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Polycrystalline high saturation magnetization nickel-zinc ferrites with fixed quantity of indium and varied quantities of titanium 
and zinc with the general formula Ni0.65Zn0.35+xIn0.01TixFe1.99-2x O4, where x varies from 0.00 to 0.25 in steps of 0.05, have been pre-
pared by conventional ceramic technique to examine their usefulness for high frequency power applications.  Sintering of the sam-
ples was carried out at 1250 °C for 4 hours in air atmosphere followed by natural cooling.  X-ray diffraction patterns confirm sin-
gle phase spinel structure in all the samples. Complex permeability measurements exhibit a stable frequency response up to 5 MHz 
beyond which the real permeability drops and imaginary permeability increases to display a peak around 10 MHz.  Power loss den-
sity has been observed to be very low up to 3 MHz, however, it increases rapidly beyond 3 MHz; thus it is suggested that these ma-
terials could be useful as core materials up to 3 MHz.  The results are analysed and discussed in terms of the changes in composi-
tions, microstructure and the associated processes of resonance and relaxation due to domain wall movements and damping of spin 
rotations contributing to the variations in permeability and losses.  
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1  INTRODUCTION 

 
 

Despite the continuous exploration of ferrites for over 
five decades, their research still attracts many investiga-
tions mainly due to the large requirement of these material 
components in several fields such as telecommunications, 
microwave devices and power electronics.  Design of cost 
effective loss less high frequency ferrite material for 
power applications helps the core materials to be further 
compact in size.  High saturation magnetization and low 
power loss are the important requirements for such cores. 
The former is mostly composition dependent while the 
latter depends on microstructure as well. Core losses un-
der large amplitudes of exciting flux arise mainly from 
two sources, i.e., eddy current losses and hysteresis losses. 
It is known that Ni-Zn ferrites exhibit higher resistivities 
and lower eddy current losses relatively up to higher fre-
quencies over Mn-Zn ferrites [1].  Hence, high saturation 
Ni-Zn ferrite composition with minor compositional 
modifications by expecting improved performance in 
power loss has been the main motivation for the present 
investigation with an aim to push the operating frequency 
of the core up beyond 1 MHz.  The choice behind the se-
lection of substitutions is made for the following reasons: 
In3+ ions in small fixed quantity are preferred by expecting 
a reduction in anisotropy constant as well as in magne-
tostriction [2]; thus an increase in permeability and a de-
crease in core loss can be realised. On the other hand, the 
choice of titanium ions in small but varied amounts is 
made because of their ability to improve both electrical 
and magnetic properties by locking-up pairs of Ti4+ - Fe2+ 
and thereby contributing to decrease the total loss compo-
nent [3].   

This paper discusses the results of complex perme-
abilty and power loss density of the system under investi-
gation based on the existing understanding and predicts 
the utility of these materials for high frequency power 
applications. 

 
 
 

2  EXPERIMENTAL DETAILS 
 
 

Nickel-zinc ferrites with simultaneous substitutions of 
minor quantity of indium and small but varied quantities 
of titanium and zinc under the chemical formula, 
Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4, where x varies from 0.000 
to 0.125 in steps of 0.025, have been prepared by conven-
tional ceramic technique. The toroidal samples with the 
approximate dimensions of O.D.=15mm, I.D.=8mm and 
thickness of 4mm were sintered for 4 hours in air atmos-
phere at 1250 °C followed by furnace cooling.  The XRD 
analyses of the samples confirm single phase cubic spinel 
structures. Characterization of the samples was further 
done by measuring lattice constant, saturation magnetiza-
tion and Curie temperature of the composition 
Ni0.65Zn0.35Fe2O4 prepared under similar conditions and 
these are found to be in good agreement with the respec-
tive parameters of the same composition reported earlier 
[4]. 

Complex permeability and power loss measurements 
on all the samples were made by using Iwatsu B-H SY-
8232 Analyser.  Micrographs of the samples are taken on 
fractured surfaces using Philips XL-50 microscope. Mag-
netization and resistivity measurements, performed on 
pellets prepared under similar conditions, using VSM and 
standard two probe method, respectively are also listed in 
Table-I along with power loss and grain size data for con-
venience in analysis. 
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3  RESULTS AND DISCUSSION 
 
 

The micrographs of all the samples of 
Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4 on fractured surfaces are 
shown in fig. 1. The micrograph titles T1 to T6 corre-
spond to the x values of 0.000 to 0.125 in steps of 0.025. 
It can be inferred from the micrographs that the titanium 
substitutions have brought about significant changes in the 
texture of the microstructures and marginal changes in the 
size of the grains. Initially there is a slight increase in 
grain size up to T4 (x=0.075) from 6.5 µm to 7.5 µm fol-
lowed by a slight decrease in the same down to 6.0 µm as 
the titanium concentration increases to 0.125.  It can be 
noticed that as the titanium concentration increases the 
pore volume also increases mostly by inter granular type. 
A few intragranular pores are trapped inside the grains.  
Therefore, the advantage of contributions to the magnetic 
performance by the increase in grain size up to T4 may be 
offset by their increased pore volume to some extent due 
to corresponding demagnetizing effects.  
 

 
 

Fig. 1. Micrographs of Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4. 
 
 

Typical frequency response of complex permeability 
of these ferrites measured under a constant field of 8 A/m 
in the frequency range from 100 kHz to 10 MHz is shown 
in fig.2. The behaviour exhibits stable frequency response 
up to 5 MHz beyond which the real part decreases sharply 
and the imaginary part increases to have a peak at around 
10 MHz. This behaviour resembles a typical resonance 
relaxation character. It may be due to reversible displace-
ment of domain walls and also due to rotation of magneti-
zation dipoles inside the domains [5]. At higher frequen-

cies, insoluble nonmagnetic impurities between the grains 
and intra granular pores act as pinning points and increas-
ingly hinder the motion of spins and domain walls thereby 
decreasing their contribution to permeability and also in-
creasing the losses [6].  As the frequency approaches 5 
MHz, this resonance-relaxation component in the form of 
residual loss will dominate the total core losses supersed-
ing the contributions of hysteresis and eddy current losses. 
The observed behaviour is in conformity with the above. 
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Fig. 2. Typical frequency response of complex permeability for differ-
ent titanium concentrations under the constant external field of 8 A/m 

for the system Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4. 
 
 

Typical power loss density measured under different 
exciting conditions representing three samples and at two 
different frequencies is shown in fig.3. The power loss, 
being very small for all the samples under all the exciting 
conditions at 500 kHz, is observed to increase steeply at 1 
MHz as the exciting flux density increases. This suggests 
that the frequency related loss mechanism such as eddy 
current loss, which could be absent at 500 kHz, has begun 
to influence the total power loss at 1 MHz due to rela-
tively smaller resistivities of these materials (listed in ta-
ble-I). This may be in addition to the onset of residual loss 
component too at these frequencies. 
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Fig. 3. Typical variation of power loss density with exciting flux den-
sity at two different frequencies for system 

Ni0.65Zn0.35+xIn0.01TixFe1.99−2xO4. 
 
 

Variation of power loss as a function of frequency for 
different titanium concentrations and for the exciting con-
dition of 10 mT is shown in fig.4. As is evident, the power 
loss has been invariably small for all the samples up to 3 
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MHz beyond which it started increasing sharply. In order 
to understand the specific loss mechanism that is respon-
sible for enhancing the power loss at a given frequency, 
the hysteresis and eddy current losses, which have been 
internally programmed in the analyzer to have these quan-
tities separately, were separated and their frequency re-
sponses are depicted in fig.5. It can be clearly seen that 
the hysteresis loss dominates in the lower frequencies ap-
proximately up to 800 kHz, and for frequencies above this 
value the eddy current loss turns out to be a predominant 
loss mechanism. This observation is in support of the ar-
gument made earlier and could be valid up to the fre-
quency at which the relaxation-resonance character ap-
pears in the form of residual loss. The resonance may be 
either due to sample dimensions or due to natural ferro-
magnetic or domain walls [7]. 
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Fig. 4. Variation of power loss (Pcv) as a function of frequency for the 

exciting flux density of 10 mT and for different titanium concentrations 
of the system Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4 
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Fig. 5. Variation of hysteresis and eddy current power losses (Phv and 
Pev) as a function of frequency for the exciting flux density of 10 mT 

and for different titanium concentrations of the system 
Ni0.65Zn0.35+xIn0.01TixFe1.99−2xO4 

 
 

The variation of power loss can be explained as fol-
lows:  The basic composition in the present study is a high 
room temperature saturation magnetization ferrite among 
the entire Ni-Zn series, and the simultaneous substitutions 
of titanium and zinc ions to this composition are aimed at 
retaining the higher value of magnetization throughout the 
range of substitutions. If there arises a situation that 
weakens the strength of exchange interactions due to re-
placement of magnetic cations by nonmagnetic cations, a 
slight decrease in the value of magnetization could be ex-

pected due to simultaneous dilution of both A- and B-sites 
as the titanium and zinc concentrations increase. As ex-
pected, the observed magnetization values, as listed in 
table-I, show a slight decrease with the increase in tita-
nium concentration while retaining a relatively higher 
value of magnetization (65.5 Am2/kg) even at 0.125 (T6) 
titanium concentration. However, even this slight de-
crease, which could be partly due to the dilution of the 
density of magnetic cations with successive substitutions 
and also partly due to the demagnetization effects out of 
defect microstructures, has apparently shown a bad influ-
ence on the magnetic performance of the materials. The 
predominance of hysteresis loss component even up to 
800 kHz is in accordance with this argument. Similarly, as 
described earlier, the titanium ions were expected to lock 
in Ti4+-Fe2+ pairs and contribute to increase the resistivity. 
The observed continuous increase in the resistivity with 
the increase in titanium concentration, as listed in table-I, 
is in conformity with our expectation. As a result, the 
eddy current loss component was effectively curtailed and 
also the presence of such Fe2+ ions out of these pairs in 
minor quantities could be effective to make indirect ani-
sotropy compensations [8] and thereby to enhance the 
permeability and minimize the hysteresis loss component 
to some extent.  

 
 

Table 1: Saturation magnetization (Ms), DC resistivity (ρ), power loss 
and grain size data of Ni0.65Zn0.35+xIn0.01TixFe1.99-2xO4 

Sample Ms 
Power loss, kW/m3 

(B=10 mT) ρ Grain size 

 A.m2/kg 500 kHz 1 MHz ohm-m µm 

0.000/T1 80.9 37.17 93.33 2.44 6.5 
0.025/T2 79.8 35.69 106.13 6.10 7.1 
0.050/T3 75.9 41.08 118.95 7.42 7.2 
0.075/T4 72.4 42.21 126.98 10.57 7.5 
0.100/T5 69.6 48.17 142.20 11.74 6.8 
0.125/T6 65.5 41.07 123.25 16.23 6.0 

 
 

Further, as discussed earlier, the increased pore vol-
ume by way of inter and intra granular pores could have 
partly offset the advantage extended by the Ti4+-Fe2+ pair 
lock-ins by causing an increased hysteresis loss compo-
nent. This is well supported by the observation of domi-
nance of hysteresis loss component up to a frequency of 
nearly 800 kHz (fig.5) which could otherwise be dominant 
up to a few hundred kilohertz only [9]. However, due to 
the combined effect of all the above mechanisms, the net 
power loss was observed to be smaller even up to 3 MHz. 
Optimum sintering schedule with pore free microstruc-
tures in combination with minor compositional modifica-
tions in these ferrites would help to obtain even lower 
power losses, which could probably push up resonances 
further by a few megahertz. 

Nevertheless, the observed low values of power loss 
up to 3 MHz for all titanium concentrations under the ex-
citing condition (B=10 mT) suggest that the simultaneous 
introduction of indium, titanium and zinc ions together 
has worked well in decreasing the losses and in increasing 
the operating frequency of the cores. Further, the study 
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suggests that these materials because of their rather low 
losses up to 3 MHz could be used for power applications 
up to this frequency. 

 
 
 

4  CONCLUSIONS 
 
 

In conclusion, the results of the system under investi-
gation suggest that the smaller concentrations of titanium 
and zinc ions along with indium ions are effective in dis-
playing minimum losses up to the frequency of 3MHz; 
thus suggesting the utility of these materials for power 
applications up to this frequency.  The observed higher 
values of power loss at higher frequencies or higher exci-
tation flux densities are mainly due to increased inho-
mogeneity in the microstructures.  Careful adoption of 
optimum sintering schedule on all these compositions to 
result in fine and pore free microstructures would be ex-
pected to show definite improvements in power loss and 
better frequency response to use these materials in devices 
even at higher frequencies. 
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