.  

2. EXPERIMENTAL 

Powder of Co-Cd ferrites with composition of Co1-xCdxFe2O4, (where x = 0.0, 0.1, 0.3, 0.4, 0.5) were prepared 
conventional ceramic method. Sample preparation and sintering facility in the laboratory of Materials Science 
Division (MSD), Atomic Energy Centre, Dhaka (AECD), Bangladesh has been used for this purpose. 
Appropriate proportions of raw materials were weight, mixed, crushed, grinded and milled. Mixing was done by 
agate motor for about 5 h and then the materials were crushed. Ball milling was carried out in ethyl alcohol to 
enhance the degree of mixing. To make mixture homogeneous ball milling was done for 10 h using steel ball to 
the powder ratio 1:6 in distilled water. The slurry was dried and the powder was pressed into disc shape. 

Using die-punch assembly of hydraulic press under a pressure of 1.70 and 1.15 ton/cm2 dies of different shapes 
were used to prepare different types of samples. The prepared samples were sintered at 10750C for 1, 2 and 4 
hours with a microprocessor controlled muffle furnace. Phase analysis was done by XRD using PHILPS (PW 
3040) X’pert PRO X-ray diffractometer. Frequency dependence permeability characteristics were measured by 
Wayne Kerr Impedance Analyzer of Model No.6500B in the frequency range of 1 kHz–120 MHz at room 
Temperature. 

3. RESULTS AND DISCUSSION 

XRD patterns of Co1-xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) ferrites sintered at 1075°C for 2 hours are shown in 
Figure1. XRD patterns of all samples show good crystallization with well defined diffraction lines. A phase 
analysis using XRD technique was performed to confirm the formation of single-phase cubic spinel structure 
with no extra lines corresponding to any other crystallographic phase. The results obtained from  XRD patterns 
for all samples of Co1-xCdxFe2O4 with the (hkl) values corresponding to the diffraction peaks of different planes 
(111), (220), (311), (222), (400), (422), (511), and (440) which represent either odd or even indicating the 
samples are spinel cubic phase.  

 

Figure 1: XRD patterns of Co1-xCdxFe2O4 ferrites. 

The optimization of the dynamic properties such as complex permeability in the high frequency region requires 
a precise knowledge of the magnetization mechanisms involved. The magnetization mechanisms contribute to 
the complex permeability, µ = µ′-iµ″, where, µ′ is the real permeability (in phase) and µ″ the imaginary 
permeability (90° out of phase). Real permeability and imaginary permeability have been determined as a 
function of frequency, f upto 120 MHz at room temperature for all the samples of Co1-xCdxFe2O4(x = 0.0, 0.1, 
0.3, 0.4, 0.5) ferrites.  

Figures 2, 4 and 6 represent the results of µ′ as a function of frequency while figs 3, 5 and 7 represent the results 
of µ'' as a function of frequency for all the samples sintered at 1075°C for 1 , 2 and 4 hours respectively. From 
Figures2, 3 and 4 it noticed that the real part of the complex permeability remains fairly unchanged over a large 
range of frequency (up to 10MHz), rises slightly to reach a maximum and then decreases rapidly to very low at 
very high frequency. However, µ″ first rises slowly and then increases quite abruptly making a peak at certain 
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frequency (called resonance frequency, fr) where the µ′ is falling sharply. This type of feature is known as the 
ferromagnetic resonance (Nakamura 2000; Low and Sale, 2002). 

Noor et al. observed that  the permeability  of Co1-xCdxFe2O4 ferrites sintered at 1050, 1075 and 1100°C for 3hrs 
increases with Cd content  up to x = 0.6. According to the present study, it is consistent with observations of 
Noor et al. that the µ′ of Co1-xCdxFe2O4 increases with Cd content is shown in Figure8 while the fr decreases 
with Cd content (x) is shown in Figure9.The effect of sintering time on the permeability of Co-Cd ferrites has 
also been studied. Here it is found that the µ′ almost constant for x=0.0 and 0.1 while increases for x=0.3, 0.4 
and 0.5 with sintering time shown in fig10. Figure11 shows that fr is higher for all the samples sintered at 
1075°C for 2 hour. The increase in permeability with sintering time can be attributed to the increase in density 
and grain size and decrease in porosity with sintering time. The large grain diminishes the grain boundary, 
thereby the domain walls move easily, which leads to higher permeability. Moreover, the increase in sintering 
time leads to decrease in the internal stress and crystal anisotropy, which cause a decrease in the magnetic 
anisotropy. Hence the hindrance to the movement of the domain walls reduces, which increases the value of the 
initial permeability (Smit and Wijin, 1959). 

A comparative study of the complex permeability of Co1-xCdxFe2O4 ferrites with frequency sintered at 10750 C 
for 1, 2 and 4hours have been presented in Figure 10.  Figure 10 shows that samples sintered at 10750 C for 4 
hours have higher permeability than that sintered at 10750 C for 1 and 2 hour. It could be also mentioned that the 
permeability of sample with x = 0.5 is maximum. This reveals that the sample sintered for this time shows better 
magnetic properties comparing to the others. From permeability values shown in Figures 2-4 and 6 it is also 
observed that the higher the permeability the lower the resonance frequency. This behavior of the sample proved 
the validity of the Snoek’s limit (Snoek, 1948) that defines the relationship between fr and µ′ as fr µ' = constant. 
That is the product of initial permeability and resonance frequency always remains constant (table-1). The lower 
the permeability values, the higher the frequencies at which resonance will take place. This way, an effective 
limit of the product of these two parameters (high fr and high µ') could be identified so that the pair is mutually 
incompatible. 
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Figure 2: Frequency dependence real part of 

permeability of Co1-xCdxFe2O4(x = 0.0, 
0.1, 0.3, 0.4, 0.5) sintered at 10750C for 
1 hours. 

Figure 3: Frequency dependence imaginary part of 
permeability of Co1-xCdxFe2O4(x = 0.0, 
0.1, 0.3, 0.4, 0.5) sintered at 10750C for 1 
hours. 

Permeability of polycrystalline ferrites is related to the spin rotation and domain wall motion [17, 18]. Spin 

rotation and domain wall motion are related as µ = 1+ spinw     where, w  is the domain wall susceptibility 

and spin  is the intrinsic rotational susceptibility. The domain wall susceptibility and the intrinsic rotational 

susceptibility are given by the following equations  
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Where, Ms, K, D and   are the saturation magnetization, total anisotropy, average grain diameter, and domain 

wall energy, respectively. Properties of ferrites are dependent on their compositions, additives and 
microstructures. It is well known that the magnetic properties are highly influenced by the microstructures; the 
larger the grain sizes, the higher the saturation magnetization and larger initial permeability. Ferrites with lower 
initial permeability and saturation magnetization are suitable for microwave applications. 
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Figure 4: Frequency dependence real part of 

permeability of Co1-xCdxFe2O4 (x = 0.0, 0.1, 
0.3, 0.4, 0.5) sintered at 10750C for 2 hours. 

Figure 5: Frequency dependence imaginary part of 
permeability of Co1-xCdxFe2O4 (x = 0.0, 
0.1, 0.3, 0.4, 0.5) sintered at 10750C for 2 
hours. 
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Figure 6: Frequency dependence real part of 
permeability of Co1-xCdxFe2O4(x = 0.0, 0.1, 
0.3, 0.4, 0.5) sintered at 10750C for 4 hours. 

Figure 7: Frequency dependence imaginary part of 
permeability of Co1-xCdxFe2O4(x = 0.0, 
0.1, 0.3, 0.4, 0.5) sintered at 10750C for 4 
hours 

Table 1: The variation of real permeability and resonance frequency of Co1-xCdxFe2O4 (x = 0.0, 0.1, 0.3, 0.4, 
0.5) ferrites sintered at 10750C for 1 hours, 2 hours and 4 hours. 

 Sintering Time, t=1hrs Sintering Time, t=2hrs Sintering Time , t=4hrs 

Cd, 
Conten

t(x) 

Permeabili
ty(µ′) at 
100kHz 

Resonance 
frequency 
fr(MHz) 

Snoek’s 
limit (fr µ′ 
=const.) 

Permeability 
(µ′) at 

100kHz 

Resonance 
frequency, 

fr(MHz) 

Snoek’s 
limit (fr µ′ 
=const.) 

Permeabilit
y(µ′) at 
100kHz 

Resonance 
frequency,

fr(MHz) 

Snoek’s 
limit (fr µ′ 
=const.) 

0.0 31 78 2418 27 107.4 2818 27 71.8 1940 
0.1 56 44 2464 48 60.6 2910 52 38 1976 
0.3 73 34 2482 86 38.0 3268 107 19 2033 
0.4 120 20 2400 129 22.2 2863 138 13.1 1807 
0.5 185 13.1 2423 189 15.0 2835 190 9.38 1782 
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Figure 8: Real part of complex permeability of Co1-

xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) as a 
function Cd content (x) sintered at 10750C 
for different time. 

Figure 9: Resonance frequency of Co1-xCdxFe2O4(x = 
0.0, 0.1, 0.3, 0.4, 0.5) as a function Cd 
content (x) sintered at 10750C for different 
time. 

  
Figure 10: Sintering time dependent real permeability of 

Co1-xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) 
ferrites. 

Figure 11: Sintering time dependent resonance 
frequency of Co1-xCdxFe2O4(x = 0.0, 0.1, 
0.3, 0.4, 0.5) ferrites. 
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Figure 12: Frequency dependence relative quality factor 

of Co1-xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) 
sintered at 10750C for 1 hours. 

Figure 13: Frequency, f (at maximum quality) of Co1-

xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) as a 
function Cd content (x) sintered at 10750C 
for different time. 

Relative Q-factor calculated from the loss tangent measured on the coil wound toroidal shaped samples. All 
samples have been found to show similar trend with the frequency. The Relative quality factor (RQF) increases 
with the rise in frequency showing a sharp maximum and then starts decreasing with the further increase in 
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frequency. It is seen that RQF deteriorates beyond 1.02MHz i.e, the loss tangent is minimum up to 1.02MHz 
and then it rises rapidly. The loss is due to lag of domain wall motion with the applied alternating magnetic field 
and is attributed to various domain defects (Overshott, 1981), which include non-uniform and non-repetitive 
domain wall motion, domain wall bowing, localized variation of flux density, and nucleation and annihilation of 
domain walls. This happens at the frequency where the permeability begins to drop. This phenomenon is 
associated with the ferromagnetic resonance within the domains (Brockman et al., 1950) and at the resonance 
frequency, maximum energy is transferred from the applied magnetic field to the lattice. From the fig .12, it is 
also noticed that the relative Q-factor i.e, the measure of performance of the samples increases with the increase 
in Cd content(x). Highest value of the relative Q-factor of Co-Cd ferrites was recorded at x = 0.5. From 
Figure13, peaks corresponding to the maxima in Q-factor were shifted towards the higher frequency side with 
the increase in Cd content(x) in the samples which reflect that utility range of frequency increases. 

4.     CONCLUSIONS 

XRD pattern confirmed Co1-xCdxFe2O4(x = 0.0, 0.1, 0.3, 0.4, 0.5) samples are belonging to single phase spinel 
structure. The flat trend of the permeability spectra of Co-Cd ferrites up to a large frequency range indicates the 
potential device applications of these materials. The µ′ of Co1-xCdxFe2O4 increases with Cd contents (x) while 
the fr decrease with increasing Cd contents (x). It is found that the µ′ almost constant for x=0.0 and 0.1 while 
increases for x=0.3, 0.4 and 0.5 with increasing sintering time. The fr is higher for all samples sintered at 10750 
C for 2 hours 1 and 2 hour. The samples with (x=0.5) sintered at 10750 C for 4 hour have higher permeability 
than that sintered at 10750 C for 1, and 2 hours. This reveals that the sample sintered at this time shows better 
magnetic properties compared to the others .The relative Q-factor i.e, the measure of performance of the 
samples increases with the increase in Cd content(x). Highest value of the relative Q-factor of Co-Cd ferrites 
was recorded at x = 0.5. Peaks corresponding to the maxima in Q-factor were shifted towards the higher 
frequency side with the increase in Cd content(x) to the samples which reflect that utility range of frequency 
increases. 

REFERENCE 

Balayachi A, Dormann J. L, and Nogues M., 1998. Critical analysis of magnetically semi-disordered systems:     
critical exponents at various transitions, J. Phys.: Condens. Matter 10, 1599. 

Bhargav S. C and Zeeman N., 1980. Mössbauer study of Ni0.25Zn0.75Fe2O4. II. Noncollinear spin structure”, 
Phys.   Rev. B  21, 1726. 

Brockman F. G, Dowling P. H, and Steneck W. G., 1950. Phys. Rev. 77, 85. 
Buchow K. H. J., 1995. Handbook of Magnetic Materials, Vol. 8, Elsv. Sci,, 189. 
Dormann J., 1991. Ordered and disordered states in magnetically diluted insulating system”, Hyperfine 

Interactions 68, 47. 
Dormann J. L, and Nogues M., 1990. Magnetic structures of substituted ferrites”, J. Phys.: Condens.   Matter 2, 

1223. 
Gabal M. A and Ata-Allah S. S,, 2004.  Materials Chemistry and Physics 85, 104. 
Ghani A. A, Sattar A. A and Pierre J., 1991. J. Magn. Magn. Mater. 97, 141. 
Hemeda O. M, and Barakat M. M., 2001. Effect of hopping rate and jump length of hopping electrons on the 

conductivity and dielectric properties of Co-Cd ferrite” J. Magn. Magn. Mater., 223, 127. 
Lee J. G, Park J. Y, Oh Y. J and Kim C. S., 1998. J. Appl. Phys. 84, 2801. 
Low K. O, Sale F. R., 2002. J. Magn. Magn. Mater. 246, 30. 
Nakamura T., 2000. J. Appl. Phys. 88, 348. 
Overshott K. J., 1981. IEEE Trans. Magn. 17, 2698. 
Rajath P. C, Mannab R. S, Baneree D., Varma M. R, Suresh K.G and  Nigame A. K., 2008. J.  Alloys & Compd. 

453, 298. 
Sharma R. K, Suwalka O, Lakshmi N, Venugopalan K, Banerjee A and Joy P. A., 2006. J. Alloy Compd. 419, 

155. 
Smit J, and Wijin H. P. J., 1959. Ferrites, Philips Tech. Library, Netherlands. 
Snoek J. L., 1948. Physica 14 (4), 207. 
Vasambekar P. N, Kolekar C. B and Vaingankar A.S., 1998. Cation distribution and susceptibility study of Cd-

Co and Cr3+ substituted Cd-Co ferrites, J. Magn. Magn. Mater. 186, 338. 
Yafet Y, and Kittel C., 1952. Antiferromagnetic arrangements in ferrites, Phys. Rev. 87, 290. 
 


