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Recently, using spark plasma sintering technique, a family of very fine grained, fully

dense NiCuZn ferrites have been produced which show constant permeability up to

several 10 MHz. These Ferrites can be used for filtering purposes in high frequency

applications where a wide frequency band is required. In this paper we study the

magnetization processes taking place in these nano grained materials, in the frequency

interval of 100kHz to 5MHz. Using a fluxmetric hysteresis graph, permeability, loss

and BH loops are measured at different temperatures, from -5◦C to 110◦C. Results are

compared to the behaviour of micrometric grain size Ferrites, which are commonly

used for power electronic and high frequency applications.
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INTRODUCTION

In high frequency applications for filtering purposes, wideband magnetic components with

tailored characteristics are usually needed1. Indeed, sintered MnZn and NiZn ferrites could

provide an adequate response to this challenge2,3. In this paper we focus on NiCuZn Ferrites

which show wider frequency bandwidth and quite lower initial permeability comparing to

the MnZn Ferrites.

Recently, using reactive Spark Plasma Sintering (SPS) technique4,5 a family of very fine

grained, fully dense NiCuZn ferrites have been produced which can provide components

with wide bandwidth up to 30MHz. In this paper the frequency range of 100 kHz to 5

MHz is investigated, which could interest the power electronic designers. In this range of

frequency, these nanograined materials still exhibit quasi static behaviour.

In order to study the mechanisms of magnetization and loss in these materials, first the quasi

static behaviour is investigated through Rayleigh theory. In this way the reversible and

irreversible parts of the magnetization are worked out and their dependence on temperature

is discussed. This analysis is then completed by measurements at high frequency, up to

several MHz, where the eddy current losses are still negligible for these materials. Results

are compared with some recent works6,7 on micrometric grained materials and the influence

of grain size is discussed.

EXPERIMENTAL METHODS

Sample composition and micro structure

The Samples studied in this paper, are toroial cores of internal and external diame-

ters of 4mm and 8mm respectively. These cores are prepared from the material with the

composition of Ni0.24Cu0.2Zn0.56Fe2O4. The oxides are milled in a planetary mill (Fritsch,

Pulverisette) at 400 tr/min for 30min to obtain the powder. The powder is then sintered by

the reactive SPS method, under a uniaxial pressure of 50MPa and natural argon atmosphere

under the following heat treatment:

A rise to 580◦C within 3min, then maintained for 10min. A second rise to 800◦C within

2min then sintering for 5min. Final step is cooling to the room temperature within 5min.

Table I, resumes some properties of these samples after sintering. Fig.1 shows the X-ray
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FIG. 1. X-Ray diffractogram of the samples prepared by SPS method under argon atmosphere

TABLE I. Electrical resistivity, dielectric permittivity, density and saturation magnetization of

samples.

ρ(Ω .m) ǫ′ dr (g/cm
3 ) σs(mT )

340 84.3 5.030 385

diffractograms of these samples. Refining these diffractograms, by Rietveld method8, yields

a lattice parameter of 841pm and an average grain size of 137nm. Neutron depolarization

experiments made on polycrystalline Ferrites9,10 show that the nanometric grains in our

materials are expected to be single domain.

Magnetic characterization

Hysteresis loops and loss are measured using a calibrated fluxmetric setup. Sinusoidal

signals are provided by an HP33120A generator which are then amplified by an NF4055

(DC-10MHz) amplifier and applied on samples.

The operating temperature of the conventional passive probes ranges from 0◦C to 50◦C. In

order to extend the temperature range of the measurements, an active probe with operational

amplifiers is designed. Input impedance of this probe is 3.3MΩ and is calibrated for a

temperature range of −10◦C to 150◦C. Primary current is measured through a resistive

shunt, calibrated for this range of temperature. Sample are mounted on the probe and are

kept in a temperature regulated chamber. Sample temperature is measured with a platinum

resistance sensor (PT100), stacked on the material, and is monitored with a Keithley 2700

ohm meter. In order to prevent sample self heating during the measurements, 50 cycles of

signal is applied on the sample for each measurement. Temperature is kept constant with

the accuracy of 0.1◦C.
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RESULTS AND DISCUSSION

As depicted in Fig. 2, loss measurements for different frequencies reveal that the quasi

static loss remains dominant up to 1MHz range, in these materials. For frequencies less than

1MHz, material show the Rayleigh like loops. (Fig. 3). Descending and ascending parts of

these loops can be expressed as11:

B = (µ1 + ηHm)H ±
1

2
η(H2

m
−H2) (1)

The reversible and irreversible parts of the magnetization ,when the magnetic flux changes

from −Bm to Bm, are equal to 2µ1Hm and 2ηH2
m respectively. Variations of reversible per-

meability (µ1), irreversible permeability (ηHm)and amplitude permeability (Bm/Hm), for

15mT and 25mT, are shown in the Fig. 4. For each BH loop, at a given temperature and

frequency, µ1 and η are identified by fitting theoretical and experimental curves using least

squares method. These parameters are constant for all frequencies from 100kHz to 1MHz,

for a given temperature. For frequencies higher than 1MHz, BH loops deviate from Rayleigh

theory slightly.

The whole permeability is decreasing continuously with temperature. This point is in agree-

ment with the measured initial permeability for low frequencies in12, where it is shown that

by reaching the grain size of about 300 nm, initial permeability is always decreasing with

temperature.

This behaviour is mainly due to diminution of the reversible mechanism contribution to the

magnetization process. One can observe on the identified curve(Fig. 4), that the reversible
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FIG. 2. Magnetic energy Loss vs frequency of spark plasma sintered Ferrites.
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permeability is decreasing rapidly by the increase of temperature and the irreversible part

of the permeability is increasing linearly with temperature.
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FIG. 3. Measured Rayleigh like loops for 500kHz and 15mT at different temperatures

It should be highlighted that reversible part of the permeability remains constant for

15 mT and 25 mT and have the same temperature behaviour. The irreversible part is

increased slightly. To investigate this phenomenon and determine the flux density limit

of this description, hysteresis loops are measured for different magnetic flux densities at

room temperature. Fig. 5 shows the identified parts of the relative permeability at 25◦C.

The reversible permeability remains constant up to 30 mT and the irreversible part of the

permeability increase almost linearly with the magnetic flux density. The temperature limit

of this behaviour decrease with flux density. This description is valid for 15mT up to 110◦C

and and for 25 mT up to 90◦C.

Within the validity of this description, it can be deduced that the mechanisms which are

responsible for the dissipative behaviour, produce losses which increase continuously with

temperature. As the grains in these materials are single domain, there is no domain wall

inside the grains. Dissipative behaviour is then related to the magnetization rotation. This

is consistent with analyses of Fiorillo et al.6 which show that the losses related to the domain

wall displacement reduce with temperature and those related to the magnetization rotation

mechanism increase with temperature.

For the same composition of the material (Ni/Zn = 0.43) with micro metric grains (≈ 5µm),

it is shown that the permeability is increasing with temperature and dissipative behaviour

is minimized at a temperature between 5◦C to 50◦C7.
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FIG. 4. Identified reversible (µ1), irreversible (ηHm) permeability and measured amplitude perme-

ability (Bm/Hm) at 500kHz for different temperatures.

Measured energy losses at different temperatures and different frequencies are shown in Fig.

6. Dissipative behaviour is increasing with temperature for all frequencies. Losses at 100kHz

correspond to quasi static behaviour which can be described with Rayleigh theory. For a

magnetic flux density of 15 mT, up to 60◦C, losses are identical for all frequencies up to

3MHz ; this temperature is limited to 40◦C for 25 mT. Deviation is more important at high

temperatures : for 15 mT one can observe the energy loss E3MHz,100◦C = 1.65E100kHz,100◦C and

for 25 mT E3MHz,80◦C = 1.45E100kHz,80◦C. In
6 it is shown that for micro grained NiZn Ferrites

losses decrease with temperature, from 20◦C to 100◦C, at low frequencies and increases with

temperature at high frequencies where the rotation mechanism is dominant. In our material

the quasi static loss and dynamic loss are both increasing with temperature.

CONCLUSIONS

The quasi static loss and frequency behaviour of single domain nano metric grain, NiZnCu

Ferrite are investigated. It is shown that Rayleigh theory can describe the behaviour of these

Ferrite up to MHz range and several 10 mT. Using this theory and measuring BH loops at

different temperatures, a linear increase of irreversible magnetization with temperature is

deduced. These parameters can be obtained with a single BH loop measurement and can

provide an estimation of losses up to MHz range for these materials, which can interest

power electronic component designers.
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FIG. 5. Identified reversible (µ1), irreversible (ηHm) permeability and measured amplitude perme-

ability (Bm/Hm) at 200kHz for different magnetic flux intensity.
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FIG. 6. Energy loss for different frequencies and different temperatures.
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