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1. SOFT-MAGNETIC FERRITES AND THEIR APPLICATIONS 

1.1. Soft-magnetic materials: ferrites versus metals 

Materials with a high magnetic permeability (soft-magnetic materials) are 
applied as core material in transformers and inductors. In the applications the 
core material is exposed to the influence of an alternating magnetic field due 
to the electric current in the coil. Properties of primary importance are the 
permeability and the magnetic loss factor of the material. The permeability 
should be high and the losses low. 

Both chemical composition and structural parameters of the material in
fluence permeability and losses. In most cases factors which promote a high 
permeability are a drawback with respect to the loss level, and the reverse. In 
the development of materials one aims at the best compromise between a high 
permeability and a low loss level. 

The highest permeabilities are obtained in metal systems, e.g. 100 000 in 
supermalloy 1

-
1
), which is an iron-nickel-molybdenum alloy. Permeabilities 

are lower in ceramic ferrite materials. Permeabilities up to 40 000 have been 
reported 1-

2
) in a manganese-zinc ferrite. The advantage of ferrites, compared 

to metals, lies in their higher electrical resistivity and the corresponding lower 
eddy-current loss. Eddy-current losses are proportional to the frequency of the 
magnetic field and inversely proportional to the specific resistivity of the 
material. The specific resistivity of metals is w- 4 n em at most, whereas in 
ferrites the resistivity can vary between 10- 2 and 1012 n em. At frequencies 
above I kHz ferrites have the advantage over metals. 

By far the most important group of soft-magnetic ferrites are those with the 
cubic spinel structure. Their composition is given by the formula MeFe20 4 , 

where Me is mostly a combination of several metal ions. Manganese-zinc 
ferrites and nickel-zinc ferrites are widely applied 1-

3
). 

Technically interesting soft-magnetic materials are also found in the system 
Ba0-Me0-Fe20 3 with hexagonal and trigonal structures. 

In the following sections the technically important soft-magnetic ferrite 
systems will be briefly described. 

1.2. Manganese-zinc ferrites 

Of all ferrite systems the highest permeabilities have been realized in man
ganese-zinc ferrites of composition given by (Mn, Zn, Fe2 +)Fe20 4 • For a 
certain ratio of the Mn 2 +, Zn 2+ and Fe2 + ions the conditions for a high 
permeability are optimum. The presence of a certain number of Fe2 + ions is 
essential for a high permeability, which will be explained in sec. 2.4.2. However, 
the presence of FeZ+ ions amidst the Fe3+ ions is also disadvantageous. It 
gives rise to n-type electrical conductivity and as a result a relatively low specific 

· resistivity ( < 1 n em). As eddy-current losses cannot be neglected, the frequency 
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range where manganese-zinc ferrites can be applied is limited to about 1 MHz. 
The development of low-loss manganese-zinc ferrites for applications in 

filter coils has been focussed on suppressing the eddy-current losses by adding 
small amounts of materials which do not dissolve in the spinel phase,. but rather 
segregate at the grain boundaries to form a highly resistant layer. In this way 
intergranular lamellae are formed. The smaller the grain size the more eddy 
currents are suppressed. More details on manganese-zinc ferrites are given in 
sees 5.2.1 and 5.2.2. 

1.3. Nickel-zinc ferrites 

Nickel-zinc ferrites are applied at frequencies above 1 MHz. They do not 
contain Fe2 + ions. The electrical resistivity is accordingly high (more than 
104 n em) and eddy currents do not play a role. However, at high frequencies, 
other loss sources become predominant. One of these sources is ferromagnetic 
resonance. The frequency at which ferromagnetic resonance takes place is 
determined by the magnetic anisotropy, which is the stiffness with which the 
magnetic moment is coupled to the crystal lattice. This anisotropy also in
fluences the permeability. A smaller anisotropy, which is favourable to a high 
permeability, causes the resonance frequency to drop. In this context it is useful 
to refer to Snoek's relation between the resonance frequency and the so-called 
rotational permeability. This relation is obtained by elimination of the magnetic 
anisotropy (see sees 2.1 and 2.6). 

In applications the resonance frequency should remain well above the 
application frequency. In other words, the application frequency sets a lower 
limit to the anisotropy. An important consequence of this is that the per
meability is 1imited to a certain maximum value: the higher the application 
frequency the lower the maximum admissible permeability. 

From Snoek's relation it can be derived that a resonance frequency of 1 MHz 
corresponds to a permeability of about 10 000 in a ferrite. In applications below 
1 MHz, where manganese-zinc ferrites are used, resonance losses are of second
ary importance in comparison to eddy-current losses. Permeabilities are in most 
cases well below 10 000. On the other hand, at higher fr~quencies the resonance 
losses assume a primary importance. For example a resonance frequency of 
100 MHz corresponds to a permeability of about 100. 

ln general the permeability of ferromagnetic materials is higher than that 
corresponding to the value of the magnetic anisotropy. This is c:,tused by 
domain-wall displacements. In Ni-Zn ferrites these moving domain walls are a 
second source oflosses. The development oflow-loss Ni-Zn ferrites is therefore 
aimed at pinning the domain walls. Stabilization of domain walls can be 
obtained under certain conditions by substitution of small amounts of highly 
anisotropic Co2 + ions. Domain walls can also be stabilized by means of grain-
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size reduction. This is related to the fact that domain walls are pinned at grain 
boundaries. 

1.4. Ferrites with hexagonal and trigonal crystal structure1
-

4
) 

The best-known example of a hexagonal ferrite is MeFe120 19, with Me = 

Ba, Sr or Ph. This material shows a very high anisotropy energy such that the 
magnetization vector has a strong preference for the hexagonal c axis. This 
material is widely applied as permanent magnetic material in loudspeakers, 
electromotors, etc. 

Other materials, such as trigonal Ba2 Zn 2Fe120 22 and hexagonal 
Ba3Co 2 Fe240 41 , show a high anisotropy energy in the direction of the hexago
nal or trigonal axes, and a preferent magnetization in a plane perpendicular to 
these axes. The permeability of such materials is primarily determined by the 
anisotropy within the basal plane. If this anisotropy is small the magnetization 
vector can easily rotate within the basal plane so that the permeability is high. 
A great advantage of these materials compared with spinel ferrites is that the 
former have a higher resonance frequency for the same permeability. The 
resonance frequency is proportional to the geometric mean of the anisotropies 
inside and outside the basal plane, whereas the permeability*) is proportional 
to the lowest anisotropy in the basal plane. In principle high permeabilities 
could be combined with high resonance frequencies. 

Soft hexagonal and trigonal ferrites have never found wide application. 
Permeabilities are found to be lower and losser higher than one would expect 
on theoretical grounds. One of the reasons is the fact that it is very difficult, or 
maybe even impossible, to prepare the materials with the desired composition 
and homogeneity. 

1.5. The present investigation 

The present investigation deals with nickel-zinc ferrites. In sec. 1.3 we 
mentioned that the development of these materials is focussed on the stabiliza
tion of domain walls which can be achieved in two ways: (1) by substitution of 
cobalt under certain conditions, and (2) by grain-size reduction. 

When we started the work on Ni-Zn-Co ferrites in 1964 the mechanism of 
domain-wall stabilization by cobalt substitution was only understood for iron
excess ferrites in which the presence of cation vacancies is essential. These 
materials have never been widely applied, mainly because of their sensitivity 
to magnetic disturbance fields and mechanical shocks. More interesting were 
found iron-deficient Ni-Zn-Co ferrites which also show good h.f. properties 1-

5
) 

*) It should be remarked that in polycrystalline materials with a random orientation of the 
crystallites the permeability is considerably lowered as a result of a strong internal de
magnetization. This is not the case if the crystallites are oriented such that the c axes 
are parallel. 
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and stability without the field sensitivity. However, there was no satisfactory 
model to explain the domain-wall stabilization in iron-deficient ferrites. Some 
authors suggested that Co 3 + ions might be present and play a role in the 
stabilization process. In 1964 it was known that grain-size reduction leads to 
reduction of permeability and losses. H.f. properties had been studied in fine
grain materials by Globus et al. (see sec. 5.2.1). The compositions investigated 
were not of practical importance and the materials, which were sintered in the 
normal way, were characterized by high porosities. 

In the present work technically important iron-deficient Ni-Zn-Co ferrites 
have been investigated. We have aimed at a better understanding of the relations 
between chemical and microstructural properties on the one hand and magnetic 
properties on the other. In this investigation the application and improvement 
of non-conventional ceramic-preparation methods have played an important 
role. By using special powder preparation and hot-pressing techniques we have 
aimed at combining some unique chemical and ceramic properties, namely 
very small grain size, low porosity, high chemical homogeneity and well
defined composition. 

Chapter 2 gives a survey of the chemistry and magnetic properties of spinel 
ferrites. Special attention is paid to those subjects which are relevant to the 
high-frequency permeability and losses. This chapter also contains data from 
the literature on Co-containing spinel ferrites. 

In chapter 3 the preparation methods, physical-measurement techniques and 
chemical analyses used are described. The importance of wet-chemical powder 
preparation and continuous hot-pressing in the present investigation is explained. 

Chapter 4 deals with the influence of Co 2 + and Co3+ ions on the high
frequency properties, starting with a review of the literature on domain-wall 
stabilization. A report is given of magnetic measurements on chemically well
defined materials. Permeability and losses have been measured as functions of 
frequency and temperature. A domain-wall-stabilization mechanism is proposed, 
though some phenomena remain still unexplained. Magnetic properties are 
given of ferrites of different compositions for applications in a broad frequency 
range between 1 and 200 MHz. 

Chapter 5 deals with the influence of microstructure on the h.f. properties, 
mainly by grain size. The literature is reviewed and the results of magnetic 
measurements on Ni-Zn ferrites and Ni-Zn-Co ferrites with different composi
tions and microstructures are iiven. The chemical composition of grain 
boundaries in iron-deficient Ni-Zn-Co ferrites has been studied. An extended 
model for domain-wall stabilization is suggested. The importance of grain-size 
reduction for applications will be made evident. 
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2. MAGNETIC PROPERTIES OF SPINEL FERRITES 

2.1. Introduction 

The first condition for optimum high-frequency properties is high saturation 
magnetization. This is demonstrated by Snoek's relation which is given below 
and will be derived in sec. 2.6: 

4 
fres (Prot - 1) = 3 'V Ms (2.1) 

where Ires is the ferromagnetic resonance frequency, Prot is the rotational 
permeability, y is a constant, called the gyromagnetic ratio, and M8 is the 
saturation magnetization. Ires sets a limit to the frequency range in which the 
ferrite can be used. For a certain value of/res (or a certain maximum application 
frequency) the highest permeability is obtained for the material with the highest 
saturation magnetization. 

A second important property is the magnetic anisotropy. This quantity 
determines the values of Prot andfres: Prot increases in inverse proportion and 
/res proportionally to the anisotropy. The anisotropy primarily determines the 
maximum frequency where the ferrite can be used. 

Magnetic anisotropies may change by ordering of ions under the influence 
of a magnetic field. Such changes in the material in an a.c. field give rise to 
magnetic losses. 

Domain-wall displacements make an extra contribution to the permeability 
and losses. The density of domain walls in the material and their contribution 
to the magnetization processes are determined by a number of factors such as 
(I) the magnetic anisotropy, (2) the exchange interaction between the spins, 
and (3) the microstructure of the material. 

In sec. 2.2 we shall discuss chemical composition and crystal structure of 
spinel ferrite systems, and in sec. 2.3 their influence on the saturation magnetiza
tion and its temperature dependence. Magnetic anisotropies and their tempera
ture dependence in relation to chemical composition and thermomagnetic 
treatment are dealt with in sec. 2.4. In sec. 2.5 we shall discuss magnetic-domain 
structures, and in sec. 2.6 permeability and losses in high-frequency fields in 
relation to all the foregoing subjects. Most subjects are treated very briefly. For 
more details the reader is referred to some textbooks 2

-
1

•
2

) and review publica
tions 2-

3
•
4
). 

2.2. Chemical composition and crystal structure 

The general chemical formula of spinel is Me30 4 , where for ferrites most of 
the Me metal ions are Fe ions. The other Me ions are mostly ions of the 
transition elements such as Mn, Co, Ni, Cu, Zn, Ti, Cr, but can also be other 
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Fig. 2.1. Unit cell of the spinel structure. Only two octants are shown. Large circles are 
anions, small hatched circles are B-site cations, and small unhatched circles are A-site cations 
(ref. 2-3). 

ions such as Li, Mg, AI, etc. The valency of the ions can vary between 1 and 5. 
The average valency should of course be 8/3. 

The spinel structure which name originates from the mineral "spinel" 
(MgA1 20 4) has a cubic dense packing of oxygen ions (f.c.c.). The metal ions, 
which are smaller than the oxygen ions, occupy part of the interstices. There 
are two types of interstices: tetrahedral or A-interstices which are surrounded 
by 4 oxygen ions, and octahedral or B-interstices surrounded by 6 oxygen ions. 
The occupied interstices are called A-sites and B-sites. The unit cell contains 
32 oxygen ions, 8 A-sites and 16 B-sites. The chemical formula of a unit cell 
can be written as Me8 [Me16]032 where the ions on B-sites are given between 
the brackets. Usually the chemical composition is written as Me[Me 2]04 • It 
should be remarked that the total number of tetrahedral and octahedral inter
stices between the oxygen ions is 64 and 32, respectively. The non-occupied 
sites are interstitial cation sites. The unit cell of the spinel structure is shown in 
fig. 2.1. 

An important property of the spinel ferrites is the distribution of the Me 
ions over the A- and B-sites. If we consider the 2-3 spinels, i.e. spinel composi
tions which only contain divalent and trivalent Me ions, we can distinguish 
two extreme cases with regard to the distribution of these ions. The distribution 
is called normal if Me2 + ions occupy A-sites and Me 3 + ions B-sites. An example 
of a normal spinel is zinc ferrite which can be written as Zn2 + [Fei+J04 • 

In an inverse spinel, Me 2 + ions occupy B-sites and Me3+ ions are equally 
distributed between A- and B-sites. Nickel ferrite is an example of an inverse 
spinel and its ionic distribution can be written as Fe3+[Ni2+Fe3 +]04 • The 
distribution can also be intermediate between normal and inverse, e.g. manganese 
ferrite 2

-
5
), which distribution is given by Mn~.~Fe~.~ [Mn~.~Fe~.~] 0 4 • 
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The distribution is determined by a number of factors such as the radii of the 
cations involved, their electronic configurations, the electrostatic energy and the 
temperature. The distribution at room temperature need not be the situation 
of minimum free energy; a high-temperature distribution which is more random 
can be frozen in. The rate of cooling then plays an important role. 

2.3. Saturation magnetization and its temperatnre dependence 

The magnetic properties of materials originate from the magnetic moments 
of the individual atoms or ions. The magnetic moment of an atom or ion is 
associated with the angular momentum of the electrons. The orbital angular 
momentum of the electrons in the most important magnetic atoms and ions 
is much smaller than the spin angular momentum, so that the magnetic moment 
is mainly caused by the spin motion of the electrons. The size of the magnetic 
moment of an atom or ion is determined by the number of unpaired spins. The 
largest number of unpaired spins for elements of the first group of transition 
metals is 5. In that case, e.g. for Fe3 + and Mn2+ ions, the 3d shell is half-filled. 

In ferromagnetic materials, e.g. the metals Fe, Co, Ni, there is a strong 
exchange interaction between the magnetic moments of the atoms, which tends 
to align these moments parallel to each other. A perfect parallel orientation will 
only be obtained at 0 K. Towards higher temperatures the total magnetization 
per unit volume, M 8 , decreases due to the thermal agitation. Above a certain 
temperature, the Curie temperature Tc, M. is 0 and the material has become 
paramagnetic. A typical M. versus temperature curve for iron is shown in 
fig. 2.2, where Ms(T) is expressed in units of M. at 0 K, and Tin units of Tc. 

In most magnetic oxides the interaction between the magnetic metal ions is of 
a different nature. The interaction is mainly indirect (superexchange) and 
negative. Indirect means that the interaction occurs mainly via the interlying 
oxygen ions, and negative means that the spins tend to antiparallel orientation. 

0·2 

0o 0-2 0·4 0·6 0·8 1·0 
-T!Tc 

Fig. 2.2. Typical example of the temperature dependence of the saturation magnetization 
M, for a ferromagnetic metal (a-Fe). 
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The strength of the interaction between two metal ions Me 1 and Me2 does not 
only depend strongly on the distance between the ions but also on the angle 
Me cO-Me 2• As a result of the antiparallel orientation of the magnetic moments 
the total magnetization might be zero due to compensation of the spins. This 
case is known as antiferromagnetism. If the magnetic moments do not compen
sate each other, as in our spinel systems, there is a resultant magnetization. 
Neel has given it the name 'jerrimagnetism". 

In spinel ferrites only two superexchange interactions are of importance: they 
are the AB interaction and the BB interaction, where A and B refer to magnetic 
ions on A- and B-sites, respectively. According to Neel's theory it is assumed 
that the BB interaction is small relative to the AB interaction. A consequence 
of this is that the magnetic moments on the A-sites are oriented anti parallel to 
those of the B-sites. The resultant magnetization is the difference between the 
magnetizations of the two sub lattice magnetizations. 

The magnetization of inverse spinels of the type Fe 3 + [Me2+Fe3+]04 is 
mainly determined by the magnetic moment of the Me 2 + ion, because the 
magnetic moments of the Fe3 + ions cancel. The moment of Me2+ should 
therefore preferably be as high as possible. 

An aspect very important to practice is the possibility of increasing the 
magnetic moment by the substitution of non-magnetic zn2+ ions. These ions 
have a strong preference for the A-sites. The ionic distribution in case of sub
stitution of Zn2 + ions for part of the Me2+ ions in an inverse spinel is 

Zni+Fef~o [Mei~11 Fei!.,] 0 4 • 

Since the magnetic moment ofthe A-lattice is decreased and that of the B-lattice 
is increased or remains constant (the magnetic moment of the Me2 + ion is 
always smaller than or equal to that of the Fe3+ ion) the total magnetization 
should increase. One should expect a linear increase of the magnetization with 
the Zn content o. This is the case in a limited region of Zn contents. The dilution 
of the magnetic ions on the A-sublattice weakens the total AB interaction, so 
that the BB interaction becomes more and more important. The orientation 
of the magnetic moments becomes more complicated and the result is that the 
magnetization is less than one would expect. This is shown in fig. 2.3 where the 
saturation magnetization at 0 K for various Me-Zn ferrites is given as function 
of the Zn content. The curves deviate strongly when more than 50% of the 
Fe ions on the A-sites have been replaced by Zn ions. The magnetization is 
expressed in the number of Bohr magnetons per formula unit. One Bohr 
magneton is the magnetic moment of one electron spin. 

The temperature dependence of the magnetization of mixed zinc ferrites is 
comparable with that of ferromagnetic materials (see fig. 2.2). A consequence 
of the weaker AB exchange interaction, as a result of the Zn substitution, 
is the relatively larger influence of the thermal agitation. This explains why the 
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Fig. 2.3. Saturation magnetization nB in Bohr magnetons per formula unit of compositions 
Me2+1-aZnaFe204 (ref. 2-4). 

200 400 
-T(°C) 

Fig. 2.4. Saturation magnetization a vs temperature T for Ni-Zn ferrites with different 
Ni-Zn ratios (ref. 2-1). 

Curie temperature decreases with increasing Zn content. Magnetization versus 
temperature curves for different Ni-Zn ferrites are shown in fig. 2.4. The 
gain in magnetization at 0 K obtained by Zn substitution can be lost by a 
decreased Curie temperature. At room temperature the magnetization ofNi-Zn 
ferrites is maximum for an Ni-to-Zn ratio of about 0·65/0·35. 

2.4. Magnetic anisotropies 

2.4.1. Crystalline anisotropy and magnetostriction 

The preference of the magnetization for certain directions in the crystal can 
be expressed by a crystalline anisotropy energy. In a cubic crystal the expression 
for the anisotropy energy has by reason of symmetry the following form: 
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EA = K 1 (oci oc~ + oc~ oc~ + oc~ ocf) + K 2 oci oc~ oc~ + (2.2) 

where oc 1 , oc 2 and oc 3 are the direction cosines of the magnetization with respect 
to the crystalline axes. The preferred direction, i.e. the direction with the lowest 
anisotropy energy, is determined by the values of K 1 , K 2 , etc. If higher-order 
terms are neglected the [Ill] direction is preferred if K1 + t K 2 < 0 and at the 
same time K1 + ~ K 2 < 0. For K 1 > 0 and K1 + t K 2 > 0 [100] is the pre
ferred direction. In the remaining cases [110] is preferred. If the term with 
K 2 is also neglected we see that [111] is preferred for a negative anisotropy 
(K1 < 0) and [100] is preferred for a positive anisotropy (K1 > 0). 

Another way of describing the anisotropy is by means of an effective magnetic 
field in the direction where the anisotropy energy is minimum. The relation 
between this so-called anisotropy field H A and the anisotropy constants K 1 

and K 2 is given by 

and 

HA = 
2

K 1 if [100] is the preferred direction 
M. 

(2.3) 

HA = - 4 Kl/ ~ Kz if [111] is the preferred direction. (2.4) 
s 

An extra contribution to the magnetic anisotropy is given by the linear 
magnetostriction. The linear magnetostriction expresses the deformation of the 
crystal in dependence of the direction of the magnetization and is given by 

where 2100 and 2111 are magnetostriction constants. The magnetostriction 
gives a contribution to K1 which is of the order of c 2 2 , where cis the elastic 
constant. For most materials this contribution is negligible. If an external 
stress u is present, the extra anisotropy energy term is of the form 1 u 2. 

For the present investigation magnetostriction is of minor importance. We 
shall therefore restrict ourselves to the discussion of the magnetocrystalline 
anisotropy. It should be remarked that the origins of the crystal anisotropy and 
the magnetostriction are related. 

2.4.2. Origin of the magnetic anisotropy 

In cubic materials the anisotropy energy originates from the individual 
magnetic ions (in non-cubic materials dipolar interactions can also play a major 
role). The origin of the anisotropy of an ion on a certain lattice site is found 
in the spin-orbit interaction which is given by 

Eso = 2soLS (2.6) 
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where L and S are the angular momenta of the electron orbits and their spins 
respectively, and .A.50 is the spin-orbit parameter which depends on the ion 
concerned. Lis coupled to the lattice by way of the crystalline field. The coupling 
ofL to the lattice is for ions of the iron group much stronger than the coupling 
of L to S. In most cases L-values of ions in the crystal lattice are very small or 
zero (L is "quenched" by the crystal field). In these cases E50 and therefore 
the anisotropy energy is small, for example Fe3 + and Mn 2 + ions on A- and 
B-sites. However, in some cases L is not quenched and the anisotropy is con
sequently large, for example in the case of Co2+ on an octahedral site. The 
direction of minimum anisotropy energy is determined by the direction of L. 
For the Co2 + ion this is the direction of the trigonal crystal field that is present 
on the octahedral sites in the spinel structure. The direction of the trigonal 
crystal field is along one particular [111] direction. 

A more or less analogous case is the Fe2 + ion. The value of L and con
sequently the anisotropy energy ofthe Fe2+ ion vary in a complicated way with 
the composition of the ferrite 2

-
4
). The Fe3 + ions show small anisotropies. 

The contribution of Fe3 + ions on A-sites to the total anisotropy is positive, 
whereas that of Fe3 + ions on B-sites is negative but larger. The anisotropy 
of Mn 2+ is very small. 

The total anisotropy of the crystal is the sum of the contributions of the 
individual ions. This may lead to surprising results. For instance CoFe20 4 

shows a large positive anisotropy, i.e. a strongly preferred [100] direction, in 
spite of the fact that the individual Co2 + ions prefer a local trigonal [111 J axis. 
However, it should be realized that there are four different sorts of B-sites, 
each with a different direction of the trigonal axis. If the material is magnetized 
in a certain [Ill J direction only one of every four Co2 + ions has its minimum 
anisotropy energy. It is found that the [100] direction is the best compromise, 
i.e. the situation of the minimum total anisotropy energy. Most ferrites, such 
as Ni (-Zn) and Mn (-Zn) ferrites have a negative anisotropy, i.e. a [111] 
preferred direction. 

2.4.3. Induced anisotropy and magnetic relaxations (phenomenological descrip
tion) 

Induced anisotropy is an important phenomenon in relation to magnetic 
losses and in particular to domain-wall stabilization. Therefore we shall treat 
it in more detail, especially where Co2 + ions are involved. We shall present 
results of theories developed by SlonczewskF-6) and Neel2- 7). 

An induced anisotropy originates from certain ionic orderings in the crystal 
which are brought about under the influence of the direction of local magnetiza
tion. The ordering can result from annealing at a temperature below the Curie 
temperature. When a cubic single crystal is homogeneously magnetized by an 
external magnetic field during the annealing, the induced anisotropy energy, 
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superimposed on the other magnetic anisotropies, is given by 

ElA = - F ( ~i Pi + ~~ p~ + (X~ p~) + 

where ~ 1 , oc 2 , oc 3 are the direction cosines of the magnetization during annealing 
and P11 P2 , P3 are likewise during the measurement of the anisotropy energy. 
For a polycrystalline material the induced anisotropy has a uniaxial character 
and can be written as 

(2.8) 

where 0 is the angle between the direction of the magnetization during the 
measurement and that during the annealing treatment. The same expression 
is obtained for a single crystal if G = 2F. Only in this case is the induced anisot· 
ropy independent of the direction of the field during annealing compared to 
the crystal orientation. The ratio F/G depends on the local symmetry axis. 
IfF = 0 and G =f. 0 the induced anisotropy is in one of the [111 J directions. 
On the other hand, ifF =f. 0 and G = 0 the induced anisotropy is in one of the 
[100] directions. 

There are many possible mechanisms for an induced anisotropy. The most 
important mechanisms are the preferential location of atoms or orientation of 
atom pairs. We shall now consider the case of the preferential location of atoms. 

Preferential location of single atoms is caused by the fact that different 
sites have different energies with respect to the direction of the magnetization. 
The energy of a certain site i can mostly be described as 

ei = w ( cos2 oi - ~) (2.9) 

where 0; is the angle between the direction of the magnetic moment of the atom 
or ion and the local symmetry axis and w is the difference between maximum 
and minimum energies. The factor t is added to make the average energy over 
all angles 0. Consider a single crystal with n groups of sites, each group having 
a common symmetry axis. For example, in the case of octahedral sites in the 
spinel structure, n = 4 with four different [Ill J directions. Assume that there 
are N atoms per unit of volume which can be distributed over the available 
sites. The energy of an atom on site i is given by eq. (2.9) where i = 1, ... , n. 
In thermal equilibrium the N atoms will be distributed over the available sites 
according to a Boltzmann distribution 2

-
6

• 
7
). For the case that e; 4! kT the 

equilibrium concentration of atoms on site i is found by calculation to be given by 

(2.10) 
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It should be remarked that e1 (or w) is temperature-dependent. For the case that 
the thermal annealing is carried out at a temperature T' and the equilibrium 
distribution of this temperature is frozen in at a lower temperature T, the 
following expression for the induced anisotropy energy is obtained: 

ll 

EIA = L c? (T') e;(T). 
!=1 

From eqs (2.9), (2.10) and (2.11) and by using 

it follows that 

n 

I: e1 = 0, 
i= 1 

E1A = -N I w(T') w(T) (cos2 0~ - ~) (cos2 01 - ~). 
n kT' 1=1 3 3 

Now F and G of eq. (2.7) can be written as 

and 

F = fF _!!_ w(T) w(T') 
kT' 

G = 9G_!!_ w(T) w(T') 
kT' 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

where fF and g G are constants determined by geometrical factors such as the 
direction of the local symmetry axis (they contain the factor n). For the isotropic 
case (eq. (2.8)) we find that 

2 N 
Ku = - w(T) w(T'). 

15 kT' 
(2.15) 

The equations (2.11) to (2.15) were derived for a thermal equilibrium distribu
tion at temperature T'. The time needed to attain the equilibrium state may be 
very important for application. Transition of an atom from a certain site i to 
another site j, made possible by lattice vibrations, occurs with a certain activa-

Fig. 2.5. Schematic view of the energy of an atom as a function of its position in the crystal 
lattice. i and j are octahedral sites of which symmetry axes take a different position with 
respect to the local direction of the magnetization. 
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tion energy E - e1, where E is the maximum energy of the atom during its 
jump, as is shown in fig. 2.5. The jump frequency is 

(2.16) 

For a jump from then - 1 j-sites (.i .:P i) to the i-sites the same equation can be 
used with e1 replaced by ei. From the expressions for the jump frequencies one 
can calculate the rate of change of the concentration C1 as 

dC1 n o dt = - n _ 1 (C1 - C1) v0 exp (- E/kT). 

The change of C1 with time can be written as 

ci = c? [1 - exp (- t/t)]. 

From (2.17) and (2.18) a relaxation time follows: 

n- 1 1 
T = ----exp (E/kT) = To exp (EfkT). 

n v0 

(2.17) 

(2.18) 

(2.19) 

As a consequence of the time dependence of C1 the induced anisotropy is also 
time-dependent with the same relaxation time T. 

It should be remarked that the energy E may vary a little due to the presence 
of irregularities in the crystal lattice. Since the relaxation time varies exponen
tially with E these small variations may lead to a wide distribution of -r-values. 

Magnetic relaxations have been found in many materials and a number of 
mechanisms are known. The induced anisotropies are large when highly aniso
tropic ions are involved, e.g. Fe2+ or Co2 + in spinel ferrites. The relaxation 
times strongly depend on the transport mechanism. We shall now discuss the 
phenomena observed in Co-containing ferrites. 

2.4.4. Induced anisotropies and relaxations in Co-containing spinel ferrites 

Induced anisotropies can be determined by means of torque measurements. 
F and G (eq. (2.7)) have to be measured on single crystals, whereas polycrystalline 
materials only give information about Ku (eq. (2.8)). Single-crystal measure
ments are complicated because in most cases by far the largest contribution to 
the torque comes from the crystalline anisotropy. This contribution should be 
subtracted. From the time and temperature dependence of the torques conclu
sions can be drawn about relaxation time and activation energy. 

A number of investigators2
-

6
• 

8
'

19
) have reported on measurements on 

Fe2+ -Co 2 + ferrites with composition CoxFe3 _x04 H andx < 1. The parameter 
o, which indicates the degree of overoxidation of the ferrite, determines the 
concentration of cation vacancies, which are the predominant type of lattice 
defects (see sec. 4.3). Penoyer and Bickford2

-
9

) found that the G term increases 
proportionally with the Co2+ content, whereas the F term is proportional to 
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Fig. 2.6. Experimental values of the induced anisotropy constants F and G (eq. (2.7)) as a 
function of the Co2+ content x in the composition CoxFea-x04. Annealing was done at 375 K 
and measurements were made at room temperature (ref. 2-9). 

the square of the Co2+ content. Their results are shown in fig. 2.6. For small 
x-values G is much larger than F. The induced magnetic anisotropy is supposed 
to be the sum of two contributions2

-
6

• 
9

• 
13

). One contribution is delivered by 
a preferential location of individual Co2 + ions on the octahedral sites giving 
rise to an induced anisotropy in the [111 J direction. This anisotropy only 
contributes to the G term linearly with the Co2 + concentration. The second 
contribution is that of pairs of Co2+ ions oriented along [110] directions. This 
anisotropy is proportional to the square of the Co 2 + concentration and con
tributes both to F and G2- 1 3). The mechanism of the pair interaction is not 
clear. 

Besides torque measurements, time dependence of permeability ( disaccommo
dation) (see sec. 2.6.3.2) is a source of information on induced anisotropies. By 
analysis of disaccommodation spectra, Marais et al. 2- 1 8) found a third type of 
induced anisotropy which was thought to be caused by the presence of oriented 
pairs of a Co2 + ion and a cation vacancy. 

From the time dependence of the measured torques conclusions can be drawn 
about the kinetics of the induced anisotropies. The preferential orientation of 
the Co2+ ions in the Co 2 + -FeZ+ -ferrite system takes place by way of diffusion 
of cation vacancies. The relaxation time is inversely proportional to the cation
vacancy concentration2- 13 • 14 • 

15
). The activation energy for the diffusion 

process was found to be of the order of 1 eV in samples with a low Co2 + 

concentration. The activation energy increases for a larger Co2 + concentration 
up to 1·6 eV for CoFe20 4 without Fe2 + ions. The presence of FeZ+ ions seems 
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to play an essential role in the diffusion process. On the other hand, in well
reduced samples with a very low cation-vacancy concentration, the activation 
energy is still higher, 2 eV. In this case the transport of the Co2 + ion is believed 
to occur by way of another mechanism, e.g. interstitialcy diffusion 2-

15
). 

Up till now we have only discussed Fe2 +-Co ferrites. Data have also been 
published on Ni-Fe 2 + -Co ferrites 2

-
19

/
22

) and Ni-Co ferrites 2
-

23
• 

24
). The 

results are essentially the same. Ni-Fe2 + -Co ferrites are comparable with 
Fe2 + -Co ferrites in that cation vacancies can easily be formed by oxidation 
of Fe2 + ions. The relaxation time of the single-Co 2 + -ion process increases with 
decreasing vacancy concentration. It is found again that the Fe2 + concentration 
plays a role in the relaxation process 2

-
19

• 
20

). Kubota et al. 2-
19

) found that 
the activation energy increases from 1·0 eV in Fe2+ -containing ferrites to 1·7 eV 
in ferrites which do not contain any Fe2 + by oxidation but which do contain 
a large cation-vacancy concentration. It is assumed that in the diffusion of 
Co 2 + ions, or in general Me 2 + ions 2

-
25

), by way of cation vacancies, electron 
transport between Fe2 + and Fe3 + plays an important role in that it decreases 
the potential barrier. Perthel2

-
23

) found that an induced anisotropy could be 
obtained in Ni-Co ferrites in which both the cation-vacancy concentration 
and the Fe2 + concentration were very low. However, very long annealing times 
and high annealing temperatures were necessary to obtain the equilibrium 
situation. 

Some authors 2
-

21
• 

22
) have reported on pairs of a Co 2 + ion and a cation 

vacancy as a source of induced anisotropy. Michalk2
-

21
) derived an activation 

energy of 0·8 eV from magnetic-after-effect measurements, whereas Maxim 
et al. 2-

2 2
) measured 0·95 e V by means of torque measurements at low tempera

tures. 
Another interesting group of materials are ferrites containing both Co 2 + 

and Co 3 + ions 2
-

26129
). Co 3 + ions are present in ferrites with a deficiency of 

iron and sintered under sufficiently oxidizing circumstances. Mizushima and 
Hoshino 2

-
26

) investigated iron-deficient Ni-Co and Ni-Zn-Co ferrites. 
Magnetothermal treatment was carried out at room temperature and induced 
anisotropies were measured at liquid-oxygen temperature. The induced anisot
ropy was found to be proportional to the total Co content for low Co concen
trations. Only in the Ni-Co ferrites was this proportionality valid up to high 
Co concentrations. Activation energies varied between 0·25 and 0·40 eV. The 
value of the induced anisotropy depends on the degree of oxidation of the 
material. The results were explained by assuming that a preferential orientation 
of the Co2 + ions takes place by means of electron transfer between Co2 + and 
Co3 + ions. It is assumed that (1) the Co 3 + ion is in the non-magnetic low-spin 
state, and (2) the total free energy is lowered because the Co 3 + ions preferentially 
occupy those sites which are magnetically unfavourable to the Co2 + ions. 
Mizushima's model was confirmed by Iizuka and Iida2

-
27

• 
28

) who found the 
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same phenomena in iron-deficient Co and Ni-Co ferrites. However, they 
reported a very low activation energy of 0·08 eV. It should be noted that none 
of the authors reported on chemical analyses of the Co 3 + content. 

Marais et al. 2-
29

) measured the induced anisotropy as a function of tempera
ture between 77 K and room temperature for Co ferrite with an analyzed Co 3 +

to-Co2 + ratio of 0·009. The measurements revealed two mechanisms, each of 
which resulted in an induced anisotropy of about 3 . 104 erg/cm3

• The low
temperature mechanism is assumed to be an electron exchange between Co2 + 

and Co3+. 

2.5. Magnetic-domain structure 

In the absence of magnetic fields a ferromagnetic material will preferentially 
be magnetized along the direction of minimum anisotropy energy. If a magnetic 
field is present we have also to do with the magnetostatic energy which is given 
by 

(2.20) 

The origin of magnetic fields can be external or internal. External fields can be 
caused by an electric current through a nearby conductor. If there are no electric 
currents in the material the internal fields are caused by discontinuities in the 
magnetization vector M,. If at a certain surface the normal component of M. 
is discontinuous, free magnetic poles will appear at the surface, giving rise to 
an opposite internal field as follows from the condition div B = 0. 

If a magnetic body of finite size is homogeneously magnetized the free 
magnetic poles appear at the outer surface of the body except where the 
magnetization is parallel to the surface (see fig. 2.7a). The pole density is 
maximum where the magnetization is perpendicular to the surface. The internal 
magnetic field is opposed to the magnetization and therefore called demag-

ar --

HH 
b) 

Fig. 2.7. Homogeneously magnetized body (a) with magnetic poles, and the same body split 
up into magnetic domains (b) without magnetic poles. 
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netizing field. For a uniformly magnetized ellipsoid the strength of the demag
netizing field can be written as 

(2.21) 

where N is the demagnetizing factor determined by the shape of the ellipsoid. 
For a sphere Nx = NY = Nz !n:, and for an infinitely large flat plate Nx = 
Ny = 0 (directions in the plate), Nz = 4n: (direction perpendicular to the plate). 
The demagnetizing energy is given by 

1 2 
En= lN M. (2.22) 

The demagnetizing energy can be reduced by dividing the material into regions 
in which the saturation magnetization M. is in different directions. Figure 2.7a 
shows a body which is homogeneously magnetized and fig. 2.1b the same body, 
but now divided into regions where the magnetization is parallel to the surface. 
In the latter case the demagnetizing fields have completely disappeared. The 
total magnetization M and the demagnetizing energy En have been reduced to 
zero. The regions of homogeneous magnetization are called Weiss domains. 
The magnetization in these domains is in general along one of the directions of 
minimum anisotropy energy. The domains are separated by domain walls or 
Bloch walls. These walls have a certain thickness. In the wall the magnetic 
moments of the atoms gradually turn from one direction to the other. According 
to the total angle of rotation we distinguish 180 o walls, 90 o walls, 70·5 o walls 
(70· 5o being the angle between two [ 111] directions), etc. A domain wall 
represents a certain energy which should be added to the anisotropy energy 
of the domains and the magnetostatic energy. The energy of the domain wall 
is partly anisotropy energy (the spins in the domain walls are not oriented in 
the most favourable direction) and partly exchange energy (the spins are not 
oriented parallel). The anisotropy energy of the domain wall is proportional 
to the wall thickness, whereas the wall exchange energy is inversely proportional 
to the wall thickness. In the equilibrium situation the two energy contributions 
are equal and for the total wall energy per cm2 the following proportionality 
is found 2- 4): 

(2.23) 

where A is a constant for the exchange energy of a certain material. The wall 
thickness is given by 

(2.24) 

The most favourable division of the material in domains, i.e. the magnetic 
structure, is determined by the condition that the total of anisotropy energy 
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Fig. 2.8. Thooretical domain spacing L as a function of plate thickness D with parameter 
b Ew/4M,2• The domain configuration in the plate with uniaxial anisotropy in the c-direction 
is shown in the inset. The straight line has been drawn according to eq. (2.25) (ref. 2-4). 

in the domains, magnetostatic energy and domain-wall energy should be 
minimum. 

An important property is the average distance L between the domain walls. 
A simple example is that of a thin plate with a strong uniaxial anisotropy 
perpendicular to the plate. The spacing L between the domain walls (see 
fig. 2.8} is determined by the thickness D of the plate. There is a critical value 
of D below which no walls exist. For D-values much larger than this critical 
value, L is given by the Kittel approximation 

"' ( 2·5 DEw) 112 

L,.,. 2 • 
Ms 

(2.25) 

Domain-wall patterns become more complicated for materials with a cubic 
anisotropy and still more complicated for polycrystalline materials (see sec. 
5.3.4). 

2.6. Permeability and losses 

2.6.1. The origins of the permeability 

If a non-magnetized material is exposed to the influence of a magnetic field H 
it is magnetized, i.e. there arises a resultant magnetization M in the direction 
of H. The relation between M and H is expressed as 

M=xH 

where xis the magnetic susceptibility. 

(2.26) 
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The relation between the magnetic induction (expressed in gauss/em 3) and 
His given by 

B=J.lH 

where f.l is the magnetic permeability. 
From the relation ' 

it follows that 

B = H + 4nM 

f.l 1 
X= 41t' 

(2.27) 

(2.28) 

(2.29) 

It is customary in applications to use the permeability f.l rather than the 
susceptibility X· 

The magnetization process in a material under the influence of a magnetic 
field occurs in two ways: in the first place by rotation of the magnetization 
vectors M. in the domains and in the second by domain-wall displacement. The 
vectors M. will take some intermediate position between Hand the anisotropy 
field H A- The domain walls will be displaced in such a way that domains in 
which magnetostatic energy is low will grow at the expense of other domains 
with a higher magnetostatic energy. The permeability can consequently be split 
up in a rotational part and a domain-wall part: 

f.l = f.lrot + f.lw• (2.30) 

For small values of H the permeability is a constant independent of H. In 
that case both the rotations of M. and the wall displacements are reversible. 

If we consider a single domain with M. in the direction of H A and we apply 
a small field H perpendicular to H A the rotational susceptibility can be written 
as2-1) 

M. 
Xrot = HA • (2.31) 

From (2.29) and (2.31) it follows that 

f.lrot - 1 = 
4~~8• (2.32) 

For a polycrystalline cubic material with randomly oriented crystallites this 
reduces to 

,24nM. 
f.lrot - 1 = 3 HA • (2.33) 

In order to know the wall permeability some remarks should be made on the 
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wall energy. According to eq. (2.23) the wall energy does not depend on the 
position of the wall in the material. However, irregularities in the material, 
such as pores, grain boundaries, impurities, etc., affect the wall energy, so that 
an extra place-dependent energy term should be added to eq. (2.23). Another 
place-dependent term is caused by a non-uniform induced anisotropy which is 
obtained if the material is annealed in the non-magnetized state. In that case 
the direction of the induced anisotropy is determined by the direction of the 
magnetic moments in the domains and in the walls. 

In small a.c. fields the walls move reversibly in their energy minima. In large 
fields the walls leave their energy wells, which results in a steep increase of the 
permeability and a beginning of irreversible magnetization processes leading 
to hysteresis. The reversible-wall permeability depends on the depth of the 
energy minimum and on the total available wall surface area per unit of volume. 
For small displacements x of the wall from its position of minimum energy 
the extra wall energy can be written as 

(2.34) 

where a is a stiffness constant. If the depth of the energy minimum is uniform 
for the whole wall, i.e. a is constant, the following expression can be derived 2

-
2

) 

for the wall permeability of a polycrystalline material: 

8n M 2 

ftw-l=c 3aL (2.35) 

where L is the distance between the walls and c is a constant depending on the 
type of wall. For example, c = 2 for 180° walls and c = 1 for 90° walls. 

Neel2
-

7
) calculated wall-energy minima caused by induced anisotropies in the 

domains and in the walls. For the stiffness constant a he found the value 

4Ku 
a=--

3 d 
(2.36) 

for 180 o walls and half this value for 90 o walls; dis the wall thickness. For both 
types of walls we find the same permeability: 

_ 
1 

_ 4nM;d 
ftw - KL' 

u 
(2.37) 

If the stiffness constant a is determined by irregularities in the material the 
depth of the energy minimum need not be uniform for the whole wall. The wall 
can be locally pinned at pores, grain boundaries, etc. In that case magnetiza
tion takes place by means of bulging of the walls. The wall permeability is then 
determined by the distances between the pinning points, e.g. the grain size. 
When the wall is bulged under the influence of an external magnetic field an 
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opposing force is exerted as a result of the appearance of magnetic poles on the 
bulged wall and the increase of the wall surface. If the wall is pinned rigidly 
along certain closed lines one calculates2

-
1

) 

1M:D 
Pw ~ Kz L (2.38) 

where D is the distance between the pinning points. In this case the main 
opposing force is caused by magnetic poles. If, on the other hand, the wall is 
permitted to bulge in such a way that formation of poles is avoided (e.g. in the 
case of pinning of a 180° wall along two lines parallel to the directions of M. 
in the domains) one calculates2

-
1

• 
2

) 

1·4 M; D2 

Jlw= E L . 
w 

(2.39) 

The wall permeability varies considerably with the pinning conditions. p., 
according to eq. (2.39) is mostly much larger than p., according to eq. (2.38). 

2.6.2. Temperature dependence of the permeability 

The temperature dependence of the permeability is very important in applica
tions, for example because of detuning of filters by temperature changes. The 
temperature dependence of p is mainly determined by the temperature depend
ences of M. and K. Most quantities appearing in eqs (2.33) and (2.37) to (2.39) 
can be expressed in terms of M. and K. In general the permeabilities increase 
with some power of M. and decrease with some power of K. The temperature 
dependence of M. has been discussed in sec. 2.3 (see fig. 2.2). M. decreases with 
temperature, which should result in a lower permeability. However, in most 
cases we see a sharp increase in permeability which must be attributed to the 
stronger temperature dependence of the anisotropy. There are several reasons 
for this temperature dependence which we shall not discuss here (see refs 2-1, 
2, 4). 

In sec. 2.4 we stated that the anisotropy can be described as being the sum 
of the anisotropies of the individual magnetic ions. It has been found that not 
only the anisotropies of the different ions but also their temperature dependences 
may vary considerably. For instance the temperature dependence of the anisot
ropy of a Co2+ ion on a B-site is much stronger than that of an Fe3 + ion on a 
B-site, whereas the Fe2+ ion on a B-site shows a smaller temperature depend
ence than the Fe3+ ion. This has very interesting consequences for applications. 
Substituting small amounts of Co2 + ions or Fe2 + ions in ferrites with a negative 
anisotropy leads to a zero value of the anisotropy constant K 1 • This is illustrated 
in fig. 2.9 where, at temperature T0 , the negative-anisotropy constant K 1 is 
compensated by the positive anisotropy of Co 2 + ferrite or Fe2+ ferrite. Addi
tion of more Co2 + to the host ferrite leads to an increase of T0 , whereas addition 
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a) b) 

Fig. 2.9. Anisotropy constant K1 as a function of temperature for ferrites with additions of 
CoB+ ions (a) and FeB+ ions (b). The negative anisotropy constant of the host ferrite, e.g. Ni 
ferrite, is compensated at a certain temperature To by the positive contribution of the Co2+ 
ions and the Fe2+ ions, respectively (ref. 2-4). 

of more Fe2+ has the opposite effect. In the p. versus temperature curve this 
leads to a so-called secondary maximum at T 0 • The primary maximum is found 
at the Curie temperature Tc where all anisotropies are zero. Examples of p.--T 
curves are shown in chapters 4 and 5. It should be noted that only the anisotropy 
constant K 1 is compensated at T 0 • At that temperature the permeability still 
has a finite value because higher-order anisotropy terms are not compensated. 
Moreover, the stress anisotropy sets a limit to the permeability. 

2.6.3. Time and frequency dependence of the permeability and magnetic losses 

The permeability at a fixed temperature may vary with time as a result of a 
time-dependent induced anisotropy. The permeability may also vary with 
frequency if the anisotropy relaxation time is of the order of the period of the 
a. c. field. The permeability decreases with increasing frequency and at the same 
time part of the stored magnetic energy is dissipated in the material; i.e. magnetic 
losses appear. Other sources of a frequency-dependent permeability and 
magnetic losses are magnetic-resonance phenomena and eddy currents. 
Irreversible magnetization processes also give rise to losses. 

The losses can be described by writing the permeability as a complex quantity, 

1 • " f.l. =It - Jf.l. (2.40) 

where p.' and p.", respectively, describe the component of B which is in phase 
with the driving field H exp (jwt) with angular frequency w and the component 
which is 90 o out of phase. 

An important quantity is the loss factor or loss tangent 

p." 
tano = 

p.' 
(2.41) 
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which is the ratio of the dissipated energy per unit of time 1/m to the 
maximum stored magnetic energy per nnit volume2

-
30). 

We shall now discuss various loss mechanisms. 

2.6.3.1. Ferromagnetic resonance 

The applicability of every ferromagnetic material is limited by the appearance 
of ferromagnetic resonance (FMR). This is demonstrated by eq. (2.1) which 
gives the relation between the rotational permeability and the frequency of 
FMR. We shall now derive this relation. FMR originates from the properties 
of the spinning electron which has both a magnetic moment Me and an ~ngular 
momentum J which are related by 

e 
M =-J=yJ 

e me (2.42) 

where e and m are the electric charge and the mass of an electron, respectively, 
c is the velocity of light and y is the gyromagnetic ratio for the spin motion 
(the orbital motion y is only half as large). A magnetic field exerts a couple 
Me x H on the spin. This couple changes the angular momentum according 
to the equation of motion 

dJ 
dt =Me x H. (2.43) 

From (2.42) and (2.43) we find that 

].. dMe =M X H. 
1 dt " 

(2.44) 

This means that the M" vector describes a precession around H with an angular 
frequency 

m = y H. (2.45) 

In a ferromagnetic material the precession frequency of the spins will be 
determined by the local value of the magnetic field. If there is no external field 
and no demagnetizing field either, the precession frequency is determined by 
the anisotropy field: 

(2.46) 

In a polydomain material the precessions in the various domains are influenced 
by each other as a result of the appearance of demagnetizing fields at the domain 
walls. These demagnetizing fields are caused by the precessional motion. The 
result is that higher precession frequencies also occur with a maximum at 

(2.47) 
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It should be remarked that eq. (2.42).is not complete. There is always an 
extra damping term which causes the vector M. to move spirally back to the 
position parallel to the static field H. The precession can be excited by an 
a.c. field which has a component perpendicular to M. Resonance takes place 
if the frequency of the a.c. field is equal to the frequency of the precession. 
Since in a polydomain material an important part of the spins precedes with 
angular frequency y H A• the natural FMR frequency is defined as 

(2.48) 

By elimination of H A from eqs (2.33) and (2.48) we find the relation between 
Prot andfres to be as given in eq. (2.1). 

The damping of the precessional motion gives rise to magnetic losses. At 
the resonance frequency, p" shows a maximum. The curve of p" vs frequency 
is very asymmetrical. There is a large tail towards higher frequency as a result 
of the spread in resonance frequencies between w = y H A and w = y (H A + 
4n M,). The p' -frequency curve shows an increase just below Ires followed by a 
steady decrease in the resonance region. 

2.6.3.2. Anisotropy relaxation and disaccommodation of the per
meability 

In some materials at a certain temperature a relaxation manifests itself as a 
decrease of p' with increasing frequency, whereas J1 11 has a maximum near the 
relaxation frequency frei· For a polycrystalline material the rotational part of 
the susceptibility (X = (J1 - 1)/4n) can be written as 

1 1 3K., 1 

1 + jWT 
(2.49) --=---

Xrot Xrot( 00) 

where Xrot( oo) is the rotational susceptibility far above the relaxation frequency 
and Ku is the uniaxial induced anisotropy constant in each of the domains. The 
imaginary part of 1/Xrot shows a maximum at the frequency 

frel = 
1 

(2.50) 

where the relaxation time-cis the same as that given in eq. (2.19). 
The domain-wall susceptibility is given by the following expression (compare 

eq. (2.37)): 

1 1 K., L 1 

Xw = Xw( oo) - M; d l+ jW't'. 
(2.51) 

(1/xwY shows a maximum at the same frequency /rei as (1/xrcJ~. It should be 
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stressed that the frequencies of maximum x;ot and x; (or maximum p':.,1 and 
p;) are different, though the difference between the maxima of (l/x,0 J" and 
x;.,1 is small as long as K,./M? ~ 1, which in general is the case. 

A phenomenon which should be mentioned in connection with anisotropy 
relaxation is disaccommodation of the permeability. Disaccommodation is the 
decrease of the permeability as a result of a steady change of the induced 
anisotropy. It can be measured with an a.c. field if the period of this field is 
much smaller than the anisotropy relaxation time, i.e. if cor ~ I. Disaccom
modation does not contribute to the losses. The susceptibility as a function 
of time is given by the equations (2.49) and (2.51) with the factor 1/(1 + jror) 
replaced by exp (- tfr). 

It should be noted that besides direct measurements of the anisotropy, such 
as torque measurements, there are two other ways of measuring relaxation 
times and activation energies: (1) measurement of the maximum values of 
(1/ x)" and (2) measurement and analysis of disaccommodation curves. 

Rapid relaxation processes, e.g. those involving electron transport, can be 
investigated by means of (1/ x)'' measurements. The maximum relaxation time 
which can be measured is determined by the lowest measurement frequency, 
e.g. 100 Hz which corresponds to a relaxation time of 1·6. 10- 3 s. 

Several authors have reported on permeability-relaxation measurements on 
iron-deficient Ni-Zn-Co ferrites 2- 31135). They all found a relaxation phenom
enon with an activation energy roughly between 0·6 and 1·0 eV. At 1 kHz the 
relaxation is observed well above room temperature, e.g. at 100 to 150"C. 
Rosenberg and Velicescu2

-
34

) found a second relaxation at low temperature 
with an activation energy of 0·17 eV. They suggest the presence of different 
electron-transport mechanisms. The low-temperature process is attributed to 
electron transfer via Ni ions, whereas in the high-temperature process the electron 
transfer is thought to take place via Fe ions. The presence of two rather than 
one electron-transfer process in ferrites containing small amounts of Co2+ 
and Co 3 + ions could explain the large spread in activation energies as deter
mined by means of torque measurement by different investigators (see sec. 
2.4.4). The Co2+ -Co 3 + electron-diffusion process gives rise to disaccommoda
tion at low temperature (- 70"C2

-
33

• 
36

)). The activation energy (0·5 to 0·6 
e V) is somewhat lower than that derived from loss measurements at higher 
temperatures (0·8 to 1·0 eV) on the same samples2

-
32

). 

Disaccommodation spectra (disaccommodation as a function of temperature) 
of iron-excess ferrites show maxima at l50°C and 350°C2

-
37

). Neither of these 
maxima can be related to a Co 2 + -cation-vacancy-diffusion process, because 
both peaks still exist in ferrites without Co addition. The reason that the Co2+ 
cation-vacancy peak is not observed could be that the activation energy is too 
high. The activation energy can be as high as 1·7 eV (see sec. 2.4.4). 



-28-

2.6.3.3. Domain-wall losses 

Apart from their influence on the anisotropy relaxation (see eq. (2.51)) 
domain walls give rise to relaxation and resonance losses which follow from the 
equation of motion of the wall. If an a.c. field, H exp (jwt), is applied parallel 
to the direction of the magnetization M 8 in the domains the equation of motion 
for a 180° wall becomes 

m x + /1 x + a x = 2 Ms H exp (jw1:) (2.52) 

where m is the virtual mass of the wall which expresses the inertia of the wall which 
originates from the angular moments of the spin 2

-
1

• 
2

• 
38

). m is proportional 
to (ljy 2

) (K/A) 112 or inversely proportional to the wall thickness. fJ is a damping 
coefficient which is related to the damping of the precessional motion of the 
spins. fJ is also inversely proportional to the thickness of the wall. The stiffness 
constant a is related to the domain-wall permeability according to eq. (2.35). 
If a is very small (or the wall permeability ftw is very large) so that /1 2 ~ m a 
the domain-wall losses will have a relaxation character with a relaxation 
frequency wrei, w = af{J. If on the other hand /1 2 ~ m a the losses will be caused 
by resonance with a resonance frequency wres, w = (ajm) 112• 

In practice it has been found that an increased contribution of domain walls 
to the permeability (i.e. lower a-values) is unfavourable to the high-frequency 
properties as a result of the appearance of domain-wall losses. It is difficult to 
distinguish domain-wall losses from FMR losses in ferrites 2

-
39

). In the case 
of a high domain-wall permeability a very broad ft" maximum is observed 
with a large extension towards low frequencies. It has been found that the 
product of ft- I and the frequency of maximum ft" deviates more from Snoek's 
value (eq. (2.1)) according as the domain-wall permeability increases. We shall 
go further into this matter in sec. 4.2.4. 

2.6.3.4. Eddy-current and hysteresis losses 

When the skin depth2- 2) is great compared with the dimensions of the 
sample, one has the following expression for the loss factor 2

-
1

) caused by eddy 
currents: 

(2.53) 

where R is the radius of the cylinder-shaped sample and p is. the specific 
resistivity in Q em. The quantity tan iJe is independent of the amplitude of the 
magnetic field. 

Hysteresis losses are due to irreversible wall displacements. They are deter
mined by the wall-pinning and they increase with increasing amplitude of the 
a.c. field. 
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2. 7. Some conclusions and more details on the present investigation 

In this chapter a number of properties of Ni-Zn-Co ferrites have already 
been discussed. We have seen that the Ni-to-Zn ratio is important for the 
saturation magnetization and the Curie temperature. The presence of Co leads 
to a compensation of the anisotropy at a certain temperature which results in a 
secondary maximum in the p.-T curve. The presence of Co also leads to time
dependent induced anisotropies. The relaxation times are strongly related to the 
iron content. In iron-excess Ni-Zn-Co ferrites transport of Co2+ ions is 
possible by means of diffusion of cation vacancies. This process is very slow 
at room temperature and gives rise to disaccommodation of the permeability. 
In iron-deficient ferrites Co2+ ions are supposed to change place by exchange 
of electrons with Co 3 + ions. Electron processes are much faster and give rise 
to relaxation losses in different temperature regions. 

So far we have onl)' discussed the undesirable effects of time-dependent 
induced anisotropies, such as magnetic relaxation and disaccommodation. A 
useful effect of induced anisotropy, viz. domain-wall stabilization, will be 
treated in chapter 4. 

For reasons mentioned in sec. 1.5 we are specially interested in Ni-Zn-Co 
ferrites with a deficiency of iron, which show a rapid domain-wall stabilization 
at room temperature. It should be noted again that for these materials there is 
hardly any report in the literature on quantitative measurements of Co 3 + 

contents. One of the main objectives of this investigation has been to find 
quantitative relations between (1) the iron deficiency, (2) the concentration of 
Co3+ and cation vacancies, and (3) magnetic properties including relaxation 
times. 
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3. EXPERIMENTAL PROCEDURES 

3.1. Introduction 

An important aspect of the present work has been the application and 
development of special techniques for the preparation of materials with well
defined chemical compositions and special ceramic microstructures. The 
preparation of fine-grain materials was made possible thanks to the method of 
continuous hot-pressing. With this method high-density materials can be made 
at relatively low temperatures. The consequence of the low sintering temperatures 
was that high demands had to be made upon the chemical homogeneity of the 
starting powders. In view of this the powders were made by means of spray
drying of solutions rather than by applying conventional powder-preparation 
techniques. An additional advantage of the spray-drying technique is the good 
control of the chemical composition of the ferrite, especially the iron content, 
which was of great importance for the present investigation. 

In sec. 3.2 we shall give a description of both the conventional and the spray
drying method. The advantages and disadvantages of both powder-preparation 
methods will be discussed. Special attention will be paid to the importance of the 
chemical homogeneity in relation to the sintering or hot-pressing conditions. 
The method of continuous hot-pressing will be described in sec. 3.3. Section 3.4 
deals with the physical measurements and in sec. 3.5 a short description is 
given of the Fe2 + and excess- (or active-) oxygen analysis, respectively. 

3.2. Powder preparation*) 

The magnetic properties of a ceramic ferrite material are greatly determined 
by the properties of the ceramic powders used as starting material for sintering 
or hot-pressing. Important factors that determine the quality of the starting 
powders are (1) chemical factors such as composition, purity and homogeneity, 
and (2) geometrical factors, such as particle size, particle-size distribution and 
shape of the particles. Minor variations in chemical composition can promote a 
considerable change in the magnetic properties. A great part of the present 
investigation is devoted to this subject, in particular to the sensitivity of the 
high-frequency properties to the iron content (chapter 4). Moreover, the sintering 
properties are influenced by the iron content3- 3). A careful control of the iron 
content in ferrites is therefore necessary. Another chemical aspect is the presence 
of impurities, especially those giving rise to a liquid phase during sintering. A 
liquid phase can provoke discontinuous grain growth 3-

4
) and influence the 

electrical properties 3-
5
). The third chemical aspect is the presence of inhomo

geneities in the chemical composition, which arise as a result of incomplete 

*) An important part of this section has been published in refs 3-1 and 2. 
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reaction during powder preparation. The size and shape of the powder particles 
largely determine the sintering properties. The particle size determines the free 
surface which delivers the driving force for the sintering process. In general a 
particle size smaller than 1 J.lm is needed for ceramic powders. In most cases the 
particle shape must permit by normal compaction a green density of at least 
50% to attain densities of more than 95 % after sintering. The smaller the 
particles and the more irregular their shape the more difficult the desired green 
density can be attained. 

We shall now discuss and compare two methods of powder preparation. 
The first method to be discussed is the conventional method of a high

temperature solid-state reaction of a mixture of oxides to form a mixed oxide. 
This method was used in some cases in our investigation. The second method, 
which was the one mostly used, is the decomposition of sulphate mixtures made 
by spray-drying of sulphate solutions. 

The conventional method, which is most widely used in industrial practice, 
contains three operations, viz. mixing, prefiring and milling. 

During mixing the number of contacts between different particles is increased, 
which is favourable to the solid-state reaction. A very suitable apparatus for 
mixing submicron particles is a rotating ball mill. An important aspect in the 
mixing process is the disintegration of the powder agglomerates in the mill, 
promoted by addition of a liquid (wet ball-milling). 

The $Olid-state reaction takes place by counter-diffusion of cations through 
the oxygen lattices by way of the contact areas between the particles of the 
different oxides. In this chemical reaction diffusion of oxygen does not take 
place. The mechanism is known as Wagner diffusion mechanism3- 6). A com
plication with the formation of ferrites is the occurrence of a temporary oxygen 
loss with the formation of Fe2+ ions3- 7). Oxygen is given off in iron-excess 
regions, whereas oxygen is taken up in iron-deficient regions. The Fe2+ ions 
have only disappeared if the reaction is fully completed. 

Another complication with the high-temperature solid-state reaction is that 
it is accompanied by sintering. During sintering the free surface of the powder 
and thus the sintering reactivity decrease. In most cases the prefired powder 
must be milled again in order to reduce the particle size, i.e. to renew the sintering 
reactivity. However, control of purity, and in most cases iron content, becomes 
more difficult because of the introduction of material due to mill wear. Reaction 
temperature, time, and milling conditions should be chosen so as to obtain a 
good compromise between homogeneity, sintering reactivity and chemical 
composition. This compromise js largely determined by the sintering conditions. 
If sintering is carried out at a high temperature, chemical homogeneity of the 
powder is less important. If, on the other hand, the powder is intended to be 
sintered or hot-pressed at a relatively low temperature, the homogeneity is very 
important. At lower temperatures inhomogeneities get less chance to disappear 
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Fig. 3.1. Microphotograph of a polished sample of a ferrite hot-pressed at 1025°C starting 
from a conventionally prepared powder. The photo shows regularly distributed regions of 
hematite phase (white), wiistite phase (dark gray) and pores (black) (ref. 3-2). 

by diffusion. This is illustrated in fig. 3.1 which shows a microphotograph of a 
polished ferrite sample made by continuous hot-pressing at a relatively low 
temperature of 1025 oc starting from a conventionally prepared powder 3- 2). 

The sample clearly shows unreacted MeO phase (dark grey regions) and Fe 20 3 

phase (white regions) besides the spinel phase (bulk of the material). The same 
powder normally sintered at 1240°C did not contain any unreacted phase. In 
order to get the hot-pressed material homogeneous the starting powder should 
either be prefired at a higher temperature followed by intensive milling, or 
prefired and ball-milled several times in succession, which of course is dis
advantageous as regards sintering reactivity and control of purity and iron 
content. 

Most of the problems inherent in the conventional method have been solved 
by our use of the spray-drying method starting from sulphate solutions. An 
advantage of wet-chemical methods in general is that one starts with a state of 
mixture of the different components on an atomic scale. 

Several methods of co-precipitation or drying are known 3- 2) for the prepara
tion of solid powders from the solution. Co-precipitation or drying should be 
carried out so as to suppress segregation of the components. In spray-drying 
this is attained by atomizing the solution and rapid removal of the liquid. 
Figure 3.2 shows a diagram of the apparatus used*). The liquid is divided into 

*) Niro type Mobil Laboratory spray dryer manufactured by Niro, Copenhagen, Denmark. 
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Spray-drying 

Mixed sulphate 
solution in water 

IW~ 

Gas J 1 
burne'J 

Exhaust to 
otmosph-

Fig. 3.2. Schematic view of the laboratory spray dryer used for the preparation of mixed 
sulphate powders from an aqueous solution (ref. 3-1). 

droplets of about 10 to 20 ~m by a centrifugal disk atomizer. The droplets are 
dried by a current of air heated with natural gas. After evaporation, solid 
particles form in the shape of hollow spheres of approximately the same diam
eter as those of the original droplets. The dried mixed sulphates can be 
decomposed at between 800 and I 000 °C. Without milling, the ferrite powders 
obtained in this way have exactly the same composition ratios as those in the 
aqueous solution. The impurity level is kept very low by using clean, filtered 
air for spray-drying, and only impurities dissolved in the starting solution are 
in the final product. There is no problem of inhomogeneity. Only fully reacted 
powders are formed. Spray-dried powders continuously hot-pressed at low 
temperatures only show a pure spinel phase 3- 2). 

The sintering properties of spray-dried ferrite powders are better than those 
of the conventional powders, i.e. higher densities are obtained under comparable 
sintering conditions 3- 2). A problem with the spray-dried powder is that it 
consists of a voluminous network structure of intercon,nected particles as shown 
in fig. 3.3a. Such structures might give rise to problems in powder-pressing3- 1 • 2). 

Fortunately the network structure can easily be broken down to particles 
smaller than l ~m by treatment for a few minutes in a turbine mixer; the in
troduction of impurities can be regarded as negligible. For comparison the 
morphology of a conventionally prepared ferrite powder is shOWJ;l in fig. 3.3b. 

3.3. Continuous hot-pressing 

The size of the grains in a sintered ceramic body is determined by a number 
of factors, such as (1) the chemical composition and the morphology of the 
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a) 

b) 

Fig. 3.3. Electronmicrographs of ferrite powders made by spray-drying of sulphate solution 
(a) and made in the conventional way (b). 
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starting powder, (2) the green density of the powder compact, and (3) the sin
tering conditions. In our case the only practical way to vary the grain size is 
by means of the sintering conditions, i.e. sintering temperature, time and 
pressure. If only sintering temperature and time are varied it is f'ound that 
there is a more or less unique relationship between density and grain size3

-
8
). 

Therefore it is practically impossible to vary grain size by normal sintering 
without varying the density. The situation is particularly difficult when we 
approach very small grain size. For example a grain size smaller than 1 ~m, 
which is about the size of the starting-powder particles, can only be realized 
with tens of percents of porosity. 

The situation is quite different if one also uses an external mechanical 
pressure during sintering. The pressure delivers an extra driving force for the 
densification process so that ferrites can be sintered to high densities at relatively 
low temperatures. An important consequence of the low temperature is that 
grain growth is suppressed. For the preparation of dense and fine-grain ferrites 
we applied the continous-hot-pressing method which was developed in our 
laboratory3

-
9
). The principle will be briefly described here. Figure 3.4 gives a 

schematic view. The powder to be densified is placed in an alumina die D which 
is kept at the required constant temperature by means of the electric resistance 
heating of wire W. The temperature is measured at different heights in the die 
by means of a number of thermocouples placed in small holes bored radially 
into the die as far as 1 or 2 mm from the inner surface of the die. The powder P 
is present on the already hot-pressed material S, which can be considered as an 
extension of a lower punch L. A water-cooled upper punch U exerts a pressure 

Fig. 3.4. Schematic view of continuous hot-pressing (ref. 3-9). 
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on the powder that is compacted in the space between the upper punch, the 
hot-pressed ferrite material and the walls of the die. The applied pressure was 
always of the order of I 000 kg/em 2• The die is supported on all sides by ceramic 
blocks under pressure giving the die high strength at high temperature. The 
solid arrows indicate the directions of the external pressures. Consolidation 
takes place in a zone about 1 em high where the temperature reaches maximum 
(the hot-pressing temperature). The lower punch and the hot-pressed ferrite 
rod are lowered in order to let the powder pass the hot zone with a stick-slip 
mechanism. The open arrows indicate the direction of displacement. The velocity 
can be varied between 2 and l 00 cm/h depending on the inner diameter of the 
die and the process variables. From time to time the upper punch is lifted to 
supply the powder batch-wise into the die. In this way a rod can be hot-pressed 
continuously. Ferrites have been hot-pressed to densities of 99·7% and an 
average grain size of 0·5 J!m 3-

10
). 

3.4. Physical measurements 

3.4.1. Ceramic properties 

The density of the sintered and hot-pressed samples was measured by sub
sequently weighing them in air and immersed in a liquid. The volume of the 
samples follows from the weight difference and the density of the liquid. As 
long as the pores are isolated from the outer surface (closed porosity) the 
immersion can be done in water. In the case of an open porosity a liquid is 
used which does not penetrate into the pores; we used mercury. 

The microstructure of the sintered samples was studied by microscopic 
observation of polished and etched samples. Polishing was done with diamond 
powders of various particle size. Etching was carried out by heating the polished 
samples at a temperature 50 to I 00 oc lower than the sintering temperature 
(thermal etching). For determining the average grain size, a straight line was 
drawn randomly on a photograph of a polished and etched cross-section of the 
sample, and the average distance between the points of intersection of this line 
with the grain boundaries was multiplied with a factor of 1· 5 3- 11 • 

12
). The value 

obtained in this way is a good approximation for the average grain size as long 
as the spread in particle size is small. The microstructure of materials with 
submicron grain size was studied from transmission electron micrographs taken 
from fracture surfaces by means of a replica technique. 

3.4.2. Electrical and magnetic properties 

The d.c. electrical resistivity was measured by means of a four-contact 
compensation method. An electric current is passed through the ferrite sample 
by applying a voltage between the two outermost contacts. The current is 
measured. The voltage drop over the two innermost contacts is measured 
currentless by means of a counter EMF (compensation), so that the resistance 
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of the contacts does not influence the measurement. The resistivity follows from 
the values of the electric current, the counter EMF, the positioning of the 
contacts and the geometry of the sample. 

Permeability versus temperature was measured continuously at 30 kHz on 
samples of toroidal shape. A magnetic measurement field is created by passing 
an electric a.c. current through a single primary winding around the toroid. 
This primary winding consists of a rod-shaped inner conductor meeting at one 
end a cylinder-shaped outer conductor. The a.c. voltage is applied at the other 
end. The induction is measured by means of a secondary winding containing 5 
to 10 turns, the number of turns depending on the volume of the sample and 
the value of the permeability. The voltage in the secondary winding gives a 
measure of the absolute value of the permeability, l.ul· The temperature is varied 
continuously from 77 K to the Curie point of the material during several hours. 
The ,u-T curves are recorded continuously. 

The measurement of ,u' and p." 2
- 13 • 

14
• 

15
) depends on the frequency range. 

Bridge methods can be used at frequencies up to about 50 MHz. In principle 
the complex impedance is measured of a coil containing the ferrite as a core 
material. The ideal shape of the core is a toroid because demagnetizing fields 
are avoided. The bridge measurement is based on the principle that the complex 
impedance Z of the coil and core can be replaced by a loss-free coil with 
inductance Land a resistance R in series: 

Z = R + jroL. (3.1) 

If the coil without core has a resistance Rc one has the following relations: 

R R R 2 0 " 
- c 1 =ron ,u (3.2) 

and 

(3.3) 

where n is the number of turns of the coil, 0 the cross-section of the core and 
l the length of the toroid (the average of outer and inner diameters). 

An example of a bridge with which R and L (i.e. ,u' and p.") can be measured 
is the Maxwell bridge which is shown in fig. 3.5. The conditions of balance are 

Rz R=R1 -
R4 

and (3.4) 

The main problem with the measurement is that at low frequencies the resistance 
of the copper wire Rc can be much greater than the value of R1 given by eq. 
(3.2). In the second place the coil has a certain stray capacitance which causes 
deviations in the measurements at high frequencies, especially for high values 
of £3-14). 
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-

Fig. 3.5. Scheme of a Maxwell bridge for complex-permeability measurements (ref. 3-13). 

Two bridges were used: (l) a Siemens bridge Type Rel3R ll4e,f for measure
ments between 0·2 and 50 kHz, and (2) a General Radio bridge Type 1606-A 
for measurements between 400 kHz and 50 MHz. The Siemens bridge is a 
modified Maxwell bridge, and the General Radio bridge is a modified Schering 
bridge 3~15). 

to 

Fig. 3.6. Scheme of a coaxial resonator system for complex-permeability measurements; 
(a) empty line, (b) line with magnetic toroid, (c) line with copper toroid. The lower curves 
represent the output power Pas a function of the length I of the inner conductor. 
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This type of so-called lumped-circuit-bridge measurements becomes less 
suitable at very high frequencies where the stray capacitance and the self
inductance of the leads begin to play a role and give rise to great inaccuracies. 
At frequencies higher than 50 MHz one uses coaxial resonators to measure 
permeability and loss tangent of the materiaP-14

). In principle the coaxial 
system consists of two coaxial conductors which are short-circuited at one end 
(see fig. 3.6). The system can be brought into resonance by means of an oscillator 
0 which delivers a signal of a certain constant frequency. For resonance the 
length I of the inner conductor should be a quarter of the wavelength of the 
electromagnetic wave (l /0 ). (Other resonance conditions are l = 3, 5, 7, ... , 
etc., times a quarter of a wavelength.) The electric fields of the standing wave 
are described by radial lines of force which terminate on the conducting surfaces. 
The electric field is maximum at the open top of the resonator and zero at the 
short-circuited bottom. The magnetic fields, on the other hand, are described 
by tangential lines of force concentric around the inner conductor. The magnetic 
field is maximum at the bottom and zero at the top. A measure of the quality 
of the coaxial resonance system is obtained by changing the length l of the inner 
conductor and determining the distance A/0 between the half-power values of 
the output power P. The output power is measured by means of a second 
coupling loop which is connected to a detector. 

Magnetic properties of a ferrite sample are determined as follows. A toroid 
is placed at the bottom of the line concentric with the conductors. In this 
position the magnetic field is maximum and its direction coincides with the 
toroidal body. Now the resonance structure of the coaxial line is disturbed. 
Resonance can be restored by changing the length of the inner conductor (I 
should be decreased). The change in length dl F is a measure of the permeability 
of the ferrite material. Likewise the change in quality of the line (AIF - A/0) 

is a measure of the loss tangent of the ferrite material. 
The measurements can be simplified by determining a third resonance 

condition, viz. with a copper ring. The field inside the copper material at these 
high frequencies is zero, because of the skin effect, so that the copper material 
can be described as having a zero permeability. To restore the resonance of the 
line, after placing the copper toroid, I should be increased. If the dimensions 
of the copper toroid and the ferrite toroid are the same the following expressions 
for p: and p," are obtained: 

dlp 
p,' - 1 = - die ' 

(3.5) 
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For the lowest frequencies (30-70 MHz) we used a modified system where 
the inner and outer conductors are coupled at the top by means of a lumped 
variable capacitor3

-
14

). The practical advantage of such a system is that the 
length of the resonator can be decreased considerably. 

3.5. Chemical analysis of the Fe2 + or active-oxygen content 

The concentration of Co 3 + of the ferrite samples plays an essential role in the 
present investigation. This concentration can in principle be analysed by 
dissolving the ferrite in an Fe2 +-containing aqueous solution and titrating the 
Fe2 + concentration after dissolution 3-

16
). Part of the Fe2 + ions will be oxidized 

by the Co 3 + ions from the ferrite. The amount of oxidized Fe2 + corresponds 
to the amount of Co3 + in the ferrite and is expressed in an amount of "active" 
oxygen of the ferrite. Active oxygen not only originates from Co 3 +, but also 
from Mn3 +, Ni 3 +, etc. 

The analysis will now briefly be described. The ferrite sample (about 500 mg) 
is placed in a glass tube together with about 10 ml of a solution containing 
0·01 mol Fe 2 + and 6 mol HCl per 1. Before and during this operation the glass 
tube, the ferrite sample and the Fe 2 + solution are kept free of oxygen by leading 
very pure argon gas through the tube, over the sample and the Fe2 + solution. 
The glass tube is sealed by melting and subsequently heated at 150°C so that 
the ferrite material dissolves. Then the amount of Fe2 + is determined by 
titration with a 0·01-N Ce4 + solution in an inert atmosphere. If the ferrite 
sample contains Fe2 + one finds an increase in the Fe2 + content compared to 
the original Fe2 + content of the solution. In the case of Co 3 +, Mn 3 + or Ni3+ 
the Fe2 + content will decrease. 
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4. IDGH-FREQUENCY PROPERTIES IN RELATION TO THE 
CHEMICAL COMPOSITION 

4.1. Introduction 

In chapter 2 the permeability has been described as being composed of a 
rotational part and a domain-wall part. The rotational part is determined by 
the values of the crystalline anisotropy and the saturation magnetization (see 
formula (2.33)) which in Ni-Zn ferrites both depend primarily on the atomic 
Ni-to-Zn ratio. 

The contribution of domain-wall movements to the initial permeability can 
vary considerably. Domain walls can be stabilized (pinned) so that their con
tribution is relatively small. In that case not only is the permeability low but 
high-frequency losses connected with domain-wall movements are also sub
stantially reduced. Domain-wall stabilization can be brought about by induced 
anisotropies which have been discussed in sec. 2.4. In this connection it will 
be clear that Co2 + ions as well as Fe2 + ions and their mobility play an important 
role. For reasons described in sec. 1.3 (high-conductivity) Fe2 + ions are not 
attractive for use in high-frequency ferrites. Therefore we shall confine our
selves to the role of Co2+ ions. The mobility of the Co 2 + ion is determined by 
the concentration of those effects by means of which transport of Co2+ ions 
can take place. These defects are most likely cation vacancies and Co3+ ions. 
The concentration of defects in ferrites is strongly related to the iron content 
(excess or deficiency) and the oxygen content (cation-to-anion ratio). 

Summarizing, we may say that the following chemical factors are important 
for the high-frequency properties: (1) the presence of Co2+ ions, (2) the defect 
structure (excess or deficiency of iron, oxygen content} and (3) the Ni-to-Zn 
ratio. 

In sec. 4.2 a review of the literature on domain-wall stabilization and related 
magnetic properties will be given. In sec. 4.3 we shall report on our investigation 
on high-frequency properties of Ni-Zn-Co ferrites in relation to the excess 
and the deficiency of iron. Part of this work has already been described in 
refs 4-26 and 4-34. The influence of the Ni-to~Zn ratio has been studied in 
sec. 4.4. Properties of iron-deficient Ni-Zn-Co ferrites are compared with those 
of Ni-Zn ferrites without Co. Section 4.5 deals with low-frequency measure
ments on iron-deficient Ni-Zn-Co ferrites at higher temperatures. From these 
measurements conclusions can be drawn about the mechanism of the Co2 +

Co3 + relaxation. The results contained in this section have also been described 
in refs 4-34 and 4-35. 
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4.2. Domain*wall stabilization and magnetic properties - A review of the 
literatnre 

4.2. L Domain-wall stabilization as a result of induced anisotropies 

Domain-wall stabilization or pinning of the wall at a certain position means 
that there is a minimum of the wall energy at that position. Such an energy 
minimum can be brought about by the creation of locally induced uniaxial 
anisotropies within the domains and in the domain walls. The situation is 
analogous to that of a saturated material as described in sec. 2.4.3, but in this 
case the direction of the induced anisotropy varies according to the direction 
of the local magnetization as given by the pattern of domains and domain walls. 

Calculations of wall-energy reduction as a result of induced anisotropies 
have been done by Neel4-1

) and Broese van Groenou4
-

2
• 3). Their results are 

shown in fig. 4.1 where the extra wall energy of a domain wall is given as a 
function of the displacement from the equilibrium position. The domain-wall 
energy is expressed in units of Ku d, where Ku is the uniaxial anisotropy in the 
domains and dis the wall thickness. The calculations were made for a tempera
ture which equals the annealing temperature (annealing is necessary for the 
creation of the induced anisotropies, e.g. by means of diffusion of Co2+ ions 
leading to local ordering). The situation changes with temperature, mainly 
because the wall thickness is temperature-dependent. A 180 o wall is distinguished 
from other walls by the fact that the uniaxial anisotropies in the neighbouring 
domains are in the same direction, so that for displacements from the energy 
minimum larger than d there is no force pulling the wall back to its minimum: 
oE~fox 0. For non-180° walls any wall displacement from the energy 
minimum will increase the energy so that there will always be a force in the 
direction of the equilibrium position x = 0. 

The presence of wall-energy minima has important consequences for the 
magnetic properties, such as the shape of the hysteresis loop and the initial 
permeability. Temperature and time dependence of these properties are deter-

-3 1 
__...,.X/d 

3 

Fig. 4.1. Contribution to the wall energy E~ by induced anisotropies Ku in the walls and in 
the domains as a function of the wall displacement x for a 180" wall and a 90° wall (ref. 4-3). 
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mined by the mechanism of the creation of the induced uniaxial anisotropy. 
Properties which will be discussed in relation to stabilized domain walls are: 

the hysteresis loop (sec. 4.2.2), the initial permeability (sec. 4.2.3) and the high
frequency losses (sec. 4.2.4). 

4.2.2. Hysteresis loop of ferrites with stabilized domain walls 

A magnetic field H applied in the direction of the magnetization M. of a 
domain exerts a pressure 2M. H on a 180° wall in which the magnetization 
turns in the opposite direction. The pressure on the wall as a result ofthe induced 
anisotropy is oE~fox. The maximum value of oE~fox for a 180° wall is 2K". 
As long as the field His smaller than Kul M,, the wall will not leave the energy 
minimum. When we apply an a.c. magnetic field with an amplitude smaller 
than Kuf M. the wall will move reversibly in its energy well. In that case the 
permeability is the sum of reversible Bloch-wall movements and reversible 
rotations in the domains. There is no hysteresis. When H becomes larger than 
KJ M. the 180 o walls leave their energy minima and they are no longer stabilized. 
This leads to a sudden increase of the wall permeability. When the amplitude 
of the a. c. field is not much larger than KJ M. the walls fall back into their 
energy wells with decreasing field. The result is a hysteresis loop with a typical 

Hmax Bmax 
(Oe) (Gauss) 

5·2 

6•0 127 

6·8 375 

8•3 660 

12•1 1000 

19·1 1230 

Fig. 4.2. Hysteresis loop for an iron-excess cobalt-doped magnesium ferrite with stabilized 
domain walls. Below a certain critical value of the maximum field strength Hmax the loop is 
closed, and above the critical value the loops are open but constricted (ref. 44). 
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constriction. The constriction decreases with increasing amplitude of the a.c. 
magnetic field. Figure 4.24-4

) shows B-H curves of a cobalt-doped magnesium
iron ferrite for different values of the amplitude H max· An increasing H max 

results in a larger displacement of the wall from its position of minimum 
energy. Consequently, the chance that a wall returns to its original well decreases 
with increasing Hmax- It is possible to partially restore the coupling between the 
domain-wall system and the energy wells by gradually decreasing the am
plitude4-5). 

Several authors4
-

4
'

17
) have reported on constricted hysteresis loops in iron

excess cobalt-doped ferrites where ordering of Co 2 + ions takes place by 
diffusion via cation vacancies. The ordering is obtained by a thermal treatment 
at a temperature which makes the cation vacancies mobile, e.g. 100 to 200 °C. 
It has been found4-s, 15

' 17) that the constriction of the hysteresis loop dis
appears if the material is cooled to below the temperature at which the anisot
ropy constant K 1 changes its sign (this temperature corresponds to the temper
ature of the secondary maximum in the p-T curve, see sec. 2.6.2). Such a 
change in anisotropy implies a change of the domain-wall pattern. The newly 
formed domain walls are no longer stabilized. 

Sixtus4- 18) has reported on constricted hysteresis loops in iron-deficient 
Ni-Zn-Co ferrites at temperatures as low as - 41 °C. The author assumes 
that the stabilization is associated with a cation-vacancy diffusion. In our 
opinion it is associated with au electron exchange between Co2 + and Co 3 +. 

4.2.3. Initial permeability of ferrites with stabilized domain walls 

In sec. 4.2.2 it was ::.aid that below a certain value of the a.c. magnetic field 
a domain wall moves reversibly in its energy well so that there is no hysteresis. 
It is found that under these conditions the initial permeability hardly depends 
on the magnetic field, in other words, below a critical field there is a linear 
relationship between the magnetic field and the induction. In the general case 
in which the domain walls are not stabilized by an induced anisotropy, the 
depths of the wall minima show a large spread. In that case a linear so-called 
Rayleigh relationship is found between the initial permeability and the magnetic 
field, which is explained by the fact that the number of walls pulled out of their 
energy wells increases quadratically with the field4-19

). If, on the other hand, 
extra energy minima are present as a result of induced anisotropies then the 
permeability remains constant up to a certain critical field. For this reason 
ferrites with stabilized domain walls are often referred to in the literature as 
"Perminvar" ferrites4- 19). 

For high-frequency applications we are interested in the initial permeability, 
in other words, in that region where all magnetization processes are reversible: 
the perminvar region. A problem one faces in applications is the change in 
permeability after the material has been exposed to a disturbing magnetic 
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field or mechanical shock*). When the field or shock is strong enough to remove 
the walls from their wells the walls may be permanently displaced. In the new 
position the walls can move freely and the permeability will be higher4

- 15). 

This point will be discussed further in sec. 4.2.4. 

4.2.4. High-frequency losses in ferrites with stabilized domain walls 

Domain-waH stabilization has a great influence on the high-frequency 
spectrum of the permeability. Besides a lowering of J..t' independent of the 
frequency, a lowering of ;l' is found in a frequency range just below the ferro
magnetic-resonance frequency4- 14• 

15 
• 2012 5). Domain-wall stabilization is 

favourable to the high-frequency properties, which means that tan ( 8)/ p**) or 
p."/(p.') 2 is lowered4-21

• 
22

• 
23

• 
25

). Apparently the lowering of p' is more than 
compensated by a lowering of p."fp.'. The high-frequency properties are im
proved because the permeability has got a more rotational character by the 
domain-wall pinning. In other words, in perminvar-type materials the domain
wall permeability is much more reduced than the rotational permeability. 

If the domain walls are permanently displaced by a disturbing field or 
mechanical shock, both the permeability and the losses are increased. This is 
shown in the figures 4.3 and 4.4 published by Mizushima4

-
15

). p.' and p." have 
been plotted as a function of frequency for a number of iron-excess nickel-zinc 
ferrites with different cobalt content (given by the x-parameter). Figure 4.3 
shows the result after annealing at 280°C, i.e. in the stabilized state: permea
bilities are low and losses remain low up to high frequencies. Figure 4.4 gives 
the results after the materials have been exposed to a strong magnetic field and 
demagnetized in an a.c. field afterwards. Both p.' and p." have increased. The 
p.11 curves show two maxima. The low-frequency maximum is ascribed4

-
15

) 

to resonance of walls which are permanently displaced from the stabilized 
positions. Renewed annealing is necessary to restore the good h.f. properties. 

Low losses have also been found in iron-deficient Ni-Zn-Co ferrites 4
-

18
• 

22
• 

26
). Various suggestions have been made to account for the mechanism 

of the domain-wall stabilization in these materials, such as ordering of Co3 + 

ions via cation vacancies4
- 18), some short-range ordering without cation 

vacancies4-
22

), and ordering of Co2 + ions via exchange of electrons with 
Co3+ ions4- 26

). The process of domain-wall stabilization is much quicker 
than that in the case of iron-excess ferrites 4

-
26

). Results of ref. 4-26 form part 
of the present work and will be described in this chapter. 

*) Mechanical shock causes deformation which gives rise to changes in the magnetization. 
In fact this is a reversed magnetostriction effect. 

**)The factor tan(o)/p, is a good measure of the quality of the material for the following 
reason. In a magnetic-circuit design with a given permeability one can use core materials 
with widely different values of ft. The permeability can be adjusted with an air gap. The 
factor tan(OJ/tt remains constant irrespective of the width of the air gap. 



30 
20 

0 X·OOt 
X X=002 
<~ X•003 

2 

-47-

100 f 

50 

30 " 
20J.L 

10 r 
50 

30 
2.0 

1·0 

06 

03 
02 

01 

Fig. 4.3. Magnetic spectra of iron-excess ferrites with composition 
Nio-4hrZno·25Co.,Mno.osFe2·2404+y· The domain walls have been stabilized by annealing at 
280°C (ref. 4-15). 
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Fig. 4.4. The same as fig. 4.3 but now after the materials have been exposed to a strong 
magnetic field and demagnetized in an a.c. field afterwards. The domain walls are, at least 
partially, no longer stabilized (ref. 4-15). 

4.3. The influence of iron excess and iron deficiency on tbe bigb-frequency 
properties 

4.3.1. Introduction 

The aim of the work described in sec. 4.3 was to investigate (1) the presence 
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of cation vacancies and Co3 + ions in relation to iron excess and iron deficiency, 
and (2) the influence of these chemical parameters on the high-frequency 
properties. 

It is useful to introduce the following symbols related to the chemical com
position: 

(4.1) 

and 
(4.2) 

where n is the number of atoms in question, e.g. per molecular formula unit. 
We shall now consider three cases: g = t, g < ! and g > t, respectively (see 
table 4-1). 

If g = 1 the composition is stoichiometric, the value 1 being characteristic 
of the spinel structure. Because of the charge neutrality Fe2 + ions are present 
for this g-value ifjis larger than 2 (iron excess), whereas Co3 + ions are present 
if g is smaller than 2 (iron deficiency). The numbers of Fe2+ or Co3 + per 
molecular formula unit for the stoichiometric composition are functions off 

TABLE4-I 

For various combinations off- andg-values (see eqs (4.1) and (4.2)) the numbers 
of Fe2 + ions (np.,H) or CoH ions (neoJ+) per molecular formula unit and the 
predominant lattice defects in Ni-Zn-Co ferrites. Lattice defects considered 
are cation vacancies CVc), interstitial cations (CJ and oxygen vacancies (V0 ). 

No lattice defect is predominant in the stoichiometric composition. The 
simultaneous presence of Co3+ and Fe2+ has been excluded 

3 3 3 
g=4 g<-

4 
g>-

4 

(stoichiometric) (0 excess) (0 deficiency) 

!>2 St f- 2 
npe2+ = f + 1 npe2 + < n~el + npe2+ > n~e2+ 

(Fe excess) - Vc C1 orV0 

f<2 
st 2- J 

neo3+=f+l nco3 + > n~o3 + neo3+ < n~o3+ 

(Fe deficiency) - Vc C; or V0 
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and given in table 4-1. One could also think of NiH ions instead ofCo 3 + ions. 
However, it is to be expected that the Ni 3 + concentration is small compared 
with the Co3 + concentration because of the ionization potential for Ni2+ -+ 

Ni 3 + being higher than for Co2 + -+ Co 3 +. If a composition is stoichiometric 
this does not imply that there are no lattice defects. For instance if cation vacan
cies and anion vacancies are present in the ratio i (Schottky defects) the 
composition remains stoichiometric. However, no lattice defect is predomi
nantly present. 

If g is smaller than i (oxygen excess or cation deficiency) cation vacancies 
appear as the predominant type of lattice defect4

-
27

). At the same time the 
Fe2+ concentration must decrease or the Co3+ concentration increase because 
of the condition of charge neutrality. 

For g larger than ! (oxygen deficiency or cation excess) the situation is less 
clear. Hohmann et al. 4 -

28
) assume that the oxygen sub-lattice is relatively 

undisturbed and that interstitial cations (C1) are more likely to occur than 
anion vacancies (V 0 ). However, interstitial cations are energetically much less 
favourable than cation vacancies so that the concentration of the former is 
always very low. In other words, the extension of the spinel region is much 
smaller for g > ! than for g < !. 

The factor/primarily determines whether Co 3 + ions <f < 2) or Fe2+ ions 
(f > 2) are present. The amount of cation vacancies for a given f-value is 
determined by the sintering conditions, such as temperature, oxygen pressure, 
cooling rate, etc. 

In our experiments the /-factor was varied from values smaller than 2 (iron 
deficiency) to values larger than 2 (iron excess). Three series of experiments, A, 
B and C, will be described. In the series A the iron content was varied in 
relatively large steps. The samples were made by means of the conventional 
ball-milling and prefiring techniques. The results of these experiments have 
been published in ref. 4-26. In the second series of experiments, B, the iron 
content was varied on a very fine scale by means of a ball-milling technique 
in which advantage was taken of the increase of the iron content during milling. 
The aim was to investigate the properties very close to the transition iron
excess- iron-deficiency. A third series of samples, C, was made by wet-chemical 
spray-drying. The materials C are characterized by a high degree of homo
geneity and by very accurately known mutual differences in the iron content. 
The samples of series C were analysed very accurately with respect to the Co3 + 

content so that conclusions could be drawn about the presence of other defects 
besides the Co3+ ions. 

4.3.2. Preparation of the samples 

The compositions of the samples of the series A, B and C are given in table 
4-II. The Ni-to-Zn ratios of about 5 are typical for materials used at about 
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TABLE 4-11 

Compositions of A-, B- and C-samples 

composition 

(Ni 0 . 8Zn0 . 2 ) 1 -y Coy Fe 2 +x 0 4 +r 
- 0·15 ::>; X ::>; 0· 56 

0·025 :::;; y :::;; 0·033 

Nio. s4sZno·129Coo·026Fez+x04+ r 
- 0·09 ::>; X ::>; 0·01 

Nio·772Zno·193 Coo·o3sFe2+x04+r 
- 0·045 ::>; X ::>; 0·010 

I 00 MHz. The Co contents are such that the secondary maximum in the Jl-T 
curve is well below room temperature. The variations in the iron content, 
expressed by the parameter x, are given in the table. The parameter y is deter
mined by the conditions during sintering and cooling. The parameters f and g 

of the equations (4.1) and (4.2) can be expressed in x andy: 

f=2+x 

A-series 

and 
3+x 

g = 4 + y' 

In the composition of the samples given in table 4-II the Co content varies 
slightly between 0·033 and 0·025. This is caused by the fact that the formulas in 
the original publication4- 26) were written as 

(Nio. sZno. z)o ·9 1- a Coo. o 3Fe zO 4+ b• 

where a varied between 0·22 and - 0·08. This formula has been rewritten 
to bring it into agreement with those of the series B and C. 

The ferrite powders were made in the conventional way (for details see sec. 3.2) 
starting from very pure NiO, ZnO, CoC03 and Fe20 3. A suspension of a 
mixture of these oxides or carbonate in ethyl alcohol was mixed and milled in a 
steel ball mill for 6 hours. After evaporation of the ethyl alcohol the powder 
was prefired in an oxygen atmosphere for I hour at 900 °C. After prefiring, the 
reaction into spinel was largely completed and ball-milling in the manner just 
described was carried out once more. The homogeneously pulverized mass so 
obtained was granulated with an aqueous solution of 6 weight percent of 
elvanol, which is a partly hydrolysed polyvinylacetate, and 0·5 weight percent 
of dimethyl phthalate. The granules were dried sufficiently to permit sieving into 
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fractions. Rings with an outer diameter, an inner diameter and a height of 35, 
25 and 6 mm, respectively, were pressed from the 100-200-~.tm fraction. By 
firing 4 hours at 400 oc the binder was removed. The rings were then sintered by 
firing for 4 hours at 1200 oc at 1 atmosphere oxygen pressure after which they 
were oxidized by heating for 100 hours at 600°C in the same oxygen atmosphere 
and subsequently cooled slowly to room temperature at a rate of 10 oc per hour. 
Oxidation is necessary to remove the Fe2 + ions which are formed in the iron
excess compositions under the given sintering conditions. 

The granule technique was used in this case to obtain a porous structure 
which made it possible to oxidize the iron-excess ferrites at relatively low 
temperatures (lower than 600°C). The elvanol compound gives the granules 
considerable firmness so that they keep their shape during compacting at 
moderate pressures, resulting in a porous structure after sintering. 

B-series 

The general formula is somewhat different from that of the A-series (see 
table 4-II). A special ball-milling technique was applied which permitted varying 
the iron content in very small steps (Lix = 0·0013) between x = - 0·09 and 
+ 0·01. With the normal ball-milling technique control of the iron content is 
poor. Iron is introduced during ball-milling due to wear of the balls and the 
ball mill. The wear depends on a number of factors which cannot properly be 
controlled in practice. One of these factors is the surface roughness of the balls 
and the mill. Great differences are found between different ball mills. Another 
important factor is the size of the powder particles, which changes with the 
prefiring conditions. Attempts to make a series of ferrite powders with very 
small and accurately known differences in the iron content, by starting from 
different powder batches and/or different ball mills, have not been successful. 

Good results were obtained by using one mill and one single batch of ferrite 
powder. Compositions with gradually increasing iron content were obtained by 
taking small quantities of powder from the batch after different times during 
one milling cycle. The following procedure was applied. 

A suspension of NiC0 3 , ZnO, CoO and Fe20 3 with anj-ratio of 1·89 (x = 
- 0·11) was ball-milled for 16 hours. Afterwards the suspension was successively 
filtered and dried. The mixed powder was prefired at 870 oc during 1 hour in 
air and milled a second time for 16 hours. This powder was used for the fine
scale experiment. 25 kg of powder, deficient in iron, and 25 1 water were put 
into an 80 1 ball mill. Quantities of 200 g powder were taken from the mill 
every hour. These samples have been labelled B1, B2, etc., to B80. B80 has been 
ball-milled for 80 hours. Powder compacts were isostatically pressed at 1000 
kg/em 2 and sintered at 1 atmosphere oxygen pressure. One sintering condition 
was chosen at l160°C for 2 hours (labelled Sl) and a second at 1200°C for 
24 hours (S2). 
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C-series 

This series was made by means of the wet-chemical spray-drying and roasting 
technique described in sec. 3.2. An advantage of this method compared with 
the ball-milling technique is that differences in the iron content are known to a 
very high degree of accuracy. An extra advantage is that "spray-dry" materials 
are purer and more homogeneous than samples prepared in the conventional 
way. This is important if one is dealing with properties which are sensitive to 
slight changes in the chemical composition. 

The powders whose compositions are given in table 4-II were prepared as 
follows. 

A solution containing only the iron component was made by dissolving 
carbonyl-iron powder in diluted sulphuric acid and removing the insoluble 
carbon impurities by filtration. Iron powder rather than Fe(II) sulphate was 
used as a raw material because the latter could not be obtained free from 
manganese impurities. 

A second solution containing the nickel, zinc and cobalt components was 
made by dissolving the corresponding hydrated sulphates in water. A series of 
solutions with different.f-values was made by mixing the two solution in different 
ratios. It should be remarked that the .f-values of the final solutions contain the 
error (Af or Ax = ± 0·005) of the chemical analyses. However, the mutual 
differences in f-values between the different solutions are much more accurately 
known. They have been chosen 0·0050 or 0·0025. The spray-dried sulphate 
powders were decomposed by heating at 1000 oc in air for 3 hours. The ferrite 
powders obtained in this way are labelled C1, C2, etc. Isostatically pressed 
powder compacts were sintered under two different conditions: 2 hours at 
1180 oc and 1 atm oxygen (S1) and 24 hours at 1200 oc and 1 atm oxygen (S2). 

4.3.3. Measurements and results 

Of all samples the density (d), the average grain size (JJ) and the specific 
resistivity (p) were measured as described in sees 3.4.1 and 3.4.2. Before the 
measurements the outer surface layer of about 2 mm thickness· had been 
removed by machining. 

Magnetic properties (see sec. 3.4.2) were measured on toroids. In the case 
of the samples B and C these toroids had to be made by machining. Measure
ments were carried out after the toroids had been annealed at 900°C. JL' and 
JL" were measured in the range between 10 and 150 MHz. Permeability versus 
temperature curves were recorded at 30 kHz. 

The Fe2 + or Co3 + contents, respectively, were determined by means of an 
active-oxygen analysis, described in sec. 3.5. In particular in the ease of the 
wet-chemically prepared C-series these analyses have been carried out with 
a high degree of accuracy. 
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For the B-series the iron content of a number of compositions was deter
mined by wet-chemical analysis. 

Results of the measurements of the series A, B and C are given in the tables 
4-III, 4-IV and 4-V, respectively. The porosity P was derived from the measured 
density d and the X-ray density which is about 5· 37 g/cm 3 for all compositions. 
The figures in table 4-III show that iron-excess compositions (x > 0) still 
contain Fe2 +, though in small concentrations. The iron-deficient compositions 
contain Co3+ ions, the maximum amount being about 0·01 per molecular 
formula unit, or one third of the total amount of cobalt present. The composi
tion with x = 0·00 contains only a very slight number of Co3+ ions. The 
electrical resistivity shows only a slight decrease at the transition from iron 
deficiency to iron excess. This agrees with the low concentration of FeZ+ as 
measured in the iron-excess materials. The magnetic losses caused by eddy 
currents at 100 MHz will accordingly be negligible. 

The compositional parameter x for the series B and C was determined in
directly with the aid of the chemical analyses. For series B, results of the total
iron analyses and of the active-oxygen analyses were used. In fig. 4.5 the total 
iron content, as determined for the samples BIO, B20, etc., to B80, has been 

TABLE 4-III 

Porosity (P), d.c. electrical resistivity (p), weight percentages of Fe2 + and 
active oxygen, and concentrations of Fe2 + and Co3 + in atoms per molecular 
formula unit in samples of composition (Ni0 . 8Zn0 •2) 1 -yCo;vFe2 +x04 + 1 

sample X y p log p Fe 2 + [Fe2 +] active 0 [Co3 +] 
no. (vol (Ocm) (wt %) (wt %) 

%) 
i 

A1 -0·148 0·033 14 8·5 
i 

0·028 0·008 -
A2 -0·131 0·032 14 7·6 0·030 0·009 
A3 -0·114 0·032 15 7·4 - 0·030 0·009 
A4 -0·096 0·032 17 8·3 - 0·029 0·009 
AS -0·077 0·031 15 7·8 - 0·028 0·008 
A6 -0·058 0·031 17 7·8 0·024 0·007 
A7 -0·040 0·031 15 7·7 - 0·021 0·006 
AS 0·000 0·030 16 7·0 - 0·002 0·0006 
A9 +0·040 0·029 21 6·8 0·03 0·001 - -
A10 +0·150 0·028 23 6·9 0·03 0·001 - -
All +0·273 0·027 25 6·8 0·03 0·001 - -
A12 +0·564 0·025 28 6·9 <0·03 <0·001 - I -
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TABLE4~IV 

The same as table ~III for samples of composition 
Nio. s4sZno·129Coo·o 26Fez+x0 4+ 1 

sintered under different conditions Sl and 82. Dis the average grain size 

sample X S1 (2 h 1160°C) S2 (24 h 1200 °C) 
no. 

p D log p active Fe2 + p D log p 
(vol (llm) (Qcm) 0 (wt %) (vol (llm) (Qcm) 
%) (wt %) %) 

BO -0·0884 7·8 8 
B5 -0·0819 8·2 >9 >0·01 2·6 >9 
BlO -0·0754 8·4 >9 2·5 >9 
Bll -0·0741 7·6 2 >9 
B15 -0·0689 7·5 >9 3·2 >9 
B20 -0·0624 8·4 >9 3·0 >9 
B21 -0·0611 8·4 >9 
B25 -0·0559 8·1 >9 >0·01 >9 
B30 -0·0494 8·1 >9 2·8 >9 
B31 -0·0481 7·9 >9 
B35 -0·0429 7·5 >9 3·0 >9 
B40 -0·0364 7-1 >9 2·3 >9 
B41 -0·0351 6·9 2 >9 2·5 8 >9 
B45 -0·0299 6·8 >9 >0·01 - 2·1 >9 
B46 -0·0286 6·8 >9 2·1 >9 
B50 -0·0234 5·8 >9 1·9 >9 
B51 -0·0221 6·0 >9 2·1 >9 
B55 -0·0169 6·4 8·8 <0.01 - 2·1 >9 
B56 -0·0156 5·1 8·8 1·5 >9 
B60 -0·0104 5·1 8·8 <0·01 - 1·3 >9 
B61 -0·0091 6·1 1·3 8·9 1·3 12 >9 
B62 -0·0078 6·1 8·8 1·9 >9 
B63 -0·0065 6·6 >9 <0·01 - >9 
B65 -0·0039 6·6 8·9 1·7 >9 
B67 -0·0013 6·1 >9 <0·01 - 2·6 >9 
B68 0·0000 6·1 0·8 8·8 <0·01 -

B69 +0·0013 6·6 7·0 - <0·07 2·5 6·8 
B70 +0·0026 6·6 6·5 - <0·07 2·6 6·5 
B71 +0·0039 6·6 6·3 
B72 +0·0052 7·1 5·6 - <0·07 
B75 +0·0091 7·1 5·0 - 1 <0·07 2·8 
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TABLE4-V 

The same as tables 4-III and 4-IV for samples of composition 

Nio·7nZno·193Coo.o3sFe2+xO 4+ 1• 

T 0 is the temperature of the secondary maximum in the JL-T curve 

sample X 

no. 

C1 -0·045 
C2 -0·040 
C3 -0·035 
C4 -0·030 
C5 -0·025 
C6 -0·020 
C7 -0·015 
C8 -0·010 
C9 -0·0075 
ClO -0·005 
Cll -0·0025 
C12 0·000 
Cl3 +0·005 
C14 +0·010 

Sl (2 h 1180°C) 

p jj 

(vol (Jlm) 
%) 

5·3 
4·5 
4·8 2·3 
4·9 
4·0 
5·1 
4·6 
5·3 1·8 
5·5 
5·7 
6·1 
6·5 
7·0 
7·7 1·4 

47·8 
Fe content 
(wt SVo) 47·6 

t 47-4 

1.7·2 

log p 
(Qcm) 

8·6 
8·8 
8·7 
8·9 
8·9 
8·8 
8·6 
8·7 
8·3 
8·2 
8·0 
7·0 
6·3 
5·1 

82 (24 h 1200°C) 

To p jj Iogp 

CC) (vol (Jlm) (Qcm) 

%) 

9 1·6 9·0 
9 1·4 8·7 

11 1·5 9·0 8·7 
10 1·7 8·7 
6 1·4 9·0 

11 1·3 9·0 
19 1·0 9·5 
18 1·5 5·7 9·7 
20 1·4 9·7 
20 1·6 9·6 
26 1·6 9·0 
28 2·2 8·3 
33 2·0 5·5 
43 2·5 3·2 4·3 

To 
CC) 

4 
1 
6 
3 
5 
3 
4 
2 
7 
8 

12 
12 
13 
17 

Fig. 4.5. Results of wet-chemical iron analyses of a number of samples from the B-series. 
The iron content has been plotted as a function of the milling time. The vertical bars indicate 
the inaccuracy of the analysis. 
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Fig. 4.6. Results of active oxygen and Fe2+ analyses, respectively, as a function 'of the param
eter x for C-series samples of composition Nio·77:a:no·19aCoo.oasFe2+:<04+y· The Sl-samples 
were sintered at 1180°C in 1 atm 02, the 82-samples at 1200°C in 1 atm 02. The drawn lines 
represent the theoretical amounts for a stoichiometric composition, i.e. y 4/ 3 x. 

plotted as a function of the milling time. The iron content is foun4 to increase 
linearly with the milling time. The inaccuracy is ± 0·1 weight percent iron, 
indicated by the vertical bars. The inaccuracy is greater than the mutual 
differences in x-values between the different compositions. The average weight 
increase per hour milling time can be estimated from the slope of the straight 
line in fig. 4.5. The increase is 0·01 weight percent iron per hour milling time 
which corresponds to an average increase of x of 0·0013 per hour milling time. 
The transition from iron deficiency to iron excess, i.e. the composition with 
x 0·0000 was determined from the transition from active oxygen to Fe2 + in 
the analyses (sample no. B68). In the discussion we shall consider this matter 
in more detail. 

As has been stated in the introduction the mutual differences in x-value of 
the C-series are very accurately known. Sample C12 was found to be neutral 
with respect to the active-oxygen analysis. It has been given the nominal x
value of 0·000. In fig. 4.6 the weight percentage of active oxygen or Fe2 + has 
been plotted as a function of x. The straight line represents the theoretical 
amounts for a stoichiometric composition (g = :i). For small negative x-values 
(0 > x > - 0·022) the amount of Co 3 + as analysed corresponds to the theoret
ical amount for a stoichiometric composition. For large negative x-values 
(x < - 0·022) the amount of Co3 + reaches a saturation value and remains 
constant. Table 4-V also contains values of T 0 , i.e. the temperature of the 
secondary maximum in the curve of permeability versus temperature. T0 is 
seen to increase between x ~ - 0·02 and x = 0. 
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Fig. 4.7. Low-frequency permeability pu as a function of temperature for iron-deficient 
sample A7 and iron-excess sample All. Chemical compositions are given in table 4-ID. 
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Fig. 4.8. Part of the pu-T curve near the secondary maximum for a number of iron-deficient 
samples from the B-series (see table 4-IV). 
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Results of magnetic measurements are shown in the figures 4. 7 to 4.17. 
Figure 4.7 shows the low-frequency permeability as a function ofthe temper

ature for the iron-excess composition All (x = + 0·273) and for the iron
deficient composition A7 (x = - 0·04). Note the slight shift in the secondary 
maximum T 0 and the extra increase of f.l of the iron-deficient sample at about 
200"C. 

In fig. 4.8 the part of the f.J,-T curve near the secondary maximum is given for 
the samples B65-81 and -82 containing a very small iron deficiency (x = 

0·004) and for the samples B51-81 and B50-82 with a larger iron deficiency 
(x ~ - 0·02). Not only T0-values are different but large differences are also 
found between the room-temperature values of the permeability. The dependence 
of the room-temperature permeability on the x-parameter is shown in fig. 4.9 
for the series C-81 and -82. A sharp increase of f.l is seen between x = 0·02 
and x = + 0·01. 

High-frequency properties are presented in the figures 4.10 to 4.17. In 
figure 4.10 for the A-samples f.J' and f.l"/(p') 2 at 50 MHz have been plotted as a 
function of x. The drawn curves give the measurements after slow cooling from 
the Curie temperature. The dashed curves are the measurements after exposure 
of the ring to a strong d. c. magnetic field of about 3000 Oe parallel to the axis 
of the ring. The curves show clearly that close to the composition x = 0·00 
the permeability becomes very high and the magnetic losses also rise to a high 
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Fig. 4.9. Low-frequency permeability ttrr measured at room temperature as a function of the 
x-parameter for samples of the C-series (see table 4-V). 
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Fig. 4.10. Permeability p/ and loss factor tan(~)/f! measured at 50 MHz as a function of the 
x-parameter for the A-samples (see table 4-III). 

--- After field disturbance 
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Fig. 4.11. Loss factor tan(O)/p, vs frequency for A-samples with x = +0·273 (iron excess), 
x = -0·114 (iron-deficient) and x = 0·00. The dashed curve shows the situation of the iron
excess composition after field disturbance. 



60 

I 
I 
I 
I 12 
I 
I 
I 

100 f::SOMHz I 10 
~ 

p.' I p." 

foo 
I 

t I 8 
I 
I 
I 

60 5 

40 4 

20 JJ' B-S1 
2 

8-52 

-x 
Fig. 4.12. The real and imaginary parts of the permeability,!-£' and f£ 8

, measured at 50 MHz 
as a function of the compositional parameter x for the series of samples B-Sl and B-S2 
(see table 4-IV). 

value. Towards both iron excess and iron deficiency the permeability goes to a 
constant level, the magnetic losses decreasing at the same time. Iron-excess 
compositions appear to be field-sensitive, which means that after exposure to a 
magnetic field the rings show considerably higher losses and a higher permea
bility. Iron-deficient compositions are not sensitive to disturbing fields. This is 
demonstrated again in fig. 4.11 where the factor tan (b)/ Jl has been plotted as a 
function of frequency for the following compositions: All (iron excess, x = 
+ 0·273), A3 (iron-deficient, x - 0·114) and A8 (x = 0·00). The dashed 
curve represents the measurements made for the iron-excess composition after 
exposure to a magnetic disturbance field. 

In the figures 4.12 to 4.16 Jl' and Jl" are shown as functions of x. Figure 4.12 
gives results ofB-samples measured at 50 MHz, fig. 4.13 the same at 100 MHz. 
Properties of the C-samples measured at 60, 80 and 100 MHz are shown in the 
figures 4.14, 4.15 and 4.16, respectively. For the C-samples all curves of Jl' 

show a sharp increase of Jl 1 between x = - 0·02 and x = 0. At the highest 
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Fig. 4.13. The same as fig. 4.12, but now measured at 100 MHz. 

measurement frequency (100 MHz, fig. 4.16) the curves of p" start rising at 
about the same x-value as the curves of p'. Towards lower frequencies the 
x-value where losses start rising sharply shifts to smaller values, e.g. x = 
- 0·0075 for 60 MHz. A practically constant level of p' and p" is attained in the 
region where x is smaller than - 0·02. The B-samples show about the same 
behaviour, though there is a tendency for a more gradual increase of p' and p" 
as a function of x especially at the highest frequency. In fig. 4.13 p' (Sl) is seen 
to increase gradually between x = - 0·08 and x = 0, whereas the curves of 
p" (Sl) and p" (S2) start rising at x = - 0·04. 

In all cases the p' -values of the S !-samples are higher than those of the S2-
samples. 

The levels of p' and p" also vary with frequency. In fig. 4.17 p' and p" have 
been plotted as functions of frequency between 50 and 125 MHz for two 
compositions: B41 with a large iron deficiency (x = - 0·035) and B65 with 
a very small iron deficiency (x = - 0·004). Results of both the Sl-firing and of 
the 82-firing are given. One sees that a relatively small decrease in p' is coupled 
to a much greater decrease in ft 11 at 100 MHz. 
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Fig. 4.14. The real and imaginary parts of the permeability, p/ and fin, measured at 60 MHz 
as a function of the compositional parameter x for the series of samples C-Sl and C-82 
(see table 4-V). 
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Fig. 4.15. The same as fig. 4.14, but now measured at 80 MHz. 
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Fig. 4.16. The same as figs 4.14 and 4.1S, but now measured at 100 MHz. 

2 Bt.T-52. X=-0·035 j 'If""' 1 B41-S1} 

3 B65-S1 X=-0·004 I . // 
100 4 B65-S2 I // 

p' I ~ 

150 ~ 
J..!'~ 20 

10 

5 

2 

II 2.y:f 
II 1 1 
/I / I 

I I 1 I 
I I I I I I 1 

I I I 1 ,t 
~~I,/;// 

P" I?""' ;_,; 
so 100 150 

-f(MHz) 

10 
p" 

2 

0·5 

Fig. 4.17. Magnetic spectra for B41-samples with a large iron deficiency and for B65-samples 
with a very small iron deficiency. Data on composition and sintering conditions are given in 
table 4-IV. 
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4.3.4. Discussion 

Chemical aspects (a) and magnetic properties (b) both in relation to the iron 
content will successively be discussed. 

(a) Chemical aspects 

The results of the active-oxygen analyses of the C-samples (fig. 4.6) show that 
for small iron deficiencies (0 > x > - 0·02) the amount of Co 3+ corresponds 
to the theoretical amount for a stoichiometric composition. We shall now make 
it plausible, with the aid of data from the literature, to expect this as a state of 
equilibrium under normal sintering conditions. Furthermore it will be shown 
that one can expect higher Co3+ concentrations and at the same time cation 
vacancies at lower temperatures. 

For iron-excess ferrites Reijnen4- 27) has proposed the following reaction 
taking place within the spinel structure at high temperatures: 

Fe3+ + ivc + ~02 - +± Fe2+ + ~02 (4.3) 

where V 0 is a cation vacancy without a real charge (or with an effective negative 
charge compared to the occupied cation sites). By analogy the following reaction 
is obtained for iron-deficient ferrites: 

3+ 3 1 2- 2+ 1 
Co + S V c + 2 0 +± Co + 4 0 2. (4.4) 

Equilibrium constants for the reactions ( 4.3) and 4.4) are defined as 

K - [Fez+] p{Oz)l/4 
3 - [Fe3+] [VcJ3/8 [02 ]1/2 

(4.5) 

and 

K - [Coz+] p(Oz)l/4 
4- [Co3+][Vc]3/8[02 ]1/2 

Kc exp (- AHcfkT) (4.6) 

where p(02) is the oxygen pressure and JHF and AHc are reaction enthalpies. 
The concentrations are related to the total number of cations or anions per molec
ularformula unit(nodistinction is made between tetrahedral and octahedral sites). 
The reactions (4.3) and (4.4) are coupled by a charge-exchange reaction between 
iron and cobalt ions. Reijnen4--27

) has determined K 3 as a function of tempera
ture for the magnesium-ferrite system. Hohmann et al. 4--28

) have investigated 
the electron exchange between iron and cobalt ions in cobalt ferrite. They 
arrived at the following reaction on the B-sub-lattice of the spinel structure: 

Fe~+ +Co~++± Fei+ +Co~+ 

with the corresponding equations 

(4.7) 
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[Fei +] [Co~+] 
K 7 = 3 + 2 + = Kpc exp (- LJHpcfkT) 

[FeB ] [CoB ] 
(4.8) 

where the concentrations are related to the number of cations on the octahedral 
orB-sites. Values of K 7 were determined by the authors mentioned, above as a 
function of temperature. From the results of Reijnen and Hohmann et al. we 
can derive the following values: 

LJHF = 0·95 eV, 
(4.9) 

LJHFc = 0·133 eV. 

If we neglect the differences expressed by the suffix B in the concentration 
terms of eq. (4.8) (the error is a factor of 2 at most) we obtain the following 
relations from (4.5), (4.6) and (4.8): 

(4.10) 

LJHpc = LJHF - AHc. 

The values of (4.9) were determined for other ferrite systems: magnesium 
ferrite and cobalt ferrite. We are interested in the order of magnitude of the 
defect concentrations in our system of cobalt-doped nickel-zinc ferrite. We 
assume, for an order-of-magnitude calculation, that the values of (4.9) may be 
used for this system. If we further assume that the cation-vacancy concentration 
is large compared with those of anion vacancies and interstitial cations, we can 
calculate the equilibrium concentrations of cation vacancies, Fe2 + and Co 3 + 

ions. The concentrations of the different ions and cation vacancies are related 
to each other via the compositional parameter f defined in eq. (4.1) or to x = 
f - 2, the parameter used in the molecular formulas of the A-, B- and C
samples. Taking into account the presence of cation vacancies and the different 
valencies of the Fe and Co ions, the molecular formula of cobalt-doped nickel
zinc ferrite can be written as 

(N. z )2+ c 2+ c 3+p 3+ F 2+y 0 2-
1, n (1-y) 0()1-p) op e(2+x-q) eq c (x/8+3pj8-3q/8) (4+3xj2+pj2-qj2)• 

(4.11) 
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Fig. 4.18. Calculated concentrations of Co3+, Fe2+ and V cat 600°C and 1200°C and 1 atm 
Oi pressure as a function of the compositional parameter x for compositions containing 
0-()3 Co per formula unit. For the calculations data were used from refs 4-27 and 4-28. 

This formula meets the requirements of electroneutrality and of the cation~ to~ 
anion~site ratio, this last being 3/4. The parameters p, q, x andy appear in the 
concentration terms of (4.5), (4.6) and (4.8). [V.], [Fe2 +] and [Co3+] were 
calculated for a composition with y = 0·03 and an oxygen pressure of 1 
atmosphere. Results are shown in fig. 4.18, where the numbers of Fe2+ ions, 
Co3 + ions and cation vacancies per formula unit have been plotted as a function 
of x for two different temperatures (600 and l200°C). The cation~vacancy 
concentration is seen to be very low at 1200"C, in other words, the composi~ 
tions are very near the stoichiometric composition g = l· This result agrees 
with the results of the chemical analyses in fig. 4.6, where the straight lines 
represent the theoretical amount of active oxygen or Fe2 + for the stoichiometric 
composition. 

Another consequence of the low cation~vacancy concentration is that the 
x~value, for which [Fe2 +] [CoH] differs only very little from 0. At 1200°C 
and 1 atmosphere oxygen pressure one calculates x = 3 . 10- 5• This is im~ 
portant for the interpretation of the active-oxygen analyses because this x~value 
corresponds to the transition from Fe2+ to active oxygen. The calculated 
x-value is much smaller than the mutual differences in the x~values between 
the different samples of the B~ and C~series. We may, therefore, assume that 
the transition from iron excess to iron deficiency for the B-series lies between 
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B68 and B69 and for the C-series very close to ClO. (B68 and ClO have been 
given the nominal x-value of 0 in sec. 4.3.3.) 

The results of the active-oxygen analyses agree with the measured d. c. resis
tivities (see tables 4-IV and 4-V). A drop in the resistivity is found between 
B68-Sl and B69-Sl. This can be attributed to the Fe2 + ions. No Fe 2 + analyses 
are available for the S2-series, but the resistivity drop is found in the same 
region between B67 and B69. 

It should be remarked that in our considerations so far it has been assumed 
that the degree of oxidation at high temperature has been frozen-in during 
cooling to room temperature. We shall see in chapter 5 that, strictly speaking, 
this is not the case. However, in the present case of the B- and C-series, where 
we are dealing with sintered samples with a closed porosity, we may neglect 
the effect of oxidation during cooling. A quite different situation is found at 
low temperature, where measurable quantities (in terms of active oxygen) of 
cation vacancies are formed. This is illustrated by the 600°C curves in fig. 4.18. 
In the whole composition range as depicted, the Co 3 + concentration is larger 
than the Fe2 + concentration at 600°C. If this situation were frozen-in one 
would find only active oxygen. 

Unlike the cation-vacancy-oxygen equilibrium the electron exchange between 
FeZ+ and Co3+ (eq. (4.7)) is rapid at room temperature so that one has to do 
with the equilibrium state. K 1 at room temperature is very small. By extra
polation of the data in ref. 4-28 one finds K7 = 2. w- 5 which means that Co3+ 
and Fe2+ practically do not coexist. In calculating the amount of Co3+ from 
the active-oxygen analyses one needs not correct for the amount of Fe2 +. 

So far we have only discussed equilibria in a single-phase spinel-oxygen 
system which, under the present sintering conditions exist for x > - 0·02. 
For a larger iron deficiency the amount of active oxygen remah1s constant 
(see fig. 4.6), which means that there is a limited solubility of Co3+ ions. This 
limit corresponds to an active-oxygen content of about 0·024 wt %or a Co 3 + 

concentration of 0·007 per formula unit. In the composition range x < - 0·02 
a second phase can be observed microscopically. This is a wiistite phase with 
composition Me04

-
29

• 
30

• 
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). 

(b) Magnetic properties 

An important indication of the presence of Co3+ ions in iron-deficient 
ferrites is the temperature T 0 of the secondary maximum in the {t-T curve. 
T 0 is very sensitive to the Co 2 + content (see sec. 2.6.2): there is a shift to higher 
temperatures with increasing Co2 + content. The observed shift of T 0 to lower 
temperatures with increasing deficiency of iron (see fig. 4.8) can be ascribed 
to a decrease of the Co2 + concentration resulting from an increase of the Co3+ 
concentration. Remarkable is the difference in T0-values between the Sl
samples and the corresponding S2-samples of the C-series (see table 4-V) which 
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cannot be explained by a difference in the Co3+ content. It might be that the 
ceramic microstructure plays a role (see chapter 5). 

The results of the high-frequency permeability and loss measurements point 
to two fundamentally different ways in which the Co2+ ion changes its position 
in the crystal lattice and thus stabilizes the domain wall by ordering. In one 
mechanism cation vacancies are involved and in the other trivalent cobalt 
ions. Which mechanism takes place depends on the defect structure which is 
primarily determined by the iron content, i.e. the excess or deficiency of iron. 

(bl) Magnetic properties of iron-excess materials 

The Co2 + -ordering mechanism via cation vacancies has been discussed in 
sec. 2.4.4. The degree of ordering and therefore the degree of domain-wall 
stabilization is, for given cooling conditions, determined by the cation-vacancy 
concentration. The gradual decrease of the permeability from x = 0 towards 
larger positive x-values, as shown in fig. 4.10, points to an increasing domain
wall stabilization as the result of an increasing cation-vacancy concentration. 
At x = + 0·25 a constant permeability level is attained. There seems to be a 
certain minimum cation-vacancy concentration above which a further increase 
does not lead to a further wall stabilization. The minimum cation-vacancy 
concentration is about 0·03 per formula unit or about 1 % of the total amount 
of cations (this value corresponds to a composition with x 0·25 and an 
Fe2+ concentration being 0). 

The activation energy for a vacancy jump varies between 1 and 2 eV and the 
relaxation time is large in the whole temperature range below the Curie 
temperature of Ni(-Zn) ferrites. The relaxation time decreases exponentially 
with temperature. At 250"C it is of the order of hours (see sec. 2.4.4 and 
ref. 2-19). 

At room temperature the vacancy diffusion is very slow. After a disturbance 
by a strong magnetic field 180" domain walls remain unstabilized. The permea
bility becomes higher owing to an increased contribution from these walls. The 
high-frequency losses also increase considerably (see fig. 4.11). After a thermal 
treatment the original properties are restored. The hump in the curve of tan( b)/ J.l.' 

at about 30 MHz of the field-disturbed iron-excess composition might be caused 
by 180" domain-wall resonance or relaxation. The same effect has been found 
by Mizushima (figs 4.3 and 4.4). 

(b2) Magnetic properties of iron-deficient materials 

The low permeability and low losses in the iron-deficient ferrites are related 
to the presence ofCo3 + ions. The increase of the Co3+ content between x = 0 
and x = - 0·02 (fig. 4.6) is attended by a decrease in permeability (figs 4.14, 
4.15, 4.16). For x < - 0·02 both the Co3 + content and the permeability reach 
a constant level. Just as in the case of the cation-vacancy mechanism the 
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domain-wall stabilization can be related to the concentration of the defects: 
in this case the CoH ions. 

The permeability is maximum near the composition x = 0. Both the Co8+ and the cation
vacancy concentrations are very low (see sec. 4.3.4(a)), so that there is no mechanism 
for stabilization. 
It should be pointed out that the magnetic properties show the greatest change between 
x = 0 and x -0·02. There is only a change of 1% in the total iron content between 
these two compositions. It will be clear that under such conditions chemical inhomo
geneities play an important role. Chemicalinhomo geneities could be present in the B-Sl
samples (the powders being prepared conventionally and sintered for a short time). 
Chemical inhomogeneities might explain the more gradual change in properties of the 
B-Sl-samples between x = 0 and x -0·04. 

Domain-wall pinning becomes more important at higher frequencies. The 
deeper the energy wells for the walls the higher the frequency where domain
wall losses start. This becomes evident if we compare the properties at the 
frequencies 60 MHz (fig. 4.14), 80 MHz (fig. 4.15) and 100 MHz (fig. 4.16) 
of the following C-compositions: x = 0 (non-stabilized walls), X - 0·01 
(weakly stabilized walls) and x = - 0·02 (maximally stabilized walls). At 100 
MHz only the composition with x = - 0·02 shows low losses. At 60 MHz 
only the composition with x 0 still shows high losses, whereas the losses of 
the composition with x = - 0·01 have become low at 60 MHz. 

The domain-wall stabilization in iron-deficient ferrites can be thought to be 
caused by ordering of Co2 + ions taking place by means of electron exchange 
between Co2 + and Co3 + ions. In chapter 5 we shall see that the exchange 
process is probably more complicated than just an electron jump. Other defects, 
most likely cation vacancies, might also play a role. From measurements on 
Co 30 4 it appears that Co3+ is in the non-magnetic state4

- 32), so that it does 
not contribute to the total anisotropy. The electron diffusion between Co2 + 

and Co 3 + is fast: an induced anisotropy caused by a strong extemal field will 
soon relax away and a 180 o wall drawn out of its energy minimum will rapidly 
be stabilized again by electron diffusion. However, the relaxation time of the 
electron-diffusion process at room temperature is still large compared with the 
period of the high-frequency magnetic field so that the walls remain pinned. 
Jl-T curves of iron-deficient ferrites show a steep increase of ll at about 200°C 
(see for instance fig. 4.7). At that temperature the relaxation time of the Co2 + 

<---+ Co3+ process is of the order of 1/2nfm ::;:j 5. 10-6 s, where the measurement 
frequency fm of the Jl-T curve is 3 . 104 Hz. Above this temperature the domain 
walls are not stabilized any more. As a result the permeability is much higher 
than in the case of iron-excess perminvar-type ferrites (see fig. 4.7). 

Up till now we have only considered the influence of chemical parameters 
on the magnetic properties. It is known that the ceramic microstructure also 
influences the permeability and losses. In this connection it is useful to point 
out the differences as found between the 81- and 82-samples of the B- and C
series: the ll'-values of the 81- and 82-samples (see the ll'-x curves in the 
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figures 4.12 to 4.16) show a systematic difference which can only be explained 
by a different microstructure. In chapter 5 this subject will be treated extensively. 

4.4. The influence of the Ni-Zn ratio on the high-frequency properties 

4.4.1. Introduction 

The compositions described up till now (the series A, Band C) are charac
terized by a Ni-Zn ratio of about 5 typical for ferrites used at about 100 MHz. 
If in these compositions the domain walls are stabilized, brought about by a 
small deficiency of iron, the losses are low, below 100 MHz and the permeability 
is of the order of 25. The residual contribution of domain-wall movements to 
this permeability is not known, but assuming that this contribution is zero 
(i.e. the permeability is purely rotational) one can calculate the resonance 
frequency by Snoek's relation (eq. (2.1)). Substituting .Urot = 25 and M. = 350G 
we find fr = 340 MHz. Thus the resonance frequency is higher by a factor 
of 3 than the limiting frequency, which is the frequency at which the losses 
begin to rise sharply. The limiting frequency is, of course very important for 
applications. 

The resonance frequency is, apart from M., determined by the crystalline 
anisotropy which in turn is determined by the Ni-Zn ratio: the anisotropy 
decreases with increasing Zn content4

-
3
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). By changing the Ni-Zn ratio the 
resonance frequency and therefore the application range is changed. 

In this section we shall report on high-frequency properties of iron-deficient 
Ni-Zn-Co ferrites with varying Ni-Zn ratio. We shall establish whether the 
idea of domain-wall stabilization by means of Co2 + -Co 3 + substitution is 
valid in the whole range of Ni-Zn ratios. Therefore high-frequency properties 
of Co2 + -Co 3 +-substituted Ni-Zn ferrites were compared with those of Mn 2 +
Mn 3 +-substituted Ni-Zn ferrites. In the latter composition domain walls are 
certainly not stabilized. Mn ions were substituted in the Ni-Zn ferrites in order 
to make sure that the electrical resistivity is high. 

4.4.2. Preparation of the samples 

The compositions of the cobalt-substituted materials are given by the 
formula (Ni 1 -x-Znx) 1 _yCoy+O·o 1Fe1 . 990 4 • The parameter x varies between 0 
and 0·6 andy varies between 0·01 and 0·045. ywas chosen such that the secondary 
maximum in the .u-T curve is just below 0 "C. One finds that y increases with x. 
The Co-substituted materials are labelled CSl to CS7. The Mn-substituted 
materials with composition Ni 1 -x-ZnxMn0 . 01 Fe 1 .990 4 are labelled MSl to 
MS7. 

The materials were made by means of the spray-drying and roasting techniques 
as described in sec. 3.2. The starting solutions were made by dissolving hydrated 
sulphates of p.a. quality in water. For the CS-samples manganese-free carbonyl 



TABLE4-VI 

For ferrites with composition (Ni 1 _ xZnx) 1 _ 1 Co 0 . 0 1 + 1Fe 1 . 9 9 0 4 the porosity (P), the specific resistivity (p ), the Curie temperature 
(Tc), the temperature of the secondary maximum in the Jl. vs Tcurve (T0), the saturation magnetization (M3), the low-frequency 
(1-10 MHz) permeability (p.1r), the resonance frequency as calculated from M. and p.1r by Snoek's law (/S) and the frequency of 
maximum losses (f ... ) 

sample X y p logp Tc M. Jl.Jf Is f ... /.,.1/s 
(vol %) (Ocm) (OC) (OC) (G) (MHz) (MHz) 

CSl-Sl 0 0·010 4·1 6·7 581 -18 253 12 540 430 0·80 
CS2-Sl 0·1 0·017 4·0 8·8 522 -ll 305 21 358 310 0·87 
CS3-Sl 0·2 0·025 3·8 8·8 468 -5 356 26 334 290 0·87 
CS4-S1 0·3 0·030 4·1 >9 409 -12 391 36 262 250 0·96 
CS5-Sl 0·4 0·035 4·1 >9 344 16 395 -45 -211 170 -0·8 
CS6-SI 0·5 0·040 3·5 >9 268 -16 382 "'50 -183 95 -0·5 
CS7-Sl 0·6 0·045 2·6 >9 191 -24 333 -so -99 60 -0·6 

' 

i::J 
I 
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iron rather than iron sulphate was used as a raw material. The carbonyl iron 
was dissolved in diluted sulphuric acid. The mixed solutions containing about 
1·5 mol sulphate (so;-) per litre were spray-dried and roasted. 

Isostatically pressed powder compacts were sintered at 1160°C for 2 hours 
in oxygen. The sintered samples are labelled S1. 

4.4.3. Measurements and results 

Some properties of the sintered samples, such as porosity and specific 
resistivity, are listed in tables 4-VI and 4-VII. 11-T curves were measured at 
30 kHz. Some examples are shown in fig. 4.19. The temperatures of the 
secondary maximum, T 0 , and the Curie temperature, Tc, for all samples are 
given in the tables 4-VI and 4-VII. Of course the manganese-substituted com
positions MS do not show a secondary maximum. All CS materials show a 
lower permeability than the MS materials in the temperature range below 
150-200°C. Between 150 and 200°C they show a steep rise in permeability. 
At high temperatures the permeabilities of the CS-samples are higher than those 
of the MS-samples. 

High-frequency properties in terms of p,' and 11" were measured between 1 and 
1000 MHz. For some of the samples p,'-1 and p,"-1 curves are shown in the 
figures 4.20, 4.21 and 4.22. In the lower-frequency range where p," is low the 
CS materials show a lower permeability 11' than the MS materials. Also, the 
loss component 11" has been decreased in a broad frequency range by the 

TABLE 4-VII 

The same as table 4-VI for ferrites with composition Ni 1 -xZnxMn0 . 01Fe 1 •990 4 

sample X p log p Tc M. 11tr fs fm fm/ls 
(vol (Qcm) CC) (G) (MHz) (MHz) 
%) 

MSl-Sl 0 4·5 >9 587 252 13 490 180 0·37 
MS2-S1 0·1 5·1 >9 532 301 32 228 105 0·46 
MS3-S1 0·2 5·1 >9 482 351 52 161 90 0·56 
MS4-Sl 0·3 6·1 >9 411 383 77 117 55 0·47 
MS5-Sl 0·4 5·3 >9 355 390 160 57 20 0·35 
MS6-Sl 0·5 4·6 >9 267 378 230 39 13 0·33 
MS7-Sl 0·6 5·0 >9 180 324 500 15 4·2 0·28 
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Fig. 4.19. Low-frequency permeability /llf vs temperature for a number of cobalt-substituted 
CS-samples and manganese-substituted MS-samples with different Ni-Zn ratio. Compositions 
are listed in the tables 4-VI and 4-VII. 
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Fig. 4.20. Magnetic spectra of a cobalt-substituted CS-sample and a manganese-substituted 
MS-sample with an Ni-Zn ratio of0·9/0·L Compositions are listed in tables 4-VI and 4-VII. 
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Fig. 4.21. The same as fig. 4.20, but now for compositions with an Ni-Zn ratio of 0·7/0·3. 
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Fig. 4.22. The same as figs 4.20 and 4.21, but now for compositions with an Ni-Zn ratio of 
0·5/0·5. 

substitution of Co2 + -Co3+ for all Ni-Zn ratios. In other words, the limiting 
frequency has been shifted to a higher frequency. From the 1l-jand J.l'-fcurves 
one can derive a number of characteristic values which have been labelled 
J.t1r,/s and/ ... ; J.ilf is the value of p' in the lowest frequency range (l-10 MHz) 
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where tl does not depend on frequency; Is is the frequency obtained by sub
stituting J1 1r and the proper Ms value in Snoek's relation (eq. (2.1)); lm is the 
frequency where ~t" is maximum. In the tables 4-VI and 4-VII these charac
teristic values are listed for all samples. In the same tables values of Ms and 
lmlls are also given. The M8-values have been taken from ref. 4-33. It is found 
that ~t 1r increases andls andlm decrease with decreasing Ni-Zn ratio. The ~t 1r· 
values of the MS-samples are higher and the fmlls values are lower than those of 
the corresponding CS-samples. 

4.4.4. Discussion 

A comparison of the ~t-T, ~t'-land ~t"-lcurves of the CS-samples with those 
of the MS-samples shows that in the whole range of Ni-Zn ratios domain 
walls are pinned by the Co 2 + -Co3+ substitution. Only by domain-wall pinning 
can we explain the lower permeability at low frequencies and room tempera
ture, the shift of the maximum-loss frequency,fm, and the steep rise of the 30-
kHz permeability between 150 and 200°C. 

If the permeability were purely rotational, Is would correspond to the 
resonance frequency and Is would be equal to lm, or !mils = 1. If (jlomain-wall 
movements still contribute to the permeability one expects that fmlls < 1 (see 
sec. 2.3). Consequently the lmlls values in the tables 4-VI and 4-VII indicate 
that the domain-wall contribution in the CS-samples is less than that in the 
MS-samples, which agrees with the domain walls being stabilized in the CS 
materials. The discussion on this subject will be continued in chapter 5, in 
which the influence of grain size will also be included. 

4.5. Magnetic relaxations in relation to the presence of Co2+ and Co3 + ions 

4.5.1. Introduction 

Magnetic relaxations have been described in the sections 2.4.3 and 2.4.4. 
For migration of Co 2 + ions by way of cation vacancies it has been found that 
't' 0 in eq. (2.19) is inversely proportional to the cation-vacancy concentration 
and that the activation energy E varies between 1 and 2 eV. At room tempera
ture the relaxation times are very large, e.g. 1010 seconds. 

Room-temperature relaxation times, related to the migration of Co2 + ions 
in the presence of Co3 + ions, are much shorter (see sec. 2.4.4), e.g. of the order 
of seconds. There are two ways to determine 't'-values for the Co2 + -Co3 + 

relaxation process, viz. torque measurements at low temperatures and measure
ment of ft0 as a function of frequency at temperatures at which the ~t"-frequency 
curve shows a maximum (see sec. 2.6.3.2). The first method has been used by 
investigators mentioned in sec. 2.4.4. The second method is used in the present 
investigation and will now be described. The maximum value of Iff!, 11:;,, and the 
difference between the high-frequency and low-frequency values of ~t', A~t', 
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are indications of the amount of material relaxing, or the "strength" of the 
relaxation. Instead of using ,a-values one can also use values of the reluctivity 

4n 1 
r=--= 

,u- 1 X 
(4.12) 

The reluctivity is preferable to the permeability because the coupling to the 
lattice, i.e. the magnetic anisotropy K relaxes, and K is proportional to 1/{,u - 1 ). 

In this section we study how ,u' and ,un, respectively r' and r", depend on 
temperature and Co2 + and Co3 + concentrations. In particular the influence 
of Co2 + and Co 3 + concentrations on 1:, Lfr and r:;. will be studied. The work 
described in this section has previously been published in refs 4-34, 35. Measure
ments were taken of iron-deficient Ni(-Zn)-Co ferrites with different Co2 + 
and CoH contents. In some samples relatively large amounts of CoH could 
be substituted by sintering under high oxygen pressure. 

4.5.2. Preparation of the samples 

A series of Ni-Zn-Co-ferrite powders with small differences in the iron 
content was made by means of spray-drying (fine-scale technique) as described 
in sec. 4.3 for the C-series. The compositions of the samples are given by the 
formula Ni 0 •78Zn0 . 19Co0 . 03Fe2 +x04 +1 where x varies between - 0·0175 
and + 0·0025. The samples are indicated by NZ (nickel-zinc). A second series 
of Ni-Co ferrites (label N = nickel) was also made by spray-drying. The 
compositions of theN-series are given bytheformulaNi0 . 98Co0 .02 +,Fe2 _,.Q 4 + 1 

where x varies between 0·02 and 0·08. 
Sintering experiments were carried out with isostatically pressed powder 

compacts. NZ-samples were sintered in I atmosphere oxygen at ll00°C for 
4 hours (Sl) and at 1260°C for 24 hours (S2). N-samples were sintered at 
1260°C for 6 hours at different oxygen pressures: 1 atmosphere (S3) and 50 
atmospheres (S4). 

4.5.3. Measurements and results 

The tables 4-VIII and 4-IX contain properties of the NZ-samples and the 
N-samples respectively. Porosity (P), average grain size (D), specific resistivity 
(p) and active-oxygen (resp. Fe2+) content as found by chemical analysis are 
listed. The amounts ofFe2 + or Co3 +, respectively, per molecular formula unit 
were derived from these analyses. The amount of Co2 + is obtained by sub
tracting the amount of CoH from the total Co content. The concentrations of 
Co2+, CoH and Fe2 + are also given in the tables. 

Measurements have been made of the initial permeability (/1) as a function 
of frequency in the kilohertz range, using a Maxwell bridge, at temperatures 
between room temperature and 250°C. From the 11-data {/1 = ,u' j,u") the 



TABLE 4-VIII 

Porosity (P), average grain size (D), specific resistivity (p ), weight percentage of active oxygen and Fe2+, respectively, and the 
corresponding concentrations of Co3 + or Fe2+ and Co2+ (in number of atoms per molecular formula unit), activation energy 
(E) and pre-exponential factor 1:0 of the relaxation time for ferrites of composition Ni 0 . 78Zn0 . 19Co0 . 03Fe2 +x04 +1, sintered 
under different conditions Sl and S2 

sample X sintering p jj log p active Fe2 + [CoH] [Fe2 +] [Co2 +] E log -r 0 

conditions (vol %) (!lm) (Ocm) 0 (wt %) (eV) (s) 
(wt %) 

NZ2-Sl -0·0075 11·8 2 8·0 0·033 - 0·009 0·021 
4 h ll00°C 

NZ3-Sl -0·0025 9·6 2 8·3 <0·010 - <0·003 - >0·027 
1 atm 0 2 

NZ4-Sl +0·0025 12·8 2 7·3 - 0·073 0·003 0·03 

NZ1-S2 -0·0115 1·2 22 8·3 0·027 - 0·008 - 0·022 0·92 -14·9 
24 h 1260°C 

NZ2-S2 -0·0075 4·9 17 7·6 0·019 - 0·005 - 0·025 0·93 -15·0 
1 atm 0 2 

NZ3-S2 -0·0025 3·3 16 8·0 0·007 0·002 - 0·028 ()·92 -14·4 

NZ4-S2 +0·0025 4·6 12 6·8 - 0·041 - 0·002 0·03 0·83 -14·8 

--.J 
00 



TABLE4-IX 

The same as table 4-VIII for ferrites of composition Ni 0 . 98Co0 . 02 _x Fe 2 +x04 + 1 sintered under different conditions of oxygen 
pressure 

sample ] X sintering p [) log p active 0 [Co 3 +] [Co2 +] E log -r 0 

I conditions (vol %) (Jlm) (Qcm) (wt %) (eV) (s) 

N2-S3 -0·02 2·2 11 9·0 0·016 0·005 0·035 0·83 -14·2 
6 h 1260°C 

N3-S3 -0·04 2·3 10 7·0 0·032 0·009 0·051 0·71 -13·0 
p(02 ) = I atm 

N4-S3 -0·06 0·3 11 8·7 0·043 0·012 0·068 0·69 -13-0 

N5-S3 -0·08 0·7 9 8·0 0·048 0·014 0·086 0·72 -13-6 

N2-S4 -0·02 6·1 - 6·3 0·080 0·023 0·017 0·75 -14·4 
6 h 1260°C 

N3-S4 -0·04 6·8 4·5 6·7 0·151 0·043 0·017 0·66 -13-7 
p(0 2 ) = 50 atm 

N4-S4 -0·06 6·6 4 6·6 0·175 0·050 0·030 0·72 -14·5 

N5-S4 -0·08 6·6 - 6·8 0·194 0·055 0·045 0·70 -14·2 

~ 
I 
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complex components of the reluctivity r were determined by means of 

4n = r' + jr". 
Jl' - 1 -ill" 

r= (4.13) 

Figure 4.23 shows some Jl'-f and Jl"-f curves at different temperatures for the 

250 

NZ2-S2 

--p' 
200 ---p'' 

TOO 

Fig. 4.23. Magnetic spectra at various temperatures for iron-deficient sample NZ2-S2 whose 
composition is given in table 4-VIII. 
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Fig. 4.24. Magnetic spectra at about the same temperature for a number of NZ-samples 
with different iron content as indicated by the x-values. Data on composition and preparation 
are given in table 4-VIII. 
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Fig. 4.25. Relaxation time -r vs reciprocal temperature for iron-deficient Ni-Zn-Co ferrites. 
Data on the samples are listed in table 4-VIII. 

same sample (NZ2-S2). The same measurements were done for all samples 
listed in the tables 4-VIII and 4-IX. Figure 4.24 shows some more examples, 
in this case p' -f and p" -f curves measured at about the same temperature but 
for different NZ-samples. It is interesting to note that sample NZ4-S2 also 
shows a relaxation though it nominally contains no Co3 + ions, but Fe2 +! 
However, Jp and p';,. are much smaller than those of the other samples of the 
same series. 

From the maxima of p" -f curves <fr) relaxation times (r) were derived (2rr.j, -r 
= 1). In fig. 4.25 the -r-values have been plotted on a logarithmic scale as a 
function of the reciprocal temperature for the NZ-samples. The same has been 
done for the N-samples in fig. 4.26. In all cases straight lines are obtained so 
that the temperature dependence of the relaxation time is well described by the 
expression t = -r 0 exp (EjkT). Values of E and -r0 are listed in the tables 4-VIII 
and 4-IX. One can conclude that there is no correlation between the £-values 
and the Co2 + or the Co3+ concentrations. On the other hand the £-values seem 
to depend on the Zn content. For the Ni ferrites E = 0·70 eV ± 0·04 eV, where
as for the Ni-Zn ferrites E = 0·90 eV ± 0·05 eV. -r 0-values are obtained by 
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Fig. 4.26. The same as fig. 4.25, but now for Ni-Co ferrites. Data are given in table 4-IX. 

extrapolation of I /T to zero. Minor variations in the slope of the log r - 1/T 
curves lead to large differences in T0-values. Therefore it is not useful to consider 
T 0-values as a function of the Co2 + or CoH concentrations. We have rather 
chosen the relaxation time at a constant temperature (l50°C), which is useful 
in the case the £-value does not change too much. In fig. 4.27 values of If• 
at 150°C have been plotted versus Co3+ content on a double-logarithmic scale 
for three series of samples (NZl to NZ3-S2, N 2 to N 5-S3 and N 2 to N 5-S4). 
A straight line with slope + 1 is found to describe. the results fairly well, in 
other words 1/• seems to be proportional to the co3+ content for each of the 
series. A plot of 1/r or r versus the Co2+ content does not show a similar 
behaviour for each of the three series. Remarkable is the shift of the N-S3-
series with respect to the N-S4-series. Apparently the grain size or some other 
phenomenon related to the way of firing plays a role. We shall discuss this 
further in chapter 5. 

The dependence of the strength of the relaxation (Ar orr~) on the Co 2 + and 
Co3 + concentrations can be obtained by dividing the samples into those with 
a slight variation of Co2 + content (NZ-series) and those where this variation 
is strong (N-series). For the NZl- to NZ4-series of samples the Co2 + content 
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Fig. 4.27. Relaxation time • measured at 150°C as a function of the Co3+ content for Ni-Co 
ferrites and Ni-Zn-Co ferrites. Data on the samoles are listed in the tables 4-VIII and 4-IX. 
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Fig. 4.28. Strength of the relaxation expressed in values of r" m and Ar/2 at 150°C vs the 
coa+ content for Sl- and S2-samples of the series NZl to NZ4, of which the compositions 
are given in table 4-VIII. 

varies only between 0·02 and 0·03 (see table 4-VIII). Assuming that this 
variation is small enough to be neglected, one can plot the experimental values 
of Lfr and r~ at a given temperature (150°C} as a function of the Co 3 + concen
tration. This has been done in fig. 4.28 (Lfr/2 is plotted because for a Debye 
relaxation with one relaxation time Ll.r/2 = r~). No systematic variation is 
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Fig. 4.29. Strength of the relaxation expressed in rn m-values at various temperatures as a 
function of the Co2+ content for iron-deficient Ni-Co ferrites and Ni-Zn-Co ferrites. Com
positions are listed in the tables 4-VIII and 4-IX. 

found with the Co3 + concentration. Several samples containing Fe2 + -i.e. 
more FeZ+ than Co3 + have been included at negative values of Co3 + 

content. These samples show a weak relaxation. Figure 4.29 shows some 
isothermal plots of r~ versus the Co2 + concentration for three different series 
of samples. A linear dependence of r~ on the Co2+ content is found. Again it 
should be remarked that the microstructure seems to play a role which can be 
derived by comparing the 85 oc results of the S3-samples (average grain size 
lO J.Lm) with those of the S4-samples (average grain size 4 J.Lm). The fine-grain
size materials show larger r,:-values than the large-grain-size materials. 

4.5.4. Discussion 

The data presented in sec. 4.5.3 lead to a number of conclusions on the 
details of the Co2 + -Co3 + relaxation process. The effects of Co2 + and Co3 + 

will be discussed. Some questions will go unanswered in this chapter. 

(a) Influence of Co 2 + ions 

Co2+ is the "strongly anisotropic" ion, whose migration changes the 
anisotropy and thus the permeability. Evidence for this result is given in 
fig. 4.29. The uniaxial Ku-value per Co2 + ion in a formula unit can roughly be 
estimated from the r~- or Llr-values. For a purely rotational magnetization 
the following relation applies (see eq. (2.49)): 
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(4.14) 

From this equation we find by using data from fig. 4.29 that Ku is about 106 

ergfcm3 per Co2+ ion per formula unit at 50°C. If domain walls contribute 
to the magnetization process, Ar should be multiplied by a factor of Lf3d (see 
eq. (2.51)). The value of Ku can be compared with Michalowski's value 4-l?) 

of 3·5.105 erg/cm3 per Co2+ ion, obtained from torque measurements at 
20°C on an iron-excess Ni-Zn ferrite annealed at 350°C. In view of the 
differences in temperature and the possible role of the factor Lf3d our estimate 
is in reasonable agreement with this value. 

(b) Influence of Co3+ ions 

The presence of Co3+ ions does not influence the amount of relaxing 
anisotropy (Ku) as can be seen in fig. 4.28. This is in agreement with the non
magnetic state of Co3 + in this lattice. There is also no influence of the Co3 + 
content on the activation energy (tables 4-VIII and 4-IX). The main effect of 
Co3+ is on the relaxation time at a given temperature: there is a linear relation
ship between 1/r and the Co3+ concentration (see fig. 4.27). The reciprocal of r 
is proportional to the number of necessary defects (ND) involved in the relaxa
tion process; one may write 

1/r: = aNn Vn aNn Vn0 exp (- EfkT) (4.15) 

where a is a constant and Vn is the defect mobility which is taken here to be 
thermally activated with an activation energy E. From fig. 4.27 and eq. (4.15) 
it can be concluded that Co3 + ions are necessary for the relaxation process. 
This result confirms the model proposed by Mizushima (discussed in the 
sections 2.4.4 and 2.6.3.2) where the extra charge on Co3 + is supposed to be 
migrating through the lattice. The distribution over the Co ions proceeds in 
such a way as to reduce the total free energy. The migration of the charge is 
thermally activated, theE-value in eq. (4.15) being 0·7 eV or 0·9 eV. This is in 
agreement with Mizushima's value in the same temperature region for com
pounds with more Zn (see sec. 2.6.3.2). 

In this model one would expect that the mobility of the positive charge 
necessary for the magnetic relaxation equals that found from the electrical 
conductivity which, however, also contains a possibly temperature-dependent 
number of charge carriers. Measurements by Parker et al. 4-

36
) on the conduc

tivity of NiCo0 . 03Fe1 . 970 4 yield E 0·1 eV if the material is fired at a 
sufficiently high oxygen pressure. Measurements of the mobility itself have 
seldom been done. Jonker4

-
37

) reports a thermally activated mobility in 
Co2 +Fe 2 _,co;+o4 , withE= 0·5eV.Amagneticrelaxationin this material was 
found at low temperature and with a much lower activation energy, E = 0·08 e V 
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(see sec. 2.4.4). From this disagreement it follows that more than one magnetic 
relaxation may occur in CoFe 20 4 . This conclusion certainly holds good for 
Ni-Zn ferrite, where at low temperatures an anisotropy relaxation withE = 
0·25 to 0·40 eV (sec. 2.4.4) and a permeability relaxation with; E 0·17 eV 
(sec. 2.6.3.2) have been found. 

In connection with these resuls we have also looked at low-temperature phenomena4- 38). 
By cooling down to 80 K in a magnetic field we have been able to introduce in our 
samples a uniaxial anisotropy which was accompanied by a time-dependent torque and 
rotational hysteresis. We have not found a p," maximum between 80 K and 300 K. Time 
effects do occur, however, at room temperature, with T of the order of seconds or 
shorter, depending on the material. 

The relaxation data as discussed so far can be explained on a rather simple 
model: Co2 + decreases the anisotropy energy if it can be transported; in Co 3 +

containing ferrites it is "transported" from one Co ion to another by electron
hole migration. 

Unanswered questions 

The following phenomena have not been explained satisfactorily: 
(1) the shift of the 1/-r: versus Co 3 + curves in fig. 4.27; 
(2) the difference in slope between the two 85 o curves of r;:. vs Co2 + for the 

83- and 84-samples in fig. 4.29, and 
(3) the presence of a Co2+ -Co3+ relaxation in materials containing Fe2 + 

(see figs 4.24, 4.25, 4.28). 
In (l) and (2) the grain size could play a role and (3) could be related to 

chemical inhomogeneities giving rise to the local presence of Co3 + ions. In 
the next chapter these subjects will be treated more extensively. 
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5. CERAMIC MICROSTRUCTURE AND IDGH-FREQUENCY 
PROPERTIES 

5.1. Introduction 

In addition to the chemical composition the ceramic microstru:cture, i.e. the 
amounts and distributions of pores, second phase and grain boundaries, 
determines the magnetic properties. In chapter 4 we already found some 
indications for that. A number of investigators, including the author, have 
reported on the influence of microstructure on high-frequency properties. The 
most important effect of microstructure is the influence of grain size on the 
domain-wall permeability and losses. 

In sec. 5.2 a review of the literature will be given. In sec. 5.3 we shall report 
on high-frequency permeability spectra (p' and Jl11 as functions of frequency) 
of Ni-Zn ferrites and the corresponding iron-deficient Ni-Zn-Co ferrites in 
relation to the grain size. This section can be connected with sec. 4.4. Section 5.4 
is an extension of sec. 4.5 and deals with the Co2 + -Co3 + relaxation in relation 
to the microstructure. 

5.2. A review of the literature 

There are a number of different materials in which high-frequency permeability 
has been investigated in relation to the microstructure. Ni-Zn ferrites and 
Y-Fe garnet (Y 3Fe 50 12) have been investigated by Globus and co-workers. 
Mn-Zn ferrites have been investigated by various groups of researchers: 
Guillaud et al., Ross et al. and Perduijn et al. In sec. 5.2.1 we shall discuss the 
initial permeability apart from the losses and in sec. 5.2.2 the losses will be 
discussed, both of them in relation to the microstructure. 

5.2.1. The influence of microstructure on the initial permeability 

Globus and co-workers have mainly investigated Ni(-Zn) ferrites 5
-

1
'
9

• 
12

), 

with the Ni-Zn ratio varying between 1/0 and 0·3/0·7, and Y-Fe garnet5
- 3 • 

5
• 

6
• 

8
• 

10
• 

11
• 

12
). For all compositions a linear relationship was found between 

the corrected initial susceptibility (Xc) and the average grain diameter (D), 
provided that no pores were present inside the crystallites. The correction for 
the susceptibility was made for the non-magnetic porosity, so that Xc = 

(dxfd)x, where d and dx are the measured density and the theoretical X-ray 
density, respectively, and x is the measured susceptibility. Pores between the 
grains do not influence the value of Xc· This is clearly shown in fig. 5.1 s-4) 

where the corrected value of p-1 is plotted versus the grain diameter for a 
number of YIG materials with varying porosity on the grain boundaries. 
Apparently the contribution of the intergranular porosity to the total anisot
ropy, e.g. by means of demagnetizing fields, is negligible or constant. 

The variation of the permeability was attributed to a varying domain-wall 
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Fig. 5.1. Corrected permeability ftc as a function of the average grain size for yttrium-iron
garnet materials. The correction of the permeability was made for the non-magnetic porosity, 
which values are indicated in the figure (ref. 5-4). 

contribution. In that case one would expect a grain-size-independent part in 
the Xc = f(D) curve below a critical value of D corresponding to a monodomain 
grain size. For YIG material this critical value is probably very small: about 
0·2 Jlm. This was concluded from the observation s-4

) that the lowest .a-value 
measured on a very fine-grain sample (D < 0·2 Jlm) hardly differed from the 
value obtained by extrapolating the f(D) curve to D = 0. The same was found 
for the Ni-Zn ferrites. 

Globus 5
-

13
) has proposed a simple model which explains the linear relation

ship between susceptibility and grain size. According to this model each grain 
is supposed to be spherical and to contain one domain wall which is fixed at 
the grain boundary along its circumference. A weak applied field makes the 
wall bulge while it remains fixed to the grain boundary. This model was later 
confirmed s-s) by susceptibility measurements with varying amplitude of the 
a.c. measurement field. It was found that up to a certain critical value of the 
field amplitude (her) the permeability is constant. The walls remain fixed at 
the grain boundary. For h = her a sudden increase of .u is observed which is 
ascribed to a moving away of the wall from the pinning points. The critical 
field (her) varies with the grain size: her is inversely proportional to D. This 
was explained as follows: the magnetic force acting on the wall is proportional 
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Fig. 5.2. Initial permeability P,t as a function of the average grain size for manganese-zinc 
ferrites. The drawn line and the dashed line represent results of ref. 5-16 and ref. 5-17, 
respectively. 

to its area, or D2
, whereas the force which keeps the wall fixed to the grain 

boundary is proportional to its circumference, or D. 
For Mn-Zn ferrites linear relations have also been found bet~een the initial 

permeability and the grain size 5
- 14'

17
). Examples are shown in fig. 5.25

-
16

). 

The drawn line and the dashed one represent measurements as found by Ross 
and co-workers and by Perduijn and Peloschek5

-
17

), respectively. In all cases 
the compositions were chosen such that K 1 = 0 at room temperature. The 
permeability is then only determined by strains (via magnetostriction) and 
demagnetizing fields which are both caused by discontinuities in the ceramic 
structure, such as grain boundaries, pores, second phase, etc. The dashed line 
has a steeper slope than the drawn line which is ascribed to a larger spread in 
the porosity. Perduijn and Peloschek found higher permeabilities than Ross 
et al., which they attributed to a higher degree of purity and homogeneity. 
Inhomogeneities are caused by segregation of impurities at grain boundaries, 
oxidation or reduction, and by evaporation of zinc: They give rise to strains 
and demagnetizing action and therefore to a lowering of the permeability 5-

15119
). 

It should be noted that, as in the case of Ni-Zn ferrite and Y -Fe garnet, the 
linear relationship between permeability and grain size only applies as long as 
the grains are free from pores 5

-
15

• 
16

). Pores inside the grains are pinning 
points for domain walls and the distance between these pores can be considered 
as a fictitious grain size. However, near the K = 0 region the domain walls 
become very broad compared with the size of the pores, and t]Je influence of 
the pores on the permeability decreases, i.e. the fictitious grain size increases. 
For that reason samples with pores within the grains show a very pronounced 
maximum in the J.t-T curve. 

As early as in 1956 Guillaud and Paulus 5
-

20
) reported on permeability

grain-size relations of Mn-Zn ferrites in the range of grain sizes between 2 and 
20 !Jm. A strong increase of It was found between 5 and 10 J.tm, but below 5·5 J.l.m 
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and above 10 llm the permeability was constant. It was assumed that in grains 
smaller than 5 llm the magnetization is purely rotational, leading to a permea
bility of 500, whereas in larger grains domain walls also contribute, leading to a 
grain-size-independent permeability of about 4000. The latter conclusion was 
found to be incorrect in view of the later results of other investigators. Possibly 
demagnetizing fields caused by impurities are responsible for the low permea
bilities in the large-grain-size region. 

5.2.2. The influence of microstructure on high-frequency losses 

In applications at high frequencies the main source of losses in Ni-Zn 
ferrites are moving domain walls, whereas in Mn-Zn ferrites eddy currents 
but also irreversible domain-wall displacements are the main sources. This has 
been discussed in chapter 1. All these sources of losses are influenced by the 
microstructure. 

Globus and co-workers5
-

1
• 

2
• 

6
• 

7
• 

13
) and the author 5

-
21

) too, have 
reported on measurements of p,' and p," as a function of frequency on Ni-Zn 
ferrites with different microstructures. The results can be explained by the 
existence of two dispersion zones of the losses, one at low frequency due to 
domain-wall displacements and another at high frequency related to rotation 
of the spins. The low-frequency dispersion is clearly influenced by the micro
structure. It was found that the low-frequency dispersion peak shifted to higher 
frequencies with decreasing grain size D. Globus found that the frequency at 
which p,' starts decreasing increases proportionally to l/D 2

• In materials with 
a uniform grain size the dispersion has a relaxation character, i.e. p,' decreases 
without showing a maximum. In the case of an inhomogeneous structure (very 
wide grain-size distribution) the p,' -frequency curves have a resonance character, 
i.e. p,' shows a pronounced maximum near the resonance frequency. The 
resonance character was thought to be caused by interactions between domain
wall systems in grains of different size and relaxation frequencies 5-

1
• 

2
). 

In a very fine-grain material which was assumed to be single-domain (Ni 
ferrite with grains smaller than 0·2 Jlm) it was found that the low-frequency 
dispersion was completely absent 5

-
1

• 
2
). The high-frequency resonance still 

exists at the same frequency. The fact that this spin-resonance frequency is the 
same for all samples implies that the effective anisotropy field is also the same 
in spite of great differences in porosity (2-34 %) and grain size (0·2 35 Jlm). 
This conclusion is supported by the fact that the high-frequency values of p,' 
are about the same for all samples, including the single-domain sample. By 
using Snoek's relation the rotational permeability can be calculated from the 
spin-resonance frequency. This calculated value (4·8 for Ni ferrite) agrees fairly 
well with the permeability as measured on the single-domain samples: 5·2. 

Another important aspect of microstructure is the orientation of the crystal
lites with respect to each other. Globus and Duplex5

-
6

• 
7

) found, depending 
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on the powder-preparation method, great differences in permeability and 
magnetic spectrum in samples with equal composition, grain size and pore 
distribution. These differences were thought to be caused by differences in the 
orientation of the crystallites. It was assumed that materials made from fully 
reacted powders have a random orientation of the grains, whereas in materials 
made from non-reacted powders the orientation of a grain depends on that of 
its neighbours. 

In Mn-Zn ferrites the influence of microstructure on losses is different in 
nature because the losses are of different origin. The important phenomena will 
be discussed very briefly because they are less relevant to the present investiga
tion which only applies to Ni-Zn ferrites. In Mn-Zn ferrites (or rather Mn-Zn
Fen ferrites) eddy currents are an important source of losses. Grain boundaries 
can play an important role as insulating lamellae to suppress the eddy currents. 

It has been found by Guillaud et al. 5-2 
2

) that addition of small amounts of 
calcium, e.g. 0·1 weight percent, leads to the formation of a high-resistance 
layer on the grain boundaries. It turns out that CaO is predominantly present 
in the grain-boundary region. Akashi et al. s-23) found that the losses were 
more reduced by the simultaneous addition of CaO and Si02 • The distance 
between the high-resistance lamellae, i.e. the grain size, is an important factor 
for the loss level. 

Moving domain walls are another source of losses. Buck and Ross s-24
) 

found that the presence of pores inside the grains not only decreases the 
permeability but also increases the losses. They assumed that the pores act as 
potential wells for the domain walls, but that these potential wells are shallow 
and wide compared to those caused by the grain boundaries. The domain-wall 
motion within the wells can be described as a relaxing process. The relaxation 
frequency lies below the eddy-current cut-off frequency and the ferromagnetic
resonance frequency, and is therefore very important for applications. 

5.3. The influence of grain size on the high-frequency properties of Ni-Zn 
ferrites and iron-deficient Ni-Zn-Co ferrites 

5.3.1. Introduction 

In sec. 4.4 high-frequency properties of Ni-Zn ferrites have been compared 
with those of Ni-Zn-Co ferrites. The stabilization of domain walls, as brought 
about by the substitution of Co2 + and CoH ions, leads to a considerable 
reduction of permeability and high-frequency losses. From the literature we 
know that reduction of domain-wall contribution to the permeability can also 
be achieved by a reduction of the grain size (sec. 5.2). The aim of the present 
investigation was to study the combined effect of both domain-wall-stabilizing 
mechanisms on the high-frequency properties. In this section we shall report on 
the influence of grain-size reduction on the losses of Ni-Zn ferrites and iron-
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deficient Ni-Zn-Co ferrites. The grain size was varied from very fine ( < 0·5 
J.tm) to coarse(> 10 J.tiD). 

5.3.2. Preparation of the samples 

The chemical compounds used for the experiments are the materials labelled 
MS1 to MS7 and CSI to CS7 whose composition and powder preparation have 
been described in sec. 4.4. Besides the series sintered at ll60°C (label Sl, see 
sec. 4.4) another series was sintered at 1250°C for 24 hours in an oxygen 
atmosphere (label S2). Fine-grain materials were obtained by continuous hot
pressing at 950°C (label H). A description of this method was given in sec. 3.3. 

TABLE 5-I 

For a number of Mn-substituted (MS) and Co-substituted (CS) ferrites with 
Ni-Zn ratio (I - x)fx sintered for 2 hours at l160°C (S1), the porosity (P), 
the average grain size (D), the d.c. specific resistivity (p), the permeability in the 
low-frequency range of the magnetic spectrum (fl1r), the frequency at which 
fl" is maximum (f,J, the permeability at which fl 0 1fl' = 0·1 (/l0 • 1), the frequency 
at which fl 0 

/ fl' = 0·1 (/0 • 1), and values of fmlfs, where /s is the frequency 
calculated from Snoek's formula by using fllf· Compositions of the CS- and 
MS-samples are given in the tables 4-VI and 4-VII, respectively. 

sample X p jj log p fllf fm flO·l fo·l fmlfs 
(vol (J.tm) (ficm) (MHz) (MHz) 

%) 

MSl-Sl 0 4·5 2·1 >9 13 180 20 70 0·37 
MS2-Sl 0·1 5·1 2·3 >9 32 105 35 45 0·46 
MS3-Sl 0·2 5·1 2·0 >9 52 90 52 25 0·56 
MS4-S1 0·3 6·1 1·8 >9 77 55 85 16·5 0·47 
MS5-Sl 0·4 5·3 2·1 >9 160 20 160 9 0·35 
MS6-S1 0·5 4·6 2·2 >9 230 13 260 3·8 0·33 
MS7-Sl 0·6 5·0 2·2 >9 500 4·' 560 1·4 0·28 

CS1-S1 0 4·1 3·0 6·7 12 430 17 250 0·80 
CS2-Sl 0·1 4·0 3·2 8·8 21 310 30 170 0·87 
CS3-S1 0·2 3·8 3·5 8·8 26 290 40 150 0·87 
CS4-S1 0·3 4·1 3·8 >9 36 250 52 115 0·96 
CS5-Sl 0·4 4·1 3·6 >9 -45 170 70 85 ""0·8 
CS6-Sl 0·5 3·5 3·9 >9 -so 95 93 52 ,...,0·5. 

CS7-Sl 0·6 2·6 3·9 >9 ,...go 60 140 31 ,..,0·6 
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It should be remarked here that, for reasons described in sec. 3.2, special 
demands should be made upon the chemical homogeneity of the powders. 
This applies especially to the Ni-Zn-Co ferrites where minor differences in the 
chemical composition might lead to great differences in the magnetjc properties, 
as we have seen in sec. 4.3. Therefore application of the spray-drying technique, 
leading to homogeneous and chemically well-defined powders, was of vital 
importance. 

5.3.3. Measurements and results (see also sec. 3.4) 

Properties, such as porosity, average grain size and specific resistivity of the 
Sl-, S2- and H-series are given in the tables 5-I, 5-II and 5-III, respectively (see 
also the tables 4-VI and 4-VII). There are great differences in graiq size between 
the different series, whereas the differences in density are relatively small. The 
highest measured porosity was 6·2 %. Typical microstructures of the S1- and 
S2-samples are shown in figs 5.3 and 5.4. Because the grain-size ejletermination 
of the hot-pressed samples via electronmicrographs is rather complicated and 
elaborate, the grain size was determined only of samples MS3-H and CS3-H. 

TABLE 5-II 

The same as table 5-I for samples sintered for 24 hours at 1240°C (S2) 

sample X p l> log p 1-tlf fm Po· I fo·I fmlfs 
(vol (J.lm) (Qcm) (MHz) (MHz) 

%) 

MSI-S2 0 0·7 18 8·0 31 60 35 15 0·29 
MS2-S2 0·1 0·6 11 >9 57 42 60 10 0·32 
MS3-S2 0·2 0·7 12 >9 85 20 90 7·3 0·19 
MS4-S2 0·3 0·7 13 >9 120 10·2 140 6·0 0·13 
MS5-S2 0·4 0·6 14 >9 200 9·4 220 4·0 0·20 
MS6-S2 0·5 0·5 15 >9 380 5·0 400 1·7 0·20 
MS7-S2 0·6 0·3 7 >9 850 2·7 900 0·5 0·29 

CS1-S2 0 0·9 15 8·3 11 600 13 200 0·98 
CS2-S2 0·1 1·2 15 >9 20 360 27 140 0·93 
CS3-S2 0·2 1·0 16 >9 26 300 39 130 0·87 
CS4-S2 0·3 1·1 15 >9 35 250 48 95 0·91 
CS5-S2 0·4 0·8 16 >9 50 170 63 77 0·87 
CS6-S2 0·5 0·7 18 >9 67 130 80 57 0·93 
CS7-S2 0·6 0·5 16 >9 95 80 115 32 0·96 
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TABLE 5-III 

The same as table 5-I for samples hot-pressed (H) at 950°C 

sample X p [J log p Ji.Jf fm Ji.O·l fo-1 f,Jfs 
no. (vol (f.lm) (!lcm) (MHz) (MHz) 

%) 

MSI-H 0 2·8 6·9 7 750 10 330 0·75 
MS2-H 0·1 3·6 7·8 11 490 14·5 230 0·68 
MS3-H 0·2 3·5 0·3 >9 16 360 23 145 0·64 
MS4-H 0·3 3·3 >9 24 270 36 100 0·68 
MS5-H 0·4 1·7 >9 40 190 62 64 0·78 
MS6-H 0·5 1·6 >9 60 110 82 45 0·71 
MS7-H 0·6 2·4 >9 85 65 110 15 0·71 

CS1-H 0 2·2 7·8 7 "'640 9·5 440 "'0·63 
CS2-H 0·1 0·6 8·5 11 500 15 330 0·68 
CS3-H 0·2 0·9 0·5 >9 16 400 23 280 0·70 
CS4-H 0·3 0·9 >9 22 300 36 180 0·67 
CS5-H 0·4 1·0 >9 28 250 44 130 0·70 
CS6-H 0·5 0·7 >9 45 150 66 85 0·72 
CS7-H 0·6 0·3 >9 70 100 78 47 0·88 

All samples were hot-pressed under the same conditions and, therefore, the 
grain size is supposed to be the same within each series. Figure 5.5 shows an 
electronmicrograph of sample CS3-H. 

Results of the magnetic measurements are given in the figures 5.6 to 5.12. 
In figure 5.6 permeability-temperature curves measured at 30 kHz are given of 
the samples MS4-Sl, S2 and H (different grain size). Figure 5.7 is the same for 
the cobalt-substituted samples CS4-Sl, S2 and H. The MS-samples show an 
increase of the permeability with grain size over the whole temperature range. 
However, the relation between permeability and grain size (e.g. at 25 °C} is not 
linear (in which case one would have found for instance a much higher permea
bility for the coarse-grain S2-samples). The 11-T curves of the CS-samples 
show the same behaviour in the temperature range above 200 oc. However, 
at lower temperatures the differences between the p-T curves are much less. 
The Sl and S2 curves in fact practically coincide. 

The complex permeability in terms of 11' and 11" was measured between 1 and 
1000 MHz. In sec. 4.4 we reported on the results of the Sl-samples with the 
medium grain size. Examples of magnetic spectra were given in the figures 
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al 

bl 
Fig. 5.3. Microphotographs of polished and etched samples of materials sintered at 1160°C; 
(a): sample MS4-Sl and (b): sample CS4-Sl. Data on these samples are given in table 5-I. 
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a) 

bl 
Fig. 5.4. The same as fig. 5.3, but now for samples sintered at 1240°C; (a): sample MS4-S2 
and (b): sample CS4-S2; data are listed in table 5-II. 
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Fig. 5.5. Electronmicrograph of sample CS3-H hot-pressed at 950°C. Data on hot-pressed 
samples are listed in table 5-m. 
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Fig. 5.6. Low-frequency permeability as a function of temperature for matetiials with various 
grain size but the same composition MS4. Data on MS4-samples are listed in the tables 5-l, 
5-II and 5-III. 
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Fig. 5.7. The same as fig. 5.6 but now for cobalt-substituted ferrites with composition CS4. 
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Fig. 5.8. Magnetic spectra for manganese-substituted samples with various grain size and 
the same composition MS3. Data on these samples are given in the tables 5-1, 5-II and 5-III. 
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Fig. 5.9. The same as fig. 5.8, but now for cobalt-substituted materials CS3. 

4.20, 4.21 and 4.22, and a number of characteristic values were given in the 
tables 4-VI and 4-VII. The same sort of measurements have also been done for 
all fine-grain H-samples and coarse-grain 82-samples. Figure 5.8 shows for 
example magnetic spectra of MS3-samples with different grain size. Figure· 5.9 
shows the same for the CS3-composition. The curves can be characterized by a 
number of typical quantities (see also sec. 4.4.3) such as 

J,t 1r permeability (/1') in the low-frequency range of the spectrum (1-10 
MHz), 

J.iO·l 
fo·l 
fs 

frequency where 11" is maximum, 
permeability where tan lJ = J.tlt I J.t' = 0·1, 

= frequency where tan lJ = J.t"!J.t' 0·1, 
= frequency calculated from Snoek's equation 

proper M.-value. 
by using J,t1r and the 

The characteristic frequencies and permeabilities for all samples are given in the 
tables 5-I, 5-II and 5-III. fml/s·Values are also listed. The importance of this 
parameter will become clear in the discussion. Average values offmlfs for each 
series and the corresponding average of the average grain size (D) are listed in 
table 5-IV. 

By comparing J.tu·values from the different tables one concludes that for the 
MS-samples J11r increases with grain size, though not linearly. The same was 
concluded from the J,t-T curves. For the CS-samples little difference is found 
between the J.ilf·values of the Sl- and S2-samples. However, the fine-grain 
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TABLE 5-IV 

The average grain size averaged over the samples 1 to 7 of each series (D) and 
the corresponding average values fmlfs 

series no. 75 (~m) 

MS-S2 13 
MS-SI 2·1 
MS-H 0·3 

CS-S2 16 
CS-Sl 3·6 
CS-H 0·5 

1000 

100 

10 

10 

fm!fs 

0·23 
0·40 
0·71 

0·92 
0·78 
0·71 
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Fig. 5.10. High-frequency permeability for tan o = 0·1 (Jto.I) as a function of the frequency 
where tan iJ 0·1 (jo-1). Each curve corresponds to a series of MS- or CS-samples with a 
certain grain size. The drawn curves belong to the CS-samples, the dashed curves to the MS
samples. Every point on a curve corresponds to a certain Ni-Zn ratio. The Ni-Zn ratio 
increases from upper left to lower right. The data collected in this figure have also been listed 
in the tables 5-I, 5-ll and 5-III. 

H-samples show lower permeabilities than the Sl- and 82-samples. The p."
curves of the MS-samples are strongly influenced by the grain size (fig. 5.8). 
fm and/0 . 1 are shifted to higher frequencies by decreasing the grain size (com
pare the data from the tables). The influence of grain size on the p." curves of the 
CS-samples is less pronounced, though there is still a considerable shift of the 
p." peak to higher frequencies by comparing the H-samples with the sintered 
samples (SI and S2). 
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/,,//8-values increase with decreasing grain size in the case of the MS-samples 
(see table 5-IV). On the other hand there is a slight decrease in the case of the 
CS-samples. 

The frequency / 0 . 1 can be considered as an arbitrary limiting frequency up 
to which the ferrite can be used in practical applications. In fig. 5.10 p, 0 . 1-

values have been plotted versus the / 0 . 1-values. Each curve corresponds to a 
series of Ni-Zn ferrites or Ni-Zn-Co ferrites with a certain grain! size. A collec
tion of such curves gives information, e.g. about the maximum permeability 
which can be realized (with tan /J less than 0·1) in a Ni-Zn-ferrite or a Ni-Zn
Co-ferrite system at a certain frequency. For example it can be seen that in the 
highest frequency range ( > 100 MHz) the highest permeabilities can be obtained 
with the fine-grain cobalt-substituted materials. A disadvantage of such a 
p, 0 . 1 -/0 • 1 plot is that the loss limit (Jl" ftl = 0· I) is rather arbitrarily chosen. A 
better way of characterizing a material is by means of its tan( /J)/ Jl versus 
frequency curve (see sec. 4.2.4), which can be derived from the p,'-1 and p," -f 
curves (at low loss level tan(/J)/p, = p,"/(JLY). The material with the lowest 
value of tan(/J)/p, at a certain frequency is the best material (as far as permea
bility and losses are concerned) for application at that given frequency. Figure 
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Fig. 5.11. The loss factor tan(o)/Jt as a function of frequency for two compositions CSl and 
CS5. Each curve corresponds to a certain average grain size and a certain composition. The 
curves are derived from permeability spectra some examples of which are shown in the 
figures 4.20, 4.21 and 4.22 and 5.8 and 5.9. 
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Fig. 5.12. Minimum values of the loss factor tan(o)/p as a function of frequency for iron
deficient cobalt-substituted Ni-Zn ferirtes. Each curve contains materials with a certain grain 
size but with various Ni-Zn ratios. The curves were derived from tan(b)/p curves of which 
examples are given in fig. 5.11. 

5.11 shows examples of tan( b)/ Jl curves for some materials. All materials from 
a certain series, e.g. the H-samples of series CSl to CS7, form a set of curves. 
These curves are enveloped by one curve which represents the minimum values 
oftan(o)/f.l for the series in question. Figure 5.12 shows these minimum tan(o)/f.l
values for the three series of the CS-samples (Sl, S2 and H). The hot-pressed 
samples are seen to have the best properties in the whole frequency range above 
50 MHz. 

5.3.4. Discussion 
' 

(a) The low-frequency permeability 

The permeability of the coarse-grain Ni-Zn ferrites (the MS-82-samples, 
see figJ 5.6) is lower than one would expect on account of a linear relationship 
between permeability and grain size, as found by several authors. The presence 
of pores in the grains can account for that. Pores act as pinning points for the 
domain walls and lower the permeability. The fine-grain H-samples probably 
do not contain pores in the grains. The Sl-samples (fig. 5.3) only show a minor 
intragranular porosity, whereas in the coarse-grain S2-samples many pores are 
found in the grains. 
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One may wonder how much the measured permeabilities differ from the 
theoretical rotational permeability. For the rotational permeability data on the 
crystalline anisotropy constant K 1 are needed. Some authors 5

-
25

• 
26

• 
27

) have 
reported on anisotropy measurements on single crystals of nickel ferrite and 
nickel-zinc ferrite. The data show some spread which can be attributed to the 
poor quality of the single crystals. For example for nickel fertite K1-values 
have been published varying between 5·5 . 104 and 7 . 104 erg/cm3

, which 
corresponds to a rotational permeability between 5 and 6. The permeability 
as measured on the hot-pressed Ni-ferrite sample MSI-H is about the same: 7. 
(Globus5

- 1) found a permeability about 5 for a "monodomain" fine-grain 
nickel ferrite.) So we come to the conclusion that in the fine-grain nickel 
ferrite the permeability is practically purely rotational. Deviations are found 
for the Ni-Zn ferrites. The difference between the calculated rotational permea
bility and our measured permeability of the hot-pressed materials is found to be 
larger for increasing Zn content. For instance, for the compositions 
Ni 0 • 7Zn0 . 3Fe20 4 and Ni 0 . 4 Zn0 . 6Fe20 4 the K1-Aalues are 5.104 and 1·7. 104 

ergfcm3
, respectively, and the corresponding rotational permeabilities are 14 

and 29. The measured permeabilities are 24 and 85. 
So, the contribution of domain walls increases strongly with the Zn content 

in Ni-Zn ferrites. Apparently the critical grain size for domain-wall formation 
decreases with increasing Zn content. This critical grain size is related to the 
spacing between the domain walls. In the state of equilibrium the spacing 
between the walls is such that the total of domain-wall energy and demagnetizing 
energy is minimum. Problems of domain-wall spacing can be solved fairly 
easily in simple cases, e.g. for a single crystal with a simple shape and a uniaxial 
anisotropy (see sec. 2.5). For a polycrystalline material the situation is very 
complicated, in particular where the calculation of the demagnetizing energy 
is concerned. 

We can only make qualitative statements. The domain-wall energy (see 
eq. (2.23)) is determined by factors which are related to the chemical composi
tion, i.e. the crystalline anisotropy and the exchange energy. Both crystalline 
anisotropy and exchange energy (which is proportional toM; kTc/Mg 5

-
28

)) 

decrease with increasing Zn content. Therefore the domain-wall energy and 
the domain-wall spacing also decrease. In other words the critical grain size 
would be larger for Ni ferrite than for Ni-Zn ferrite. This would be in con
formity with our measurements. 

However, we must also take into account the influence of the demagnetizing 
energy on the wall spacing. Sources of free poles are the outer surface of the 
sample, but also pores, second phase and grain boundaries. 

Craik5
-

29
) introduced an effective free-pole density, c M., on the grain 

boundary. Both c and M. depend on the chemical composition. For materials 
with a high anisotropy c is large, e.g. c = 0·4 for barium hexaferrite, whereas c 
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~s probably small for soft-magnetic materials, e.g. 0·015 for silicon iron. In our 
series of Ni-Zn ferrites cis probably larger for smaller Zn contents. Ms at room 
temperature is maximum for Ni0 . 4Zn0 . 6Fe20 4 and decreases both towards 
higher and lower Zn contents. So the influence of the Zn content on the effective 
pole density c Ms and therefore on the domain-wall spacing is not clear. 

In the case of the cobalt-substituted materials we observed low room
temperature permeabilities for all samples. The Jl.-T curves of the Sl- and S2-
samples are almost identical below 200°C. Domain walls are already "chemi
bally" pinned by the presence of Co2+ and Co3 + ions. Above 200°C the 
chemical stabilization no longer works because the relaxation time is too short 
41-nd the walls are only pinned by the grain boundaries, which explains the great 
differences in the Jl.-T curves above 200°C (a grain-size effect). 

How to explain the low room-temperature permeability of the hot-pressed 
.f:I-samples? A further decrease of the domain-wall permeability is possible, 
but then one could wonder why grain-size reduction does not work between 15 
and 4 j.11Il (S2 and Sl}. 
! It would be interesting to know the crystalline anisotropy of the CS-samples 
in order to estimate the rotational permeability as in the case of the MS
~amples. Unfortunately no data are available in the literature. We can only say 
that at room temperature the K 1-values of the CS-samples are smaller than 
those of the MS-samples because of the compensation effect of the Co2 + ions. 
Ijligher rotational permeabilities would be expected. 

It should be noted that other factors might influence the permeability, viz. 
chemical inhomogeneities and mechanical stresses. Chemical inhomogeneities 
can be caused by preferent oxidation of grain boundaries which has been found 
in Ni-Zn-Co ferrites (see next section). Inhomogeneities give rise to stresses 
and reduction of the permeability via the magnetostriction. 
I Inhomogeneous oxidation could also explain the shape of the Jl.-T curve of 

the H-sample. In contrast with the Sl- and 82-samples the H-sample does not 
spow a secondary maximum in the Jl.-T curve. Inhomogeneous oxidation gives 
nse to local differences in the Co 2 + content and therefore in the place of the 
secondary maximum. In other words, the secondary maximum is smeared out. 

In addition the local stresses due to the inhomogeneities cause extra anisot
ropies which may also vary from place to place. The magnetostriction constant 
is less dependent on temperature than the crystalline anisotropy 5

-
28

}. This 
cbuld explain the flat course of the JJ.-T curve. 

(b) The high-frequency losses 

i We shall first consider the /,,.//s-values. For a purely rotational permeability 
fm equals fs ifmlfs = 1}. Contributions of domain-wall displacements to the 
permeability lead to a decrease of fmlfs· This has been discussed in sec. 2.6.3. 

I A comparison of the average fml/s-values of the different M8-series (see 
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table 5-IV) leads to the conclusion that grain-size reduction results in a smaller 
domain-wall contribution. This conclusion agrees with that drawn from the 
measured tt1r·values (see (a)). In (a) we also concluded that in the H-samples 
the contribution of domain walls increases strongly with the Zn cqntent. There
fore one would expect a decrease of fmlfs with increasing Zn content (from 
MSI-H to MS7-H). However, the fm/18-value is found to be rather constant 
(see table 5-III). 

The small decrease of fmlfs with grain size as observed in the cobalt-substituted 
samples (table 5-JV) is very unlikely to be attributed to an increased domain
wall mobility. We cannot give a satisfactory explanation. It might be that 
chemical inhomogeneities as a result of inhomogeneous oxidation mentioned 
before plays a role. 

For applications the grain size has great significance as we can conclude 
from the figures 5.10, 5.11 and 5.12. A small grain size becomes more favourable 
towards higher application frequencies as is clearly demonstratep in fig. 5.12. 
For example at 50 MHz the minimum tan(o)/tt-value in the Ni-Zn-Co-ferrite 
system is hardly influenced by the grain size, whereas at 150 MHz the differences 
are very great. One could also say that at every frequency there seems to be 
not only an optimum Ni-to-Zn ratio but also an optimum grain size. The 
former increases and the latter decreases towards higher frequencies. In the 
frequency range above 50 MHz the optimum grain size is very small, e.g. < 
1 J.Lm. Below 50 MHz the optimum grain size is larger. 

In the low-frequency region (e.g. < 50 MHz), i.e. the region where com
positions with high Zn content are used, the domain-wall pinning is probably 
less effective. The effectiveness of domain-wall pinning by grain boundaries 
might be related to the thickness of the wall. One may speculate that the 
influence of a given pinning point extends over a volume of the size of the wall 
thickness. A large wall thickness (high Zn content) would then mean a dilution 
of the pinning effect. This would imply that towards higher Zn contents the 
domain-wall pinning is weaker and that the contribution of domain-wall 
displacements to the permeability increases. The same conclusion was drawn 
under (a). 

5.4. The influence of microstructure on the Co2 + -Co3 + relaxation 

5.4.1. Introduction 

This section is a continuation of sec. 4.5 and the work described has also been 
published in refs 4-34 and 4-35. 

At the end of sec. 4.5 some phenomena were mentioned which could not be 
satisfactorily explained. It was suggested that the grain size and the presence 
of inhomogeneities in the degree of oxidation might influence the Co2 + -Co 3 + 

relaxation. To get more information on the influence of grain size more 
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materials with greatly different microstructure were investigated. The results of 
the measurements are given in sec. 5.4.2. Section 5.4.3 deals with an investiga
tion into the presence of inhomogeneities in the degree of oxidation. In sec. 
5.4.4 the results will be discussed. 

5.4.2. Relaxation measurements on Ni-Zn-Co ferrites with different micro
structure 

A number of ferrites with approximately the same composition but sintered 
under different conditions were used for the measurements. Data on prepara
tion, composition, microstructure and physical properties are given in table 5-V. 
The differences in sintering temperature lead to large differences in grain size. 
With the exception of sample NZ8-H3 there is a slight increase of the Co 3 + 

concentration towards lower sintering temperatures. Sample NZ8-H3 might be 
chemically inhomogeneous because powder NZ8 was made with the conven
tional ball-milling technique. All other powders were made by way of the 
spray-drying technique starting from sulphate solutions (see sec. 3.2). 

From magnetic-relaxation measurements, as described in sec. 4.5.3, values of 
r::,,,. and E were derived. Figure 5.13 is a double-logarithmic plot of the relaxa
tion time at 150°C versus the average grain size. A large variation of '1: is found, 
more than two orders of magnitude difference between the small-grained hot
pressed materials CD ~ 1 11m) and those normally sintered. Values of r;;, and 
E are listed in table 5-V. 

Instead of considering the dependence of ,. on a microstructural parameter 
such as the average grain size, one may use the sintering temperature as a means 
of characterizing the material. The concentrations of defects vary exponentially 
with the temperature. Defects formed at the sintering temperature may be 
frozen-in during the cooling stage of preparation and determine the values of 1: 

at lower temperatures. For later reference the -r-values used in fig. 5.13 have 
been replotted in fig. 5.14 on a semi-logarithmic scale as a function of the 
reciprocal sintering temperature. A straight line is found with a slope Q of 
2·6 eV. 

5.4.3. Investigation of surface and grain-boundary oxidation in iron-deficient 
Ni-Zn-Co ferrites 

In sec. 4.3.4 we concluded that a con1:oiderable increase of the Co3+ con
centration is possible by cooling a sample, e.g. from 1200 oc to 600 °C. At the 
same time the cation-vacancy concentration might increase by several orders 
of magnitude (see fig. 4.18). In sec. 4.5 we reported on a weak Co2 + -CoH 
relaxation in an iron-excess ferrite which according to the active-oxygen 
analysis contained Fe2 +. The latter can only be explained by the presence of 
chemical inhomogeneities which would be caused by oxidation during cooling. 
In samples with an open porosity one finds that the Co 3 + concentration is 
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Fig. 5.13. Relaxation time -r: measured at 150°C vs the average grain size f<;>r iron-deficient 
Ni-Zn-Co ferrites of about the same composition (see table 5-V). 
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Fig. 5.14. Relaxation time • measured at 150°C vs the sintering temperature T8 for iron
deficient Ni-Zn-Co ferrites of about the same composition (see fig. 5.13 and table 5-V). 
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higher than that corresponding to a stoichiometric cation-to-anion ratio of 3/4, 
see e.g. sample NZ2-Sl in table 5-V: the CoH concentration as analysed is 
0·01, whereas the "stoichiometric" amount is about 0·003. Again this must be 
caused by oxidation during cooling. This oxidation is not likely to occur 
homogeneously. Regions around pores and possibly grain boundaries will be 
more oxidized than the interior of the grains. In order to get some information 
on the effect. of oxidation during cooling the following experiments were done. 

The active-oxygen content was analysed for a number of materials with a 
different morphology, namely 
(I) powders with a large surface-to-volume ratio, 
(2) sintered granules with a closed porosity (pores shut off from outer atmos

phere) and an average diameter between 0·25 and 1 mm, 
(3) powders made by grinding sintered samples with a closed porosity. 

In case (1) the powders were analysed as cooled down after preparation 
(decomposition of the sulphates). Results with the powders NZl to NZ4 are 
given in table 5-VI. The powders contain more CoH than the corresponding 
sintered dense S2-samples (see table 4-VIII). Even the iron-excess powder 
NZ4 contains Co 3+. This means that at lower temperatures measurable 
quantities of cation vacancies and Co 3 + ions are formed. 

Sintered granules (2) were made of Ni-Co-ferrite composition N3 (see table 
4-IX) by mixing the powder with 10% water in a mortar, followed by drying. 
The fraction of the granules with a diameter larger than 0·25 mm was sintered 
to a closed porosity at 1150°C for 24 hours in an oxygen atmosphere. The 
sintered granules were partially dissolved so that the active-oxygen content 
of the outer surface layer could be determined. For every analysis a new amount 
of granules was taken. In fig. 5.15 the active-oxygen content has been plotted 
as a function of the weight percentage of dissolved material. The dashed line 
gives the amount of active oxygen that one would expect for a stoichiometric 
composition. It is clearly demonstrated that during cooling the outer surface 
especially is affected. The amount of Co3 + increases sharply below a few 
percent of dissolved material. 

The experiments with the ground materials (3) were made to obtain informa
tion on grain-boundary oxidation. Fracture is assumed to occur preferentially 
along the grain boundaries. For the grinding experiments materials sintered 
in two different ways were used: 6 hours at 1260 oc in 1 atm oxygen (N3-SA), 
and 6 hours at 1260°C in 50 atm oxygen (N3-SB). After removal of the outer 
surface by etching, the sintered samples were milled in an agate mortar in a 
glove bag filled with nitrogen gas. The powder fraction smaller than 100 11m 
was analysed under nitrogen in the glove bag. The results of the partial analyses 
are given in fig. 5.16 which contains the same quantities as fig. 5.15. 

One can conclude that the grain-boundary area is oxidized and that its 
volume is about 0·5% of the total volume. For a grain size of 5 11m this corre-



TABLE 5-V 

Porosity (P), average grain size (D), active-oxygen content, maximum r"-value at 150°C, and activation energy (E) for various 
normally sintered and hot-pressed compounds of about the same composition. The specific resistivities are in all cases greater 
than 108 n em 

sample atomic ratio sintering P l> active 0 i [CoH] r::, E 
no. Ni/Zn/Co/Fe temp. j time (vol %) (J..tm) (wt %) (eV) 

(OC) ! (h) 

NZl-S2 0·78/0·19/0·03/1·98 1260 24 1·2 22 0·027 . 0·008 0·09 0·92 
NZ1-H1 0-78/0·19/0·03/1·98 925 0·2 3·2 ""0·5 0·045 0·013 0·045 0·81 
NZ2-Sl 0·78/0·19/0·03/1·99 1100 4 11-8 2 0·033 0·010 0·87 
NZ7-S6 0·78/0·195/0·035/1·99 1200 2 3·4 5 - - 0·06 0·90 
NZ7-H2 0·78/0·195/0·035/1·99 940 0·5 1·3 ,...,0·5 0·049 0·014 0·042 0·95 
NZ8-S7 0·78/0·19/0·03/1·94 1200 I 24 3·9 5 - - - 0·89 
NZ8-H3 0·78/0·19/0·03/1·94 1045 0·3 1·9 1 0·022 0·006 - 0·90 

--0 

I 
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0·1 1 10 100 
-Dissolved material (wt %) 

Fig. 5.15. Active-oxygen content of granules ofNi-Co ferrite (N3, see table 4-IX) sintered at 
1150"C and 1 atm 02 pressure as a function of the percentage of material dissolved for the 
analysis. This curve gives an idea of the difference in Co3+ content between the outer layer and 
the inside of the granules. The dashed line gives the amount of active oxygen for a stoichio
metric composition. 

sponds to a thickness of about 50 A of the oxidized layer. This value should be 
taken as an order-of-magnitude estimate, because the calculation is based on 
the assumption that the fracture surface created during grinding originates from 
the grain boundaries only. In addition to intergranular fracture, some intra
granular fracture will certainly take place, so that the measured amount of 
active oxygen is lower than the real amount for the grain-boundary area. 

10 

Active 0 
(wt%) 

I 
0·1 

• 
• 

• SA 1 atm 02 
o SB50atm 02 

---c-o: 

Q.1 1 10 100 
- Dissolved material {wt %) 

Fig. 5.16. The same as fig. 5.15, but now for sample N3-SA, sintered at 1260°C in 1 atm 
02 pressure, and sample N3-SB, sintered at 1260°C in 50 atm 02 pressure. The samples were 
ground before the analysis. The curves give an idea of the grain-boundary oxidation. 
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TABLE 5-VI 

Active-oxygen analyses of powders of composition 

Nio.7sZno·19Coo·o3Fe2 +x04+ ,. 
For properties of sintered samples see tables 4-VIII and 5-V 

• 
sample X active 0 [Co3+] 

no. (wt %) (analysed) 

NZI -0·020 0·04 O·Oll 
NZ2 -0·01 0·03 0·009 
NZ3 -0·005 0·01-0·09*) 0·003-0·03 
NZ4 0 0·01-0·09*) ! 0·003-0·03 

*) inhomogeneous. 

5.4.4. Discussion 

(a) Dependence of r:;. and ron grain size 

[Co3+] 

· (stoichio-
metric) 

0·007 
0·003 
0·002 

0 

The data on r:;, given in fig. 4.29 and table 5-V show a weak dependence on 
grain size. For 10-J.Lm grains (N-S3) r:;. is about half the value for 4-J.Lm grains 
(N-S4), whereas for the fine-grained materials (NZ-H) with D ~ I J!m the r;:,
value is again smaller for the same Co2+ content. It is not clear whether these 
variations must be related to the effects of domain-wall motion. The influence 
of the latter on the strength of the relaxation is expressed by a factor Ljd. 
From eq. (2.51) it follows that 

Ltr ~~ ~· (5.1) 
s 

This formula is only valid if the wall pinning is predominantly caused by the 
induced anisotropy (see sec. 2.5). From eq. (2.25) and ref. 5-8 wei can conclude 
that L probably increases with grain size. However, calculations for poly
crystalline materials are very inaccurate. This has been discussed in the sections 
2.5 and 5.3.4. 

In order to determine the importance of the factor Ljd a measurement was 
made on one sample, NZ2-S2 with grain size 17 J.lm (see table 4-VIII), of the 
effect of a longitudinal d.c. magnetic field up to 14 Oe (He = 1·4 Oe). Although 
the Jl-values changed drastically, r;:, proved to be independent of the field 
strength. Since the wall spacing L in eq. (5.1) would change in a polarizing 
field, it is concluded that eq. (4.14) applies and, therefore, that wall motion can 
probably be left out of consideration. The problem remains that the weak r;:, 
variations with grain size are unexplained. 
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It is also difficult to explain the great variation of r with grain size, as shown 
in fig. 5.13. Since r is inversely proportional to the Co3+ concentration (from 
fig. 4.27) a difference in relaxation time exists between the boundary region and 
the bulk of the grains. However, the boundary region is very small and the 
average Co3+ concentrations do not show great difference between fine-grain 
and coarse-grain materials (see table 5-V). Assuming that wall motion can be 
left out of consideration, one cannot explain the enormous difference in relaxa
tion times as shown in fig. 5.13 with the simple model of exchange of electrons 
between Co 2 + and Co3+ ions. We shall propose another model. 

(b) Influence of temperature and oxygen pressure during sintering 

In this section we shall discuss how the circumstances during sample prepara
tion could influence the relaxation time. The effect of sintering temperatures, 
T., was shown for the NZ-series in fig. 5.14, while the effect of the oxygen 
pressure, p(02 ), during sintering can be deduced from fig. 4.27 (the difference 
between the N-83- and N-84-samples). The -r-values can be changed several 
orders of magnitude by variation ofT. from 925 to 1260°C and by a factor of 
between 2 and 6 by increasing p(02) rrom 1 to 50 atmospheres atter correction 
for the variation in the Co3+ content for these samples. The influence of these 
sintering parameters on -r suggests that at the sintering temperature a defect is 
introduced that is still present in the material after cooling and plays a role in 
the relaxation process no less vital than that of Co 3 +. Calling this defect X 
we extend the relaxation probability as given in eq. (4.15) by a factor that 
contains the defect concentration, N(X). The result is 

1/-r = a' N(X) [Co3+] exp (- E/kT). (5.2) 

The plot of fig. 5.14 and the results of fig. 4.27 now acquire a new significance 
showing N(X) to depend on temperature and oxygen pressure as given below: 

N(X) oc exp [- (Q/kT,)]f(p(01)) (5.3) 

where Q equals 2·6 eV andf(p(02)) increases withp(0 2). From eq. (4.6) we can 
derive that the cation-vacancy concentration can be written as 

(5.4) 

where b contains a number of constants and the Co2 + and Co 3 + concentrations. 
The value of 8 JHc/3 was estimated in sec. 4.3.4 at about 2·2 eV, which is 
rather near the value Q = 2·6 e V deduced from the plot in fig. 5.14. The -r 
dependence on p(02 ), as found from (5.3) and (5.4) by identifying X with 
V0 , predicts a decrease of -r, when p(02) increases from 1 to 50 atmospheres, 
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by a factor of 13. From the data in fig. 4.27 a decrease of about a factor of 4 is 
concluded, which would correspond to a lower power of p(02) in eq. (5.4). 

The identification of the defect X with a cation vacancy has been very indirect. 
In sec. 4.3 it was argued that the cation-vacancy concentration is v~ry small, i.e. 
smaller than the limits of the chemical analysis for the known values of b and 
A He, so it is difficult to give a direct proof of the hypothesis that cation vacancies 
take part in the relaxation. 

(c) Relaxation models 

If cation vacancies do play a role in the Co2+ relaxation, Mizushima's 
model5

-
30

) used in sec. 4.5 has to be extended. Three relaxations seem possible: 
(I) exchange of electrons between Co2 + and Co3+ (sec. 4.5), 
(2) diffusion of Co2+ ions by means of cation-vacancy migration 5

-
31

) (sec. 
2.4.4), 

(3) combined action of (1) and (2). 
In the first case the Co atoms stay at their lattice sites and the d~stribution of 
electrons determines which ion is Co2 +. The redistribution otf the "ions" 
requires a low activation energy. The probability and the resulting anisotropy 
for this process depend on the Co3+ concentration. In the second case Co2+ 
migrates through the lattice and therefore more lattice sites become available 
than in case (1), with the possibility of an additional decrease in free energy. 
This process requires an activation energy of more than 1 eV as has been found 
in iron-excess ferrites 5

-
31

• 
32

). In the third process both Co3+ ions and cation 
vacancies are present. Iida and Miwa 5-3 

2
) have calculated that the combination 

of a cation vacancy and a divalent ion has a higher energy than the combination 
vacancy - trivalent-ion, the difference being estimated at 0·2 eV. Therefore a 
lowering of the energy needed for the migration of a Co2+ ion with the help 
of a vacancy is possible when this ion temporarily gives off an electron to a 
distant Co 3 + ion. The original Co ion, having changed into Co 3+, can now 
readily associate with a mobile cation vacancy. The diffusion of the Co3 + 

associate requires a lower activation energy, say 0·7 or 0·9 eV, than for Co2 + 

motion. After the Co3+ ion has found a new site, the vacancy-Co 3 + pair may 
dissociate, the vacancy continuing its motion and the Co3+ ion, by accepting 
an electron, turning into Co2+. The result is the migration of Co2 + and involves 
a highly mobile positive charge and a vacancy whose mobility determines the 
rate of relaxation. This model therefore leads to the expression for -c given in 
eq. (5.2). A difficulty of this model is to reconcile the relatively easy transport 
of holes through the lattice with the high values of the resistivity shown in 
tables 4-VIII, 4-IX and 5-V. 

It would be worthwhile to extend the investigation on the present materials 
to measurements of the electrical conductivity, especially at higher frequencies, 
where the bulk values can be obtained. 
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Summary 

Ni-Zn-Co ferrites are compounds derived from magnetite (Fe2+Fei+04). 

The divalent Fe2 + ions have mainly been replaced by Ni, Zn and Co ions. These 
compounds have the cubic spinel structure and are because of their high electrical 
resistivity and their soft-magnetic properties applied as core matbrial in high
frequency transformers and inductors. 

In these applications the magnetic losses must be low. Since moving domain 
walls are the main source of high-frequency losses in Ni-Zn ferrites the develop
ment of these materials is aimed at domain-wall stabilization. This can be done 
in two ways: in the first place by substitution and ordering of small numbers 
of Co2 + ions, and in the second place by means of a fine-grain microstructure. 
In the case of domain-wall stabilization by Co2+ substitution, the mechanism 
of Co ordering plays a major role. Two mechanisms are important, viz. diffusion 
of Co2 + ions via cation vacancies, and diffusion by means of exchange of 
electrons with Co3 + ions. The presence of cation vacancies or Co3 + ions is 
closely related to the presence of an excess or deficiency of Fe20 3, respectively. 

The work described in this thesis was aimed at a better understanding of the 
relations between the complex permeability at high frequencies on the one hand 
and on the other hand the chemical parameters mentioned above and the 
microstructure. The use of non-conventional powder-preparation and hot
pressing techniques has played an important role in this investigation. For 
instance, very dense, fine-grain and chemically homogeneous materials were 
obtained by the continuous hot-pressing of ferrite powders which were made 
from sulphate solutions by spray-drying and roasting. 

Chapter 1 gives a summary of the application of soft-magnetic materials in 
general and defines the position of the Ni-Zn ferrites in the frequency range 
above 1 MHz. 

Chapter 2 deals with chemical and magnetic properties of spinel ferrites. 
Special attention is paid to those subjects which are relevant to the high
frequency properties of Ni-Zn-Co ferrites. 

Chapter 3 describes preparation methods, physical-measurement techniques 
and chemical analyses used. 

The chapters 4 and 5 contain the experimental part. Chemical aspects are 
treated in chapter 4, starting with a review of the literature on domain-wall 
stabilization by means of Co substitution. The experiments are described which 
are aimed at investigating (1) the influence of an excess and deficiency of iron 
on the presence of cation vacancies and Co 3 + ions and (2) the influence of cation 
vacancies and Co3+ ions on the complex permeability at high frequencies. 
Two different techniques were used to prepare series of ferrite materials with 
very small but very accurately known differences in the iron content. 

For iron-excess ferrites it was found that a relatively large excess of iron is 
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necessary to obtain a maximum domain-wall stabilization. The cation-vacancy 
concentration is then about I percent of the total number of cation sites. 
Domain-wall stabilization can only be obtained by a thermal treatment at 
about 250 oc and can partially be eliminated by exposure to a magnetic disturbing 
field. 

In normally sintered iron-deficient ferrites the amount of Co3+ is found to 
correspond to the amount calculated for a stoichiometric composition. How
ever, this only applies to small iron deficiencies. The domain-wall stabilization 
and as a result the high-frequency complex permeability vary strongly with the 
Co3 + content. More information on the Co2 + -Co 3 + mechanism was obtained 
by means of complex-permeability measurements at temperatures above room 
temperature. Relaxation times were derived from the results. It was found that 
the relaxation time for materials sintered under similar conditions varies in 
inverse proportion to the Co 3 + content. 

Chapter 5 deals with the influence of microstructure, in particular grain size. 
The literature is reviewed and the results are given of magnetic measurements 
on Ni-Zn ferrites with Mn additions and on iron-deficient Ni-Zn-Co ferrites 
in relation to grain size and Ni-to-Zn ratio. It was found that in the case of 
Ni-Zn ferrites grain-size reduction to below 1 J.lm leads to a great improvement 
of the high-frequency properties. The effect is less pronounced in Ni-Zn-Co 
ferrites whose domain walls have already "chemically" been pinned. The 
optimum grain size at which the high-frequency properties are best, is found 
to depend on the Ni-Zn ratio. For applications at the highest frequencies the 
optimum grain size of ferrites containing little or no Zn is smaller than 1 IJ.m. 
The optimum grain size increases with increasing Zn content. 

It is remarkable that the relaxation time seems to depend strongly on the 
grain size. However, no satisfactory explanation can be found for this depend
ence. It is likely that the temperature of sintering or hot-pressing plays a role. 
In the Co2+ -Co3 + mechanism other defects such as cation vacancies would 
then be involved. 
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Samenvatting 

NiZnCo-ferrieten zijn verbindingen afgeleid van magnetiet (Fe2 +Fei+04). 

Hierhij zijn in boofdzaak de tweewaardige ijzer-ionen vervangen door Ni-, Zn
en Co-ionen. Deze verbindingen hehben de kubische spinelstructuur en worden 
vanwege hun hogeelectriscbe weerstand en hun zacht-magnetiscbeeigenscbappen 
toegepast als magnetisch kernmateriaal in transformatoren en zelfinducties 
voor frequenties hoven 1 MHz. 

Voor deze toepassingen is het helangrijk dat de magnetiscbe verliezen laag 
zijn. De belangrijkste bron van verliezen hij hoge frequenties in NiZn-ferrieten 
zijn bewegende Blochwanden. De ontwikkeling van deze materialen is daarom 
gericht op het stabiliseren van de Blocbwanden. 

Blochwandstabilisatie wordt tot stand gebracht op twee manieren, nl. in de 
eerste plaats door substitutie en ordening van kleine boeveelbeden Co2 + -ionen 
en in de tweede plaats door middel van een fijnkorrelige microstructuur. Bij 
de Blocbwandstahilisatie door middel van Co2 + -substitutie speelt bet mecba
nisme waarop de Co-ordening tot stand komt een zeer belangrijke rol. Twee 
mecbanismen zijn van belang, nl. diffusie van Co 2 + -ionen via kationvacatures 
en diffusie via uitwisseling van electronen met Co 3 + -ionen. De aanwezigheid 
van kationvacatures of Co3 + -ionen bangt ten nauwste samen met de aan
wezigbeid van een overmaat respectievelijk ondermaat Fe20 3 in bet ferriet. 

Het in dit proefschrift bescbreven onderzoek had tot doel meer inzicbt te 
krijgen in de relaties tussen de complexe permeabiliteit bij boge frequenties 
enerzijds en de biervoor genoemde cbemiscbe parameters en de microstructuur 
anderzijds. Van groot belang hij dit onderzoek is geweest de toepassing van niet
conventionele poederbereidings- en beetperstecbnieken. Zo konden bijvoorbeeld 
zeer dicbte, fijnkorrelige en cbemiscbe bomogene materialen gemaakt worden 
door middel van continu beetpersen van ferrietpoeders, die bereid waren uit 
sulfaatoplossingen via sproeidrogen en roosten. 

Hoofdstuk 1 geeft een overzicbt van de toepassing van zacht-magnetiscbe 
materialen in bet algemeen, waarin de plaats die de NiZn-ferrieten innemen in 
het frequentiegebied hoven 1 MHz duidelijk wordt gemaakt. 

In hoofdstuk 2 worden chemiscbe en magnetische eigenschappen van spinel
ferrieten hesproken, waarhij speciale aandacht is hesteed aan die onderwerpen, 
die relevant zijn voor de eigenschappen hij boge frequenties van NiZnCo
ferrieten. 

In hoofdstuk 3 worden bereidingsmethoden, fysiscbe meettecbnieken en 
chemische analysemethoden hesproken, die toegepast werden bij het onderzoek. 

De hoofdstukken 4 en 5 bevatten het experimentele gedeelte. In hoofdstuk 4 
worden de cbemische aspecten behandeld. Eerst wordt een literatuuroverzicht 
gegeven over Blochwandstabilisatie met hehulp van Co-substitutie. Verder 
worden de experimenten beschreven, die gericht zijn op het onderzoek naar de 
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invloed van overmaat en ondermaat ijzer op de aanwezigheid van kation
vacatures en Co 3 + -ionen. Daarnaast wordt de invloed van kationvacatures 
en Co 3 + -ionen op de complexe permeabiliteit bij hoge frequenties bestudeerd. 
Twee verschillende technieken werden toegepast om reeksen ferrietmaterialen 
te maken met zeer kleine, maar nauwkeurig bekende verschillen in het ijzer
gehalte. 

Gebleken is dat voor ferrieten met overmaat ijzer een relatief grote overmaat 
ijzer nodig is om een maximale Blochwandstabilisatie te verkrijgen. De kation
vacatureconcentratie is dan ongeveer 1 % van het totaal aantal kationplaatsen. 
Blochwandstabilisatie kan alleen verkregen worden door een thermische be
handeling bij ongeveer 250 oc en kan gedeeltelijk ongedaan gemaakt worden 
door een magnetisch stoorveld. 

In ferrieten met ondermaat ijzer, die normaal gesinterd zijn, komt de hoeveel
heid Co 3 + overeen met de hoeveelheid, die men berekent voor een stoechio
metrische samenstelling. Dit geldt echter aileen bij kleine ondermaten ijzer. De 
Blochwandstabilisatie en daarmee de complexe permeabiliteit bij hoge fre
quenties varieren sterk met de hoeveelheid Co 3 +. Meer informatie over het 
Co 2 + -Co3 + mechanisme werd verkregen door middel van complexepermeabili
teitsmetingen bij hogere temperaturen. Uit de resultaten konden relaxatietijden 
afgeleid worden. Gebleken is onder andere dat voor materialen, die onder gelijke 
omstandigheden gesinterd zijn, de relaxatietijd omgekeerd evenredig is met het 
Co 3 + -gehalte. 

In hoofdstuk 5 wordt de invloed van de microstructuur, in het bijzonder de 
korrelgrootte, behandeld. Na een literatuuroverzicht worden resultaten ge
presenteerd van magnetische metingen aan NiZn-ferrieten met Mn-addities en 
NiZnCo-ferrieten met ondermaat ijzer, waarbij de korrelgrootte en de Ni-Zn 
verhouding werden gevarieerd. Gebleken is, dat, in het geval van de NiZn
ferrieten, verkleining van de korrels tot beneden I 11m leidt tot een aanzienlijke 
verbetering van de magnetische eigenschappen bij hoge frequenties. Voor 
NiZnCo-ferrieten, waarin de Blochwanden al ,chemisch" zijn gestabiliseerd, is 
het effect minder uitgesproken. De optimale korrelgrootte, waarbij de eigen
schappen bij hoge frequentie het best zijn, blijkt af te hangen van de Ni-Zn 
verhouding. Voor ferrieten met weinig of geen Zn, die bij de hoogste frequenties 
worden toegepast, blijkt de optimale korrelgrootte beneden 1 11m te liggen. De 
optimale korrelgrootte neemt toe met toenemend Zn-gehalte. 

Opmerkelijk is dat de relaxatietijd sterk lijkt af te hangen van de korrel
grootte. Er is echter geen bevredigende verklaring te vinden voor deze af
hankelijkheid. Ret is waarschijnlijker, dat de temperatuur, waarbij de mate
rialen gesinterd of heetgeperst zijn, een rol speelt. Bij het Co 2 + -Co3+ mecha
nisme zouden dan andere defecten, bijv. kationvacatures in zeer kleine con
centraties, een rol spelen. 
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