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1 GENERAL INTRODUCTION 

1.1 Introduetion 

Manganese zinc ferrite is a soft-ferrimagnetic material, which, in monocrystalline 
form, is nowadays widely used in the magnetic heads of video recording systems. 
As compared with magnetic metals or alloys this ferrite has a high magnetic 
permeability at high-frequency magnetic fields and possesses a high wear resistance. 
These are essential properties for a video head material, since the frequency of a 
video signa! in a consumer recorder of today ranges between 0.1 MHz and 5 MHz 
and since an eperating head is in contact with a fast running magnetic tape. 

In the last two decades the density of magnetic information written on the storage 
medium has increased considerably. In present-day consumers recorders the width 
of the magnetic tracks written by the heads amounts to only 20 J.lffi and the heads 
possess small dimensions with tolerances of a few f.lm. Because of these smal! 
dimensions monocrystalline ferrlte is preferred to polycrystalline ferrite which 
usually has too large grain sizes (typically 10 11m): since the magnetic properties are 
anisotropic in a single grain, polycrystalline video heads would have an unacceptable 
variatien in their magnetic performance. A problem remains that because of the 
mechanica! and magnetic anisotropy of monocrystalline ferrite the wear as well as 
the magnetic performance of a monocrystalline head depends on the chosen 
orientation of the crystal. Hirota et al. (1.1) have given a historica! review of the 
development of ferrite video heads and discussed the demands that are made upon 
these heads regarding their dimensions and their magnetic performance. 

Essentially, the magnetic material in a head conducts (alternating) magnetic flux 
from a coil to the storage medium in the "rec-ord mode" and in the reverse direction 
in the "playback mode". This transfer of flux is accomplished by magnetization 
processes. Since these processes involve dissipation of energy in the ferrite, the 
magnetic video signa! in the head is attenuated and shifted in phase, depending on 
signa! frequency. Additionally, the energy-dissipation and ancmalies in the 
magnetization process rise to the generation of noise in the output signa! of a 
head in the playback mode. In order, therefore, to bring about improverneut of the 
magnetic performance of monocrystalline MnZn ferrite videoheads, insight must be 
gained into the way in which the output signa! and the noise are affected. To this 
end it is necessary to understand the magnetization processes at video frequencies in 
detail. 

Magnetization processes are based on changes in the magnetic domain structure. 
In a video head this domain structure may be intricate and its response to a 
magnetic field may be widely different in various parts of the head. In fact, the 
interpretation of the magnetic response of a video head poses a micromagnetic 
problem that can only be solved if the magnetic domain structure is known. The 
domaio structure of a head depends on several factors, including the shape and 
dimensions of the head and the chosen orientation of the crystal. 
Another important factor determining the domain structure is the mechanica! stress 
introduced in the ferrite during manufacturing a head, for instanee by machining 
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the surfaces of the ferrite. Present-day video heads possess a high surface-to·volume 
ratio and the stresses in the bulk of a head may reach a high level. Mechanical 
stress is of consequence for the magnetic properties of MnZn ferrite due to 
magnetostrictive effects; that is to say, when elastic strain is imposed to the crystal 
by mechanical stress, both the domain structure and the magnetization processes 
may change. Stoppels (1.2) and Fujiwara et al. (1.3) indeed observed effects due to 
stress in tpe magnetic performance of video heads. 

The aim of the investigations in this thesis is to gain more insight into the relation 
between domain structure, magnetization processes and mechanical stress. Although 
the investigations will have an applied character, it provides a conceptual framework 
that is capable of both descrihing and predicting. This framework is based upon a 
phenomenological model of the magnetic properties of MnZn ferrite. In this thesis 
elements of other disciplines will be used as well, such as a description of the 
residual stresses caused by surface-machining. 

A phenomenological model descrihing the magnetic properties of soft magnetic 
ferrites is given in detail in e.g. the textbooks by Chikazumi (1.4) and by Smit and 
Wijn (1.5). Forthereader who is not familiar with this model a summary is given in 
the next section. In the course of this thesis necessary attention wilt be paid to some 
aspects of residual machining stress which are relevant to our problem. For an 
introduetion to the theory of elasticity and stress we refer to the textbook by 
Timoshenko and Goorlier (1.6) and to that by Leipholz (1.7). The principles bebind 
a magnetic head's operation and a survey of the many aspects of the recording 
process are given in the textbook by Jorgensen (1.8). In section 1.3 these matters 
with respect to video heads are summarized and an example of a manufacturing 
process of such a head is shown. Finally, in section 1.4, a general outline of our 
investigations is given. 

1.2 Crystal structure and magneüc model of MnZn ferrite 

1.2.1 Crystal structure 

Manganese zinc ferrite is a mixed ferrite betonging to he same class of iron oxides 
as magnetite with the chemical formula (FenO). (Fel110 3). In manganese zinc ferrite 
the divalent iron ions are partly replaced by Mn11 and Zn11 ions. These oxides have a 
so-called spinel structure. This is a cubic structure with a unit cell consisting of eight 
elementary cubes of close-packed oxygen ions, having metal ions at interstitial 
positions on two groups of lattice sites (Fig. 1.1). One is a group of sites called the 
A sites, of which each site is surrounded by four oxygen ionsin a tetrahedron. The 
sites of the second group are called the B sites of which each site is surrounded by 
six oxygen ions in an octahedron. For details about the crystal structure of MnZn 
ferrite and about the actual distributions of the metal ions at the interstitial sites we 
refer to refs. (1.4) and (1.5). 



0 Oxygen 

®A 
eB 

Fig. 1.1 Spinel structure. A unit cell consisring of eight elementary FCC cubes of oxygen ions. 
The metal ions are located on A and B sites. 

1.2.2 Intrinsic magnetization 

The magnetic properties of MnZn ferrite originate from the magnetic moments of 
the metal ions each having parallel aligned 3d spins (Hund's rule). Due toa 
superexchange interaction between the 3d spins of metal ions on neighbouring A 
and B sites the unequal magnetic moments on A and B positions become aligned 
antiparallel to each other. This results in a ferrimagnetic ordering of the crystal with 
a net magnetic moment per unit cell with a magnitude depending on the distribution 
of the magnetic ions and on the strength of the superexchange interaction. Since the 
antiparallel alignment of the neighbouring magnetic moments is forced against their 
thermal agitation, there exists aso-called Curie temperafure Tc, above which the 
antiparallel alignment breaks up and the magnetic ordering vanishes. Below Tc the 
ferrite possesses a temperature-dependent intrinsic magnetization which is defined as 

3 
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the net magnetic moment per volume of a unitcelland is expressedintesla (Vs/m~. 
In this thesis the intrinsic magnet~ation will be denoted explicitly by JJoM, where 
fJo = 4n xl0-7 Vs/Am is hy deijnition the absolute permeability of the vacuum and 
where M is the magnetization vector directed parallel to the net magnetic moment 
and is expressed in SI-units (Alm). 

In contrast to the magnitude, the direction of M is in general not the same at all 
positions in the crystal. Because of long-range magnetic interactions between the 
moments a crystal usually contains a number of regions with a differently directed 
uniform magnetization. The magnitulie of the intrinsic magnetization can be 
observed when the crystal is saturated, ihat means when the magnetization vector in 
the entire crystal is directed along the same axis by means of an externally applied 
magnetic field. The thus observed intrinsic magnetization is called the satt.iration 
magnetization JJoM1 • 

1.2.3 Magnetic anisotropy 

In general the direction of the magnetization vector is not determined exclusively 
by magnetic fields but is also related to the axes of the lattice. Due to the spin-orbit 
interaction of atomie 3d electrous and due to the effects of crystalline electric fields 
the energy of the 3d spins depends on the direction of the spins, which is called 
magnetic anisotropy; the energy involved is the anisotropy energy. How magnetic 
anisotropy is physically brought about exactly is of little concern bere; important to 
us is that the anisotropy energy possesses the point-symmetry of the crystalline field 
which is cubic for unstrained MnZn ferrite. By magnetocrystalline anisotropy is 
meant here the magnetic anisotropy of an unstrained crystal, invalving a crystal 
anisotropy energy density EcA. expressed in J/m8

• It turns out that the crystal 
anisotropy energy can be described by the lower order terms of an infinite power 
series in the direction cosines a1 of the magnetization vector with respect to the 
crystal axes. 
For MnZn ferrite we may write the cubic expression 

3 

EcA(ä) = K1 L a~ af + ~ ai ai CX: + ...• 
i>j=l 

(1.2.1) 

where terms of higher order than a:? and an irrelevant constant term were omitted. 
The phenomenological parameters K1 and K2 are respectively the first order constant 
and second order constant of magnetocrystalline anisotropy. These anisotropy 
constants depend on the chemical composition ofMnZn ferrite and on temperature; 
their value can be determined by means of a torque magneto-meter; in which the 
torque is measured that is excerted on the lattice of a saturated sample by the 
magnetic moments rotating under the inftuence of an applied magnetic field. 

If magnetic fields are absent, the minima of ECA give the energetically favourable 
directions of M for an unstrained crysta1. It can be easily shown that when 
K1 + t~ < 0, EcA bas minima for M along each of the eight < 111 > directions, · 
whereas when K1 + tK2 > 0 there are six minima for M along < 100). Depending on 
temperature, both cases are possible in MnZn ferrite. The magnetization~directions 
of minimum anisotropy energy are called the easy directions of magnetization. 



1.2.4 Magnetostriction 

Generally, the crystal will be strained. For instanee the exchange interactions 
between neighbouring metal ions cause a spontaneous strain; additional strain on 
the lattice may result from mechanical stresses in the crystal. To a first 
approximation a strain on the lattice will cause a change in electron energy 
proportional to the magnitude of the strain. Again the exact origin of this energy 
change is of minor interest here; for our purposes a phenomenological description 
wiJl suffice. 

Depending on the direction of M and on the type of strain, the strain-induced 
change of the electron energy may be either positive or negative. Consequently, for 
a given local direction of M, the lattice tends to strain itself locally in such a way 
that the electron energy decreases. The strain will increase until an equilibrium is 
reached between the decreasing electron energy and the increasing mechano-elastic 
energy caused by the deformation of the crystal. The resulting spontaneous strain is 
the usual magnetostriction and is represented by dimensionless magnetostriction 
constauts Àïik· For a cubic monocrystal two constauts suffice to describe the 
spontaneous strain for any direction of M. They are defined as l.100 and l.111 and 
give the relative elongations of the crystal as measured along M, M being parallel 
to [100] or [111], respectively. Since by usual magnetostriction the electron energy 
decreases, the spontaneous strain involves an additional magnetic anisotropy energy 
that, however, must possess the symmetry of the lattice. Hence, this energy term is 
included in (1.2.1) by using anisotropy constauts that. are determined on a sample in 
which spontaneous strain is not prevented during the measurement. 

Additional strain of the lattice may be caused by mechanica! stress. It gives rise to 

an extra change in electron energy which has usually no cubic symmetry. As a 
consequence the direction of M may be changed by the stress, which is called the 
inverse magnetostrictive effect. The extra energy change is called the induced 
magnetostrictive energy density EMs (in J/m3) and is given by the following 
phenomenological expression: 

3 

Oii af - 3Àlll L o;i a; ai+ . . . . 
i>j=l 

(1.2.2) 

In this expression the a;'s denote the direction cosines of M and the matrix elements 
OiJ represent the stress tensor. It must be emphasized that in deriving (1.2.2) it has 
been assumed that the additional strain induced by stress exceeds the usual 
magnetostriction, so that one retains an approximately linear relation between stress 
and strain. In fact, for this reason eq. (1.2.2) will become meaningless for stresses 
of a level below a certain threshold value of the order of ÀiJk times the elastic 
constant of the material. In stressed magnetostrictive materials the easy directions of 
magnetization may vary with stress. Hence, in MnZn ferrite Mis not necessarily 
parallel to the ( 111) axes or ( 100) axes, especially not if the ferrite has a small 
magnetocrystalline anisotropy. 

5 
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1.2.5 Magnetic domains 

Apart from electrostatic interactions of the 3d spins with those of near-neighbour 
atoms and with the crystalline electric field the atomie moments have also a 
magnetostatic dipole-dipole interaction of a long-range nature. One may consicter 
this magnetic interaction in terms of the local magnetic field exerted on a specific 
moment by all other moments. Since net magnetic moments at sufficiently short 
distances from each other are directed parallel because of the exchange, the part of 
the local magnetic field produced by the sum of these moments is in a cubic crystal 
always parallel to the local direction of M. Contrarily, the part of the local magnetic 
field coming from moments located at long distances does not depend on the 
direction of a local moment under observation, so that this part of the field involves 
a magnetostatic energy that varies with the local direction of M. It turns out that 
this long-distance part of the dipole-dipole interaction is closely connected with 
divergences in the distribution of M(Ï), where r denotes the position. Such 
divergences may occur for instanee at the surfaces of a magnetic sample. These 
divergences produce a so-called demagnetizing field which involves a demagnetizing 
energy that is always positive. Hence, in order to reduce the energy involved by the 
magnetostatic dipole-dipole interaction, a crystal is ordered magnetically in such a 
way that divergences in M(r) are avoided as much as possible. 

As a result of the magnetostatic interaction a crystal adopts a structure of 
magnetic domains. In each domaio M(r) is uniform and directed along one of the 
easy directions of magnetization; adjacent domains are separated from each other 
by relatively thin zones called domaio walls, in which M changes gradually from 
one easy direction to the other. This magnetic ordering may accomplish a 
considerable reduction of possible divergences in M(r). 
At the same time the anisotropy energy is kept close to the minimum. An example 
of a domaio structure in which the demagnetizing energy is thus reduced to zero is 
shown in Fig. 1.2. Since a domain structure is determined by the easy directionsof 
magnetization, a stress-induced change of the magnetic anisotropy wilt in general 
affect the domaio structure. 

Fig. 1.2 Perspective view of a possible domain structure with easy directionsof magnetization 
a/ong (100} (dark arrows). I) 90° domain wal/. 2) 180° domain walt. 3) Bulk domain. 
4) Ciosure domain. 



1.2.6 Magnetization processes 

The domain structure of a sample changes when a magnetic field is applied. The 
reason for this change is to bring about a reduction of the magnetostatic energy of 
the magnetic moments in this applied magnetic field. This energy is given by 

EM = - f llo M(Ï) · H(r) d: (in Joules). (1.2.3) 

Here H(r) is the applied field; the integral extends over the entire volume of the sample. 
Eq. (1.2.3) shows that EM deercases when the component of M along H increases. For 
sufficiently smal! applied fields the change of the domain structure is proportional to 
the applied field. One may define an induced magnetization f.Lo(M(r)) as the value of 
lloM(r), averagedover many domains. In soft magnetics (M(r)) differs from zero 
only when an external field is applied, in which case (M{r)) is proportional to H{r). 
The response of the domain structure to an applied magnetic field is characterized 
by a so-called magnetic susceptibility X: 

As a result ~f the adjusted domaio str:;cture oEe finds an averaged magnetic 
induction (B) that is connected with H and (M) as 

(1.2.4) 

di> = llo (H + <M> ). (1.2.5) 

Finally, defining the (relative) permeability as Jl I<B>I/IloiHI we obtain from 
(1.2.4) and (1.2.5): 

!l 1 + x. (1.2.6) 

For soft-magnetic matcrials such as MnZn ferrite the induced magnetization exceeds 
by far the applied magnetic field, so that X » 1. In that case the difference between 
IJ. and X is negligible. 
A thus induced change of the domain structure may give rise to demagnetizing fields 
that should betaken into account in (1.2.3). In order to avoid this complication one 
may use a sample with a toroirlal shape in which no demagnetizing fields can occur 
along the closed path in the toroid. 

Two simultaneous magnetization processes accomplish the resulting change of the 
domain structure. They are the domain wal! motion and the rotation magnetization. 
In the first proces, those domains in which M has a large component parallel to H 
grow at the expense of other domains. This process involves the motion of domain 
walls. The resulting shift of a domain wall depends on the applied field, on 
imperfections in the crystal and on the degree of conneetion of a wall with adjacent 
domain walls. The second magnetization process takes place inside each domain, 
where the magnetization vector rotates through a certain angle from the easy 
direction of magnetization towards the direction of the applied field. The resulting 
angle of rotation of M is given by the equilibrium between the decreasing 
magnetostatic energy density (integrand of (1.2.3)) and the increasing anisotropy 
energy density (1.2.1). So, the lower the magnetic anisotropy, the higher the induced 
angle of rotation of M. Since the magnetization processes are independent of each 

7 
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other for small applied fields, the induced magnetization (~1:) consists of two terms 
<~hw and (M)r, resulting from the wall motion and the rotation magnetization, 
respectively. Analogous to equation (1.2.4) a domain wall susceptibility Xw and a 
rotational susceptibility Xr are introduced. By addition of Xw and Xr one finds the 
total susceptibility. 

The applied field may show a variation periodic in time, in which case the domain 
structure continuously adjusts itself with a given frequency. This periodic variation 
bas important consequences for the magnetization processes. 
In the first place, the magnetic ionsin the crystal each possess angular momentum, 
so their magnetic moments may behave like spinning bodies performing a precession 
around the easy direction of magnetization. This implies that the rotation 
magnetization process may show a resonance behaviour if the applied field oscillates 
with a frequency corresponding to the precession frequency of the moments. This 
precession frequency is called the ferromagnetic resonance frequency fres and can be 
expressed as 

fres ::::: YHAN/21t, (1.2. 7) 

where y = 2.2x lo& (m/As) is the gyromagnetic ratio of the magnetic momentsin 
the crystal and HAN is aso-called magnetic anisotropy field. This anisotropy field is 
by definition directed along the easy axis of magnetization and gives, by means of a 
magnetostatic analogue in the form of (1.2.3), the experimentally observed 
enhancement of the anisotropy energy (1.2.1) for small defiections of M from the 
easy direction. 
In the second place, dissipation of energy occurs during a periodically varying 
magnetization process in MnZn ferrite due to dissipational losses, caused primarily 
by the motion of domains walls. 
Due to this dissipation and to possible resonances in the magnetization processes the 
magnitude of the induced magnetization depends on frequency. As a consequence, 
phase shifts between (M(t)) and H(t) may occur. Descrihing an oscillating applied 
field in a complex notation as H(t) = Hoe2

1tjft thus leads to a complex susceptibility 
having a real part, X', giving the in-phase component of (M(t)) and an imaginary 
part, X", giving the 90° out-of-phasecomponent andrepresenting the dissipational 
losses; so, 

X(f) X '(f) jX "(f). (1.2.8) 

Analogously, the partial susceptibilities Xw and Xr usually are complex and depend 
on frequency. 

If, finally, one likes to describe the magnetization process on a scale comparable 
to that of typical domain dimensions, the induced magnetization (M) becomes 
meaningless. Instead, the response of all individual domains to an applied field has 
to be considered. This is a micromagnetic problem which involves the complexity of 
a domain structure. For instance, in (1.2.5) <M> has to be replaced by M itself, so 
that discontinuities in the magnetic induction B at the domain walls have to be 
taken into account. Of course, the physics of the individual magnetization processes 
do notdepend on the scale on which the processes are observed. So, conclusions 
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that are for instanee obtained from an analysis of X.~(f) about the energy dissipation 
involved by wall motion will hold also on a micromagnetic scale. 

1.2. 7 Disaccommodation 

In most soft-ferromagnetics the susceptibility is a time-independent quantity. 
However, in MnZn ferrite the metal ions may locally redistribute themselves over 
the lattice sites in order to adapt the ionic distribution to the instantaneous local 
direction of the magnetization vector. Such a redistribution involves several types of 
dilfusion processes, which for MnZnFen ferrite are the hopping of electrans from 
divalent metal ions to trivalent ions (Enz (1.9)) and the migration of Fe11 ions with 
the aid of neighbouring vacancies (Ogawa et al. (1.10)). This local adaption of the 
ionic distribution to M reduces locally the crystal energy-density a little, which 
implies that a once formed domain structure is 'frozen in'. Eventually these 
diffusion processes wil! stop when the adaption of the ionic distribution has been 
completed. 

When a domain structure is changed drastically by means of a temporarily very 
large magnetic field and the permeability is measured immediately after that change 
by means of a second smal! field, the effect of the diffusion processes on permeability 
can be observed. While the newly formed domain structure is being frozen in, it will 
show a gradually changing response to the measuring field. Consequently, the 
permeabilîty will depend on time, which is called disaccommodation. Once the 
diffusion processes have stopped the permeability becomes again independent of 
time. 

If one produces a change in the positions of the domain walls without affecting 
the direction of M inside the domains, only Xw wil! depend on time. For instance, 
when an oscillating magnetic field is applied and is suddenly switched off, the 
permeability measured thereafter with a smaller field may show disaccommodation 
which results from a freezing-in of the domain walls. This implies that in this way 
information about domain wal! susceptibility may be obtained. In section 2.2.5 this 
phenomenon will be explained in more detail; in section 4.6 it wiJl be outlined how 
the wal! susceptibility and rotational susceptibility can be separated after an analysis 
of the observed disaccommodation as a function of frequency. 

1.3 Magnetic recording heads 

1.3.1 Operation of a head 

The principle of operation of a magnetic recording head is shown in Fig. 1.3. The 
signal to be recorded is stored in a magnetic storage medium, which may be either a 
tape or a disc coated with a layer of a few microns thick which contains magnetic 
particles. The direction of magnetization of these particles can be changed if a 
magnetic field is applied that exceeds a certain threshold level, i.e. the coercivity 
field He of the coating (in A/m). The magnetic signa! is recorded on the storage 
medium and read from it by means of magnetic heads. In principle a magnetic head 
consists of a core with a high magnetic permeability and a non-magnetic gap at the 
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Fig. 1.3 Principle ofmagnetic recording process, record mode (left·hand side), playback mode 
(right·hand side). l) Coil generating flux. 2) Core. 3) Coil window. 4) Head tip. 5) Gap, 
length I. 6) Magnetic coating, thickness c. 7) Carrier, speed v. 8) Recording (writing) field. 
9) Pattem of magnetized coating, wavelength A. JO) Magnetic stray field. 11) Playback head 
picking upstray flux. 12) Coil conneeled to preamp/ifier. 

front-side adjacent to tbe storage medium. Usually tbis front-side of a bead is called 
tbe tape-facing surf ace. Tbe part of tbe core in tbe immediate proximity of tbe gap 
together with tbe gap itself are called the head-tip. Around the back of tbe core an 
electtic coil is wound. 

In the record mode (writing mode) an electric cutrent tbrougb the coil generates a 
magnetic flux. Since tbe gap bas a small permeability, the flux spreads out near the 
gap. Part of tbis spreading magnetic field penetrates the storage medium adjacent to 
tbe gap and magnetizes the coating down to a certain deptb. The medium moves 
with respect to the bead at a given speed. As a result, an oscillating current through 
the coil produces in the coating an alternating magnetic pattem, whicb bas a 
wavelengtb equal to the relative speed of the storage medium divided by the 
frequency of the current recording signal). 

In tbe playback mode (reading mode) a bead picks up magnetic stray flux from a 
magnetic pattem in the medium. In part tbis stray flux flows through the adjacent 
gap of the head and back again to the medium, but it partly also flows through the 
back of the highly permeable core. If the coating contains an alternating 
magnetization pattern, its motion produces an oscillating flux of tbe same frequency 
as that of the signal recorded previously. We shall consicter bere inductive read-out 
heads, in which the oscillating flux through the core generates an induction voltage 
in the coil (playback- or output-signal). 

It follows from Fig. 1.3 that the write- and read-function may be combined in 
one head (as one finds in for instanee consumer video recorders). For such a 
combined read/write head the number of turns on the coil is a campromise that 



depends on the frequency range of signals for which the head is used. For instance, 
in present-day consumer video recorders the frequency of the video signal ranges 
between about 0.1 MHz and 5 MHz (video frequencies). In order to keep the 
electrical impedance of a video head sufficiently low at the high frequencies, the coil 
contains only 10 to 20 tums. 

1.3.2 Demands upon magnetic heads 

The dimensional demands made upon magnetic heads may differ considerably, 
depending on the frequency range of the recorded signals, on the relative speed 
between storage medium and head and on the width of the magnetic tracks to be 
written. For instance, in consumer video recorders of today the maximum frequency 
of the signals is about 5 MHz and the relative speed of the tape is about 5 m/s. This 
implies that the magnetization pattem on the tape has a minimum wavelength of 
1 J.l.tll. The importance of the wavelength of a recorded signal for the length of the 
gap and for some other parameters given in Fig. 1.3 can be illustrated with the help 
of the following playback-voltage equation (ref. (1.8), Chapter 7). Using the 
parameters defined in Fig. 1.3 and denoting by 4>m the stray flux of an infinitely thin 
magnetized coating one obtains for the playback voltage Vp produced by an 
inductive head: 

[

sin ( 1tl )U [,-';''] l J . (1.3.1) 

The first factor on the right-hand side is characteristic of an inductive head; it contains 
the number of tums of the coil, n, the time derivative of the recorded sine wave 
(frequency ro/21t) and a dimensionless parameter, 11. called the playback efficiency. 
The second factor expresses the loss of signal resulting from the reduced contribution 
to the total stray flux by deeper layers inside the magnetized coating (coating 
thickness loss). 
The third factor displays the loss of signal due to the rapidly decreasîng intensity of 
the stray field at increasing distances from the coating (spacing loss). 
The last factor of (1.3.1) shows that little stray flux flows through the back of the 
core if the wavelength is smaller than the length of the gap (gap-length loss). 
This last factor implies that the length of the gap should be at most half the 
minimum wavelength of the signal to be read, which explains the small gap-length 
used in present-day video heads. 

Eq. (1.3.1) also illustrates some demands made upon the magnetic properties of 
the core material. 
In the first place, the playback efficiency should approximate unity (its theoretica! 
maximum). Since 11 is by definition that part of the stray flux picked up from the 
recorded pattem that is going through the back of the core, the permeability of the 
core material should be infinite. However, the permeability is finite and in general 
complex, so that the playback signal is attenuated and shifted in phase. 
Of course, such deteriorating effects upon 11 should remain small. Therefore, a 
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sufficiently high and preferably real permeability is wanted. 
In the second place, damage is introduced in the upper layer of the tape-facing 
surface of a head due to the abrasive contact with the fast running storage medium. 
This damage causes a magnetic deterioration of the layer, which gives rise to àn 
enhanced spacing loss. According to ref. (1.1), the damage ofthe surface can be 
kept to a minimum by choosing the proper crystal orientation of the tape-facing 
surf ace. 

In ad,lition to a deterioration of the playback signal also electric noise is caused 
by the core material. In fact, there are three possible sourees of head-noise. 
Firstly, the electrical impedance of the head, as seen by the pre-amplifier connected 
to the coil, consists of an imaginary inductive part and a real resistive part. The 
resistive part is related to dissipation of energy in the core material and generates 
thermal noise according to Nyquist's formula. Both this dissipation of energy and a 
phase shift in the playback signal are connected with the imaginary part of the 
permeability. Hence, the real part of the impedance of a head is related to the 
imaginary part of the playback efficiency. Since the real part of the head impedance 
is proportional to frequency, thermal noise is more important at high frequencies. 
Secondly, on a micromagnetic scale a magnetization process usually is a discontinuous 
process with sudden changes in the domain structure. For instance, jumps of 
domain walls leaving metastable positions may occur. These so-called Barkhausen 
jumps generate Barkhansen noise. 
In the third place, there can be origins other than magnetic fields for magnetization 
processes in a head. Such origins may be of a magnetostrictive nature, for instance, 
mechanical vibrations in the head material excited by the rubbing of the tape against 
the head. This noise is usually called rubbing noise. In MnZn ferrite video heads in 
partienlar rubbing noise is an important souree of noise. 

In the record mode the head bas to meet other requirements. It bas to be able to 
magnetize the coating to a suflident depth, which implies that the saturation 
magnetization Ms of the core material has to be sufficiently high. As a rule of 
thumb, M8 should be at least five times the coercivity field He of the tape. 

1.3.3 Monocrystalline MnZn Ierrite video heads 

The general shape and dimensions of the video head are shown in Fig. 1.4. A 
head consists of two thin halves of ferrite with a non magnetic spaeer in between 
forming the gap. The tip of the head is narrowed to a width of about 20 IJ.lll. 
Usually some sort of supporting glass is provided in the tip to consolidate the 
construction. Although fora ferrite head many orientations of the crystal are 
possible, only few orientations combine a good wear resistance with good magnetic 
head properties. For instance, an acceptable possibility is a (1()0) oric:ntation of all 
surfaces. The heads operate in a recorder in a so-called helical scan configuration 
(Fig. 1.5), in which two heads take opposite positions on a rotating wheel whose 
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Fig. 1.4 Video head. 1) Two halvesof MnZn ferrite. 2) Non-magnet ie foyer (thickness 
- 0.35 JJ.m). 3) Coil window. 4) Coil (10-20 turns). 5) Head tip (width - 20 JJ.m) and a 
0.35 J.l.m gap jormed by tayer (2). 6) Support by glass. 7) Tape-facing surface. 
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Fig. 1.5 Helical scan configuration. 
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peripheral speed is about 5 m/sec. By transporting the tape helically along the wheel 
with a speed of only a few centimeters per second a high density of information on 
the tape is realized. 

For the production of video heads the core material is grown in the form of 
monocrystalline boules of 60 mm diameter and 500 mm height. By means of a 
seeded Bridgman technique the crystal is solidified slowly out of a melt at a 
temperature of about 1620°C (see Berben et al. (l.ll)). Various chemical 
compositions of the ferrite are possible, but as a rule the heads are made of a ferrite 
with the approximate molecular formula Mn~~6ZoÁ1• 35 F~~ 05 Ft{1104 (low magneto
crystalline anisotropy). Fig. 1.6 outlines the processes in the manufacture of video 
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Fig. 1.6 Example of themanu/acture of MnZnferrite video heads 1) Grinding of coil 
window. 2) Microprojifing of head tips. 3) Non-magnetic coating for the gap. 4) Glass jibre 
for support . .5) Cutting of cemented head cores. 6) Lapping of tape-facing surface. 
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beads. First the boule is sawn into rectangular tiles of about 1.5 mm X 4 mm X 16 mm. 
Eacb tileis lapped and polisbed along a major crystalline surface. In tbis polisbed 
surface a groove is ground by means of a proflied grinding wbeel. A subsequent 
microprofiling may be applied to narrow the future tips of the heads. Next the 
polisbed surfaces are coated with a non-magnetic layer of a thickness less tban 
0.2 IJ.Ill and usually consisting of glass. The coated surfaces of two tiles are cemeted 
tagether and the resulting composite block is sawn into slices of about 200 IJ.Ill 
thickness. After profiling and finishing the tape-facing surface and winding the coil, 
the head can be mounted in a recorder. For a more detailed description of the 
manufacture of video heads we refer to a recent paper by Kotter (1.12)). 

Various manufacturing procedures are possible that may differ from the one 
outlined above in tbe surface-machining processes used, in the metbod of bonding 
the two halves of a head rogether and in the way the head-tip is profiled. For 
instance, an alternative way to shape the head tip is to cut it by means of a laser
cutting technique after sawing the slices (Siekman (1.13)). 

Most techniques employed in the manufacture of video heads introduce residual 
stresses in the ferrite. Machined surfaces of ferrite have a plastically deformed and 
stressed surface layer. As a consequence also the bulk of the head is stressed. The 
saw-cut surfaces may introduce stresses of several MPa's in a head (one MPa is 
106 N/m2

). In the tip of a head considerable stresses may be caused by the micro
profiling process. Finally, the supporting glass applied in the tip stresses the ferrite if 
there is a mismatch between the thermal expansion coefficients of the glass and the 
ferrite. The dependenee of the magnetic properties of monocrystalline MnZn ferrite 
videoheads on stress has been experimentally confirmed (refs. (l.l)-(1.3), Kimura et 
al. (1.14)). Toriiet al. (1.15) found that also the level of rubbing noise generated in 
MnZn ferrite heads depends on residual stress introduced in the head by surface
machining. 

A satisfactory quantitative explanation of the magnetic properties of a head 
cannot yet be given. Although the mechanisms determining the output signa!, the 
electrical impedance and the noise of a video head are understood in principle, a lot 
of questions concerning the actual magnetization processes remaio unsolved. In the 
first place it is difficult to deal propertly with the highly anisotropic situation as 
regards the magnetization process at various positions in a head. Secondly, the use 
of a scalar permeability is questionable because the head tip has smal! dimensions 
and may contain only a few magnetic domains. As for the magnetization processes 
in MnZn ferrite, there is a Jack of information for the video frequency range. Only 
Kimura et al. (1.14) have mentioned a so-called transition frequency between 0.5 
and 2 MHz, above which the rotation magnetization should become the dominant 
magnetization process with respect to the domain wall motion. Finally, the low 
magnetocrystalline anisotropy of MnZn ferrite presents a complication since the easy 
directions of magnetization depend strongly on stress: the domain structures in 
heads manufactured differently may be completely different. This makes a 
comparison between the magnetic properties of various heads troublesome. 
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1.4 Aim of the investigation 

In this thesis we shall consicter the problem of domain structure and magnetization 
processes in monocrystalline MnZn ferrite in the presence of mechanical stress. 
Related studies to be found in litterature are the following. 
Kinoshita et al. (1.16, 1.17) have extensively investigated the domain structures in 
samples of monocrystalline MnZn ferrite treated by several surface-machining 
processes. They also studied the permeability and the BH-curves of machined ferrite 
rings (1.18, 1.19). Ichinose et al. (1.20) investigated the dependenee of the BH-curve 
of machined monocrystalline rings on the thickness of the rings, on crystal orientation 
and on the type of machining applied. Yonezawa et al. (1.21) measured the residual 
stress distribution in deformed surface layers of lapped MnZn ferrite for various 
crystal orientations of the surface and for various lapping directions. They also 
studied the influence of surface machining on the permeability of machined rings. 
All investigators agree qualitatively in their conclusions about the deptbs of 
deformation in machined MnZn ferrite surfaces and about the permeàbility of 
machined ferrite rings. 

However, no quantitative interpretation has yet been made of experimental 
permeability spectra in conneetion with the domain structures. Such an interpretation 
should comprise concepts as the distribution of stress in the sample, the 
magnetocrystalline anisotropy and the stress-induced anisotropy. In this thesis we 
shall be mainly concerned with the following questions: 

l. Can one distinguish between the contributions of the rotation magnetization and 
the motion of the domain walls to the total magnetization process in mono
crystalline MnZn ferrite, in alternating magnetic fields with a frequency of up to 
10 MHz? 

2. Given a certain distribution of mechanical stress in a MnZn ferrite sample, how 
do the two magnetization processes vary with domain structure and how do they 
depend on stress? 

3. Is there an analytical model that quantitatively describes magnetization processes 
and domain. structure in the presence of stress? 

4. Which are the residual stresses introduced in a MnZn ferrite sample by 
machining its surfaces; how are these stresses connected with the observed state 
of the machined surfaces and in which way is the permeability affected? 

Like the previous investigators we shall study the domain structure and the 
permeability of stressed MnZn ferrite, but now for model samples that contain a 
well defined stress distribution and a not too complicated domain structure. A new 
metbod wil! be presented that offers the possibility to distinguish between the 
contributions of the domain wall motion and the rotation magnetization to the total . 
permeability. 

Besides these fundamental problems we also deal with practical questions 
conceming the actual performance of a MnZn ferrite videohead in a recorder: the 
electrical impedarice of a video head will be measured and noise contributions will 
be investigated in some detail. Also the temperature of a head in operation will be 
measured. 



In Chapter 2 the relevant magnetic and mechanica! bulk properties of 
monocrystalline MnZn ferrite are given. Chapter 3 deals with the magnetic 
performance of a video head in operation. In Chapter 4 the experiments on model
samples are outlined and a theoretica! model is developed from whith the effect of 
stress on the easy directions of magnetization can be predicted. Also outlined in 
Chapter 4 is the method mentioned above by which the two magnetization processes 
can be experimentally separated by means of a measurement of the frequency
dependence of the disaccommodation. The magnetic domain structure and the 
magnetization processes for model samples having a uniform, uniaxial, tensile stress 
are investigated in Chapter 5 and 6, respectively. In Chapter 7, the biaxial residual 
stress in machined MnZn ferrite surfaces is measured and its effect on the 
permeability of machined rings is investigated. 
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2 BULK PROPERTIES OF MONOCRYSTALLINE MnZn FERRITE 

2.1 Introduetion 

In this chapter we discuss a number of properties of MnZn ferrite that will be 
relevant to our investigation. Our primary purpose is to provide experimentai data 
for the magnetic parameters entering the model described in section 1.2. We 
measured parameters such as the constants of magnetocrystalline anisotropy and of 
magnetostriction for the particular monocrystalline MnZn ferrite that we shaii use 
throughout our investigations. In addition, the dependenee of some of these 
parameters on chemica! composition are briefly discussed with the help of earlier 
work of other investigators. In the third place, we present here a preliminary 
measurement of the disaccommodation of MnZn ferrite and explain the 
phenomenon with the help of a simple model. Finally, we pay attention to some 
relevant mechanicai properties of MnZn ferrite. 

2.2 Magnetic and electrical properties 

2.2.1 Magnetocrystalline anisotropy 
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According to eq. (1.2.1) of Chapter 1 the magnetocrystailine anisotropy is cubic 
for MnZn ferrite. It can be characterized by two constants K1 and K2 , which 
determine respectively the first- and second-order term of the crystal anisotropy 
energy. It has been shown by Ohta (2.1), that K1 can take either positive or negative 
vaiues at room temperature, depending on the chemicai composition of MnZn 
ferrite, and that K1 vanishes aiong two trajectodes in the compositionai diagram 
(Fig. 2.1). The results of Ohta were confirmed by Stoppels and Boonen (2.2), who 
furthermore measured the second-order constant K2 • They determined bath 
constants as functions of temperature (Fig. 2.2). Their results show that, irrespective 
of the chemica! composition, the temperature dependenee of the anisotropy 
constarits has the following features: both constants are always negative at 
sufficiently low temperatures; K1 may cross zero at a certain temperature while K2 

stays negative; both constants become smaii at further increasing temperatures. Note 
that K2 is usuaily negligibly small with respect to K11 except of course at the 
temperature where K1 crosses zero. 

Fig. 2.2 shows that composition I possesses a small magnetocrystalline anisotropy 
at room temperature. If there is no additional anisotropy originating from stress, a 
ferrite with K1 = 0 possesses a high magnetic permeability (cf. Fig. 2.7). This implies 
that the ferrite of composition I is suitable as a core material for video heads which 
operate at about room temperature. In our investigations a ferrite is used with a 
chemicai composition not far from composition I, having approximately the formula 
Mllo. 59 Zllo. 35 FA~ 06 Fe~n04 (indicated in Fig. 2.1 by an asterisk). This ferrite also 
possesses a low magnetocrystailine anisotropy at room temperature. The temperature
dependence of both anisotropy constants of this particular ferrite was measured on 
a polisbed and etched ferrite disc by means of a torque magnetometer. The results 
are shown in Fig. 2.3. For an indication of the high sensitivity of the magneto-
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Fig. 2.1 Ternary diagram of MnZnferrite with Kr-measured at 20°C (qfter Ohta (2.1)): Kt 
values (open circles with bars indicating Kt); K1 = 0 along two solid curves in the diagram; 
K1 > 0 inside the curves, K1 < 0 outside. Closed circles: compositions investipated by Stoppels 
and Boonen (2.2). Asterisk: composition investigated here (Mllo. 511Zno.35 F~.06Fe:a04). · 
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Fig. 2.2 Temperature dependenee of K1 (closed circles) and K2 (open circ/es), for the three 
compositions of MnZn Ierrite given in Fig. 2.1 (Stoppels and Boonen (2.2)). 
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Fig. 2.3 Temperafure dependenee ofK1 (closed circles) and K2 (open circles) for 
Mnt).59Zno.a5F~~o6F~Ilo4 (asterisk) and for Mllo. 61 Zilo.a1 F~~08F~u04 . 

crystalline anisotropy to small variations in chemical composition we have added in 
Fig. 2.3 anisotropy curves measured on a ferrite of a slightly different composition: 
Mno.&t Zno.st Fl{~osFeino4. 

Consictering the relatively large differences between the respective anisotropy 
constants in Fig. 2.3 we conclude that we have to be cautious when cernparing the 
permeabilities of different MnZn ferrite samples that are not cut from the same 
boule. Sirree in Fig. 2.3 the second order constant K2 is small compared to K1 , we 
shall in the following neglect K2 • The first order constant K1 is negative at room 
temperature (composition *), so the easy directionsof magnetization are in this 
ferrite along the (111) crystal axes, provided that the ferrite is not stressed. 
Although a low magnetocrystalline anisotropy of less than 100 J/m3 promises a high 
permeability for this ferrite, it also implies a high sensivitity to mechanical stress, as 
we shall see later on in this chapter. 

2.2.2 Magnetostriction 

In section 1.2 we introduced two magnetostriction constauts À100 and À111 

representing the usual magnetostriction. These constantsenter the expression for the 
magnetostrictive energy (eq. 1.2.2). The magnitudes and signs of both constants at 
room temperature have been measured by Ohta and Kobayashi (2.3) on mono
crystalline MnZn ferrites of various chemical compositions (Fig. 2.4). For the ferrite 
investigated in this thesis we measured the magnetostriction on a (100)-oriented 
ferrite disc to which a rotating field of 0.12 tesla was applied in the (100) plane. The 
varying elongations originating from magnetostriction were measured with strain 
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Fig. 2.4 Magnetostriction constants À.100 (so/id curves) and À.111 (broken curves) at room 
temperafure (in units HT6

). (A/ter Ohta and Kobayashi (2.3).) 

gauges cemented along the [100] and [110] axes of the disc. From the strain the 
magnetostriction constants were derived. Our results are in agreement with those of 
Ohta and Kobayashi. The constant À111 has a small positive value, A.100 has a larger 
negative value. We found a weak dependenee of A.100 on temperature (Fig. 2.5). 
Since it can be concluded from Fig. 2.4 that both magnetostriction constants are not 
very sensitive to small fluctuations of the chemica! composition of the ferrite, the 
following experimental values of both constants will be sufficiently accurate for our 
purposes: 

Àtoo = l.Ox 10-5
, 

Àm = 0.2 x w-5
• 

2.2.3 Saturation magnetization 

(2.2.la) 
(2.2.lb) 

The saturation magnetization of the MnZn ferrite used here was measured at 
various temperatures by means of a vibrating sample magnetometer. The results are 
shown in Fig. 2.6. The, saturation magnetization decreases rapidly with temperature, 
which is a consequence of the rather low Curie temperature of 220 oe. At room 
temperature the saturation magnetization is about 0.52 Tesla, which, with a head 
made of this ferrite, will be high enough to record information on Cr02 tape with a 
coercivity field He about 50 kA/m. 



-11~--~------~----~--~ 

À1oo 

-10 

-9~--~--~----~--~--~ 

--+T{CO 

23 

Fig. 2.5 Temperature dependenee o/Ä100 (in units 10 .. 6) for Mno. 59 Zno.35 F~~ 06Fe204 (asterisk). 
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Fig. 2.6 Temperature dependenee of the saturation magnetizationfor Mno.69Zno. 86 F~~ 06Fe204 
(asterisk). 

2.2.4 Magnetic permeability 

Unlike the magnetic properties discussed above, the permeability is not an 
intrinsic material constant. Stoppels (2.4) bas considered the low-frequency initial 
permeability of stress-free monocrystalline MnZn ferrite as a function of magneto-
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Fig. 2. 7 Secondary maximum of lt' (400 Hz) at the compensatior. :emperature (zero 
magnetocrystalline anisotropy) for Mno .• 2Zno.44Feä~ 14Fe204 (compositl'on 1/ of Fig. 2.2, · 
Stoppels (2.4)). 

crystalline anisotropy. Some of his results on permeability vs tem~rature are plotted 
in Fig. 2. 7, showing that a 'secondary peak' in 1.1' occurs at the compensation 
temperature (- 82 oq at which the magnetic anisotropy as a function of K1 and ·~ 
vanishes. Furthermore, Fig. 2.7 shows that the permeability depends strongly on the 
magnitude of the measuring field, which indicates that at larger fields the induced 
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change in the domain structure is no Jonger proportional to the applied field. 
The same author also investigated the stress dependenee of the low-frequency 

permeability, again as a function of temperature (Stoppels et al. (2.5)). In Fig. 2.8 

6000 

J./ 

4000 after etching 

2000 

0~71-~--------~----------~------~ 
-110 -90 -70 

T (C) 

Fig. 2.8 Canting of the secondary maximum of~' (400Hz) and shift of the compensation 
temperafure by extra stress-induced anisotropy (as ground) for Mno. 44Zno.42 F~~ 14 Fe204 
(Composition IJ of Fig. 2.2, Stoppels et al. (2.5)). 

it is shown how the secondary peak of 1-1' is canted when a toroid of the ferrite is 
stressed by grinding. This canting displays the inverse magnetostrictive effect: a 
tensile stress in the ground toroid gives rise to magnetostrictive anisotropy energy; 
this leads to an additional magnetic anisotropy which shifts the compensation 
temperature to lower values in this specific example. 

As regards the high-frequency permeability of MnZn ferrite, it was found by 
Stoppels (2.6) that a dip occurs at the compensation temperature (Fig. 2.9). Both the 
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Fig. 2.9 Secondary maximum of 1.1.' (low frequencies) and a minimum (high frequencies) at 
the compensation temperafure for Mno.40 Zno.50F~~ 10Fe204 (Stoppels (2.6)). 

peak and the dip in the permeability have the same origin, i.e. the vanishing 
magnetic anisotropy near the compensation temperature. In the first place, the 
rotational susceptibility will become high for low-frequency fields due to the weaker 
coupling between the direction of M and the crystal axes. In the second place, this 
weaker coupling implies a lower precession frequency of the magnetic moments 
around the easy axis of magnetization. Hence, when a field is applied whose 
frequency exceeds the ferromagnetic resonance frequency (eq. 1.2.7), the induced 
rotation of the moments towards the field will be restricted by the precessiori. In 



that case the high-frequency rotational susceptibility will be smaller than the low
frequency susceptibility. Apparently, in the example of Fig. 2.9 the ferromagnetic 
resonance frequency shifts down to below 4.5 MHz near the compensation 
temperature. 
If stresses are present, these wil! affect the magnetic anisotropy and may shift the 
dip of Fig. 2.9 to other temperatures. 
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Fig. 2.10 Spectrum ofthe complex initia/ permeability at 30 °Cjor Mno.59 Zn0 • 35 F~~ 06 Fe204 (•}, 

as measured with a 3 Alm RMS field; J.1' (closed circles), J.1" (open circles). 

Fig. 2.10 shows results of our measurements of the frequency-spectrum of the 
complex permeability of the ferrite indicated by an asterisk in Fig. 2.1. According to 
ref. (2.6) such spectra are typical of ferrites containing ferrous ions. The rather large 
imaginary component 1.1 "deserves especial attention. lt indicates that high dissipational 
losses are involved with the magnetization processes. However, as yet no conclusions 
can be drawn about the individual magnetization processes, primarily because 
distinct discontinuities in the slopes of the permeability curves are absent. 
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The phenomena given above will play a role in thè interpretation of the 
permeability spectra measured on model samples later on in this thesis. There it will 
be shown that a more quantitative explanation of the results is possible, provided 
that the experimental conditions are well-defined and properly chosen. 

2.2.5 Disaccommodation 

The physical origin of disaccommodation in MnZn ferrite has been explained in 
section 1.2. 7. On the ferrite used in this thesis a particwar type of disaccommodation 
was measured in the following way. · 
First a magnetic field having a frequency of 10kHz and a magnitude above 2 Alm 
r .m.s. was applied to a toroidal samples of the ferrite. No disaccommodation was 
observed under these conditions. Next, the magnitude of the field was suddenly 
reduced. As shown in Fig. 2.11, the formerly constant permeabilitybecame 

I 

!' 

H>2AAn: 
rms 

2.0A/m 

0.9 

0.2 

Fig. 2.11 Disaccommodation of~' (,10kHz) at room temperuture as a function of the 
measuring field jor Mno. 59 Zllo.ssFeö~ll6 Fe20,: 

dependent on time and decreased, reaching aftersome time a lower stabie level. We 
observed an initially rapid decrease in Jl' within one second after the reduction of 
the measuring field, foliowed by a more moderate decrease during several minutes. 

For an explanation of this disaccommodation we first note that it cannot originate 
from the rotation of the moments inside the domains, since for fields of 2 Alm 
r .m.s. the induced angle of rotation of M is only about one degree. Hence, inside 
each domain Mis almost constant. Consequently, the disaccommodation must 
originate from the domain wall oscillation. In Fig. 2.12 the mechanism of this 
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Fig. 2.12 Model of disaccommodation: a 180° domain wa/I, asciilating with amplitude A, 
having a wal/ thickness dw and a potential energy E(x) in the crystal. a) Large amplitude: high 
dissipationai losses due to continuous dif/usion; no disaccommodation. b) Smal/ amplitude: 
potenfiat wel/ growing with time, t; disaccommodation. 

disaccommodation is illustrated with the help of a simple model of an oscillating 
180° domain wall. 
In the fust place, in a sufficiently large magnetic field the wal! will oscillate with an 
amplitude that exceeds the thickness of the wall (Fig. 2.12a). This was also the 
situation in which the spectra of Fig. 2.10 were obtained. So, for large fields the 
magnetization vector at a given position in the crystal completely reverses its 
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direction at the moments an oscillating wall passes by. If the frequency of 
oscillation is sufficiently high, the ionic distribution at that position cannot reach 
equilibrium and the alternating dilfusion processes will not stop. Since the dilfusion 
processes involve dissipation of energy, this domain wall oscillation constitutes a 
high loss-factor, i.e. a high ~"I~' ratio (cf. Fig. 2.10). As the dilfusion remains 
under these conditions a continuous process, disaccommodation does not occur for 
a large oscillating magnetic field. 
On the other hand, when the field is reduced in magnitude to a sufficiently low level, 
the amplitude of the wall oscillation becomes smaller than the thickness of the wal! 
(Fig. 2.12b). Then the wall oscillation involves only small angles of rotation of the 
local magnetization veetors inside the wall. In that case the ionic distribution at the 
position of the wal! can reach equilibrium, so that a potential well is created for the 
wall by the dilfusion processes. As the dilfusion continues, the potential well will 
grow in depth. 
The wall susceptibility will be affected by this well and will decrease with time as 
long as the potential well keeps growing, which explains the disaccommodation 
shown in Fig. 2.11. According to Schreiher (2.7), such a potendal well centered 
around the equilibrium position of an oscillating domain wall can be considered as 
parabolic. From Fig. 2.11 it follows that the rate of growth of the well depends 
strongly on the amplitude with which the domain wall oscillates. In section 4.6 it 
will be shown that this type of disaccommodation can be used to analyse the 
magnetization processes in detail. 

2.2.6 Electrical conductivity 

The electrical conductivity of the ferrite is rather high due to the ferrous ions, 
which make it possible for electroos to jump between the metal ions (electron 
hopping). At room temperature a specific resistance Qel = 5 x w-s Om was found, 
which implies a skin depth of about 300 ~ for an alternating magnetic field of 
10 MHz. Therefore, the permeability measurements will be carried out on samples 
of at most 200 1un thickness. Since the thickness of present-day video heads is only 
200 ~ or less, weneed not worry about the skin effect there either. (If, however, 
ferrites are used having higher contents of ferrous ions and consequently higher 
conductivities, the skin effect in the video head might become a serious drawback.) 

2.3 ~ech81Ûcal properdes 

2.3.1 Sound-wave velocity and elastic constanis 

In gener al, monocrystalline matenals possess mechanical properties that have 
directional anisotropy. Also in the cubic MnZn ferrite mechanical parameters as the 
velocity of sound or the modulus of elasticity have directional anisotropy. The 
sound-wave velocity of the ferrite was measured along different crystal axes by 
means of a pulse-echo technique (de With (2.8)). For 10 MHz pulses the veloeities 
are 7339 m/s along the [100] axis (longitudinal mode) and 4152 m/s and 2980 m/s for 
transversal modes, respectively along the [100] axis and the [11Q] axis. The same 
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author derived from these data for MnZn ferrite the three characteristic elasticity 
constants, which will be used later on in the investigations and are defined in 
textbooks on elasticity (see e.g. Cottrell (2.9)). The elasticity constants are: 

C11 = 234 GPa, 

C12 = 142 GPa, 

C44 88.5 GPa. 

2.3 .2 Mechanica/ strength 

(2.3.1a) 

(2.3.1b) 
(2.3.1c) 

The strength of a material is given by the maximurn stress that can be applied 
without plastic flow or fracture to occur and depends on the type of stress that is 
applied. Although the strength of a monocrystal also depends upon the crystalline 
direction along which a load is applied (ref. 2.10), we shall be primarily concerned 
here with the order of magnitude of the strength of the ferrite when it is subjected 
to either compressive or tensile stress. 
In the first place, the compressive strength or yield stress may be estimated by means 
of a hardness test. From a Vickers indentation carried out on a [100] surface of the 
ferrite a hardnessof 7.4 GPa is obtained (Siekman (2.11)), which value will be 
adopted here as the order of magnitude of the compressive strength of MnZn 
ferrite. 
In the secoud place, a value of the tensite strength can be estimated from the 
flexural strength. By bending [100]-oriented samples until fracture a flexural strength 
of 180 MPa to 200 MPa was found (De With (2.12)). This value indicates that the 
tensile strengthof MnZn ferrite is about 100 MPa, which is more than one order in 
magnitude smaller than the compressive strength. 
Such a large difference in strength between compression and tension may certainly 
have consequences for the residual stresses introduced in ferrite surfaces when 
machined by various processes, as wiJl be seen in Chapter 7. 

References 

(2.1) K. Ohta, Magnetocrystalline anisotropy and magnetic permeability of Mn-Zn-Fe
ferrites, J. Phys. Soc. Japan 18 (1963) 685. 

(2.2) D. Stoppels and P. G.T. Boonen, The injluence of thesecond-order magnetocrystalline 
anisotropy on the initia! magnetic permeability of MnZn ferrous ferrite, J. Magn. 
Magn. Mats. 19 (1980) 409. 

(2.3) K. Ohta and N. Kobayashi, Magnetostriction constantsof Mn-Zn-Fe ferrites, Jap. J. 
Appl. Phys. 3 (1964) 576. 

(2.4) D. Stoppels, Relationship between magnetocrystalline anisotropy, including seeond 
order eontribution, and initia! magnette permeability for monoerystalline MnZn ferrous 
.ferrite, J. Appl. Phys. 51 (1980) 2789. 

(2.5) D. Stoppels, U. Enz and J. P.M. Damen, Stress dependenee of the magnetic 
permeability of MnZn Ierrous ferrites, J. Magn. Magn. Mats. 20 (1980) 231. 

(2.6) D. Stoppels, Frequeney dependenee of the complex permeability of monoerystalline 
MnZnferrousferrite, J. Appl. Phys. 52 (1981) 2433. 

(2.7) F. Schreiber, Grundzüge der Néelschen Theorie der magnetisehen Fremdatom
Naehwirkungen, Z. f. Angew. Phys. einschl. Nuk!. 9 (1957) 203. 



32 

(2.3) G. de Witb and J. P. M. Damen, Elastic constanis of single crystal manganese-zinc 
fe"ite, J. Mater. Sci. 16 (1981) 838. 

(2.9) A. H. Cottrell, The Mechanica/ Properties of Matter, Wiley & Sons (London 1964), 
Chapter 4. · 

(2.10) T. Yonezawa, K. Yokoyama and N. ltö, Residua/stress of Mn-Zn Ierrite polished 
surface and effect on magnetic properties, Nat. Techn. Rep. 25 (1979) 6 (In Japanese). 

(2.11) J. G. Siekman, private communications. 
(2.12) G. de With, private communications. 



33 

3 SOME RELEVANT ASPECTS OF MnZn FERRITE VIDEO HEADS 

3.1 Introduetion 

This chapter serves to indicate the scope of our study of the magnetization 
processes in MnZn ferrite with respect to use of this material in video heads. As 
mentioned in section 1.3, the nature of the magnetization processes and the influence 
of mechanica! stress upon them find their expression in the magnetic properties of a 
head. In order to elucidate the relation between these head properties and the 
magnetization processes of the material we fust express the electrical head 
impedance and the playback efficiency in terms of a position-dependent permeability. 
Next, the noise that is generated in the core material during playback is measured. 
Finally we measure temperatures in an eperating recorder to establish the range of 
temperatures in which the magnetization processes of the ferrite have to be 
investigated. 

3.2 Head impedance and playback efficiency 

3.2.1 Equivalent magnetic circuit 

Both the electrical impcdanee Zh of a magnetic head and the playback efficiency 11 
can be expressed in terms of the permeability of the core material and in terms of 
the dimensions of the flux paths inside the head. The trajectodes that the magnetic 
flux can follow are commonly represented by an equivalent magnetic circuit, which 
is analogous to the well-known electrical circuit used to describe the flow of 
electrical current. For the head of Fig. 1.4 a simplified magnetic circuit can be 
constructed (Fig. 3.1). This circuit is built up from a collection of compartments of 
the head which are connected with each other in a way that displays the actual 
trajectodes of the magnetic flux inside the head. It is assumed that the magnetic flux 
is uniformly distributed in each of these compartments. Each campartment i has a 
magnetic reluctance R; given by 

l; 
R; = A. ( I • ") 

J.lo i J.l; - J J.li 
(3.2.1) 

Here l; is the length and A; the cross-section of the compartment, while J.ll and 11l' 
are the real and the imaginary part of the complex permeability in that 
compartment. The magnetic reluctance connects the flux <l>i with the line-integral of 
the magnetic field H; as 

(3.2.2) 

In analogy to an electrical circuit, the left-hand side of eq. (3.2.2) denotes the 
magnetic potential applied to campartment i. The line integral of magnetic potential 
in the circuit yields 

f H(t) . dÏ N . l(t), (3.2.3) 
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where Nis the number of tums of.the coil ofthe heàd and l(t) = Re(JOeJ(A)t) is an 
alternating electrical current flowing through the coü (frequency ro/27t). 
The circuit of Fig. 3.1 contains two compartments representing the head tip (nos. 2) 
and one representing the gap. There is a compartment representing the back yoke of 
the head, in which the glass layer bas been neglected (no. 5). Finally, we have added 
compartments representing a ieakage of ftux around the coil outside the core 

5 

Fig. 3.1 Equivalent magnetic circuit for the flow of flux in a magnetic head: (1) Rpp, 
(2) tRulb (3) Rcov, (4) R1w (5) Rby· Flows of magnetic fluxes in the record mode (closed 
arrows) and in the playback mode (open arrows). 

(nos. 4) and compartments representing the two parts of the head that are covered 
by the coil (no. 3). In Fig. 3.2 the leakage of flux is illustrated. The closedandopen 
arrows in Fig. 3.1 indicate the flow direction of magnetic flux through the circuit, 
respectively in the record mode and in the playback mode. In the record mode the 
flux is generated by the writing coil, which is represented in the circuit by two 
sourees of strength tNI(t), located between points a,b and c,d. In the playback 
mode there is a souree of flux, the tape, which is located between points e and f. 

With the help of this magnetic circuit it is possible to calculate the impedance and 
the efficiency of the head, using a permeability that depends on position. In this 
sense we can extend a calculation by Smaller (3.1) who considered the permeability 
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of the core material as constant throughout the head. lt is not to be expected, 
however, that our approach can do better than only give a qualitative explanation 
of the actually measured properties of a video head. The main reason for this is that 

0 

Fig. 3.2 Sketch of the magnetic fields in a head, record mode (a), playback mode (b). Below: 
magnetic fields in the head tip. 

the flux is certainly not uniformly distributed in the various compartments of a 
head, which applies especially to the flux distribution inside the tip of the head 
during playback (Fig. 3.2). Besides this, the permeability is an averaged parameter 
whose use in a smal! head tip is doubtful. Therefore, we have to be careful in 
attaching too much value to the calculated playback efficiency. 
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3.2.2 Calculation of the head impedance 

The electrical impedance Zh of the head is by definition 

Z _ Vind(t) 
h - l(t) ' 

where the induction voltage Vind(t) is given by 

diJ> 
N dt(t). 

(3.2.4) 

(3.2.5) 

Here ct>(t) is the totalflux that is enclosed by the coil. This flux is created by sourees 
of tNI(t) between points a,b and c,d. Each souree sees the same magnetic 
reluctance, which is denoted as Rab· From Fig. 3.1 we find 

Rab = Rcov + Rteak//(Rtip + Rp.p + Rby + Rcov//RteaJc), (3.2.6) 

where /1 denotes a parallel conneetion of the reluctances. 
lt is advantageous to estimate at this point the magnitudes of Rcov and Rteak· 

Taking lcov- 1 mm, Acov- 1.5 mm X 0.15 mm and lllcov 1- 1000 (Fig. 2.10) we find 
(with 1J.o 41t x 10-7 Vs/Am): 

Rcov = 3.2X 106 A!Vs. (3.2.7) 

For the leakage field we take lteak = 2 mm, A1ea1c- twice (1.5 mm x 1 mm) (for both 
the top side and the bottorn side of the head) and llair 1. This leads to 

Rteak- 5.6X 108 A!Vs. (3.2.8) 

So Rteak > Rcov• which applies also to the other reluctances. For instanee for the 
gap we find, with laap = 0.35 1J.ffi and Aaap = 20 x 40 IJ.ffi2 , 

R11ap = 3.5X lOS A/Vs. (3.2.9) 

With Rteak. Rp.p > Rcov. (3.2.6) can be simplified to 

(3.2.10) 

Denoting the sum of magnetic reluctances between the parentheses by Rh, we obtain 
for the total flux generated by the two sourees in the circuit 

IJ>(t) = 2X (t~~t)) = NI(t) (Rl:ak + ~J. (3.2.11) 

Substitution of (3.2.5) and (3.2:11) in (3.2.4) yields for the electrical impedance 
(complex notation): 

zh jroN2 (Rt:ak + ~h )· (3.2.12) 



The leakage flux contributes only to the imaginary part of the impedance, because 
R1eak is real (ll = l in air). Using (3.2.8) we estimate for the inductance L1eak 
resulting from the leakage flux 

N2 
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L1eak = -- - 0.5 J.lH. 
R1eak 

(3.2.13) 

The second term of eq. (3.2.12) is the more interesting one, since it involves the 
contribution of the core material to the impedance. Expanding Rh and separating 
the reluctances of gap and core we obtain 

R _ lgap 1· 
h - A + I A ( 11 ") llo gap i llo i lli - lli 

(3.2.14) 

where the summing goes over the compartments in the tip and in the back yoke of 
the core (nos. (2), (3), (5) in Fig. 3.1). 
Here lgap and Agap are the length and cross-section of the gap. Introducing for each 
compartment, i, a ratio of dimensions 

G- _ lgapAi 
1

- li Agap 

and an effective permeability 

V '2 "2 lli = lli + lli ' 

we obtain 

1/R _ llo Agap { 1 + I llllllf Üi - j I lli'lllf Üi } 
h - lgap (1 + I llllllf Üi)2 + <I lli'lllf Üi)2 

• 
i 

(3.2.15) 

(3.2.16) 

(3.2.17) 

In this expression and in the expressions below the Gi's occur as divisors in the 
quotients. 
The contribution of the core material to the head impedance (given by eq. 3.2.12) is 
written as Z~q = Zh- jwL1eak· Hence we have 

Re z~C) = wN
2 

llo Agap 
I gap 

and 

<1 + I 1-1illlf oi)2 + <I lli'lllf oi)2 
(3.2.18a) 

i i 

(3.2.18b) 
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lf we consicter a co re having a uniform magnetic permeability 11~ j 1.1~' and 
dimensions Ie and Ac. we obtain from (3.2.18) expressions simHar to those derived 
by Smaller (3.1). 
For the more realistic situation of a position dependent permeability the expressions 
(3.2.18) can be used, as will be demonstrated below. 
In addition, by using (3.2.12) we take flux-leakage into account. 

3.2.3 Calculation of the playback efficiency 

In the playback situation we have a souree of flux between points e and f in 
Fig. 3.1. Since R1ea1t and R.:ov are connected parallel in this contiguration and 
R1ea1t > Rcov. there will be no flux leakage outside the head. The totalflux that is 
available from the tape flows in the head partly through the gap and partly through 
the core. The efficiency 11 is defined as the ratio between the portion of flux going 
through the core and the totalflux available. The flux portions are determined by 
the reluctances of gap and core. We find for the efficiency in terms of magnetic 
reluctances: 

Rpp + Rup + Rt., + 2 R.:ov . 

Using (3.2.14) the efficiency can again be expressed in a generalized form: 

1 + I: ll:,~.~r ai - j I: ~.~n11~ ai . . 

(3.2.19) 

(3.2.20) 

Evidently. the total electrical impedance of the head is closely connected with the 
theoretical efficiency. Neglecting Rcov one finds from (3.2.12), (3.2.17) and (3.2.20): 

Z . L . N21loAcap 
h = JW leak + JW -

1
-- 11· 
cap 

(3.2.21) 

For optimally functioning heads 11 = 1 and the summation terms in (3.2.20) are 
smal! with respect to unity. We can therefore in many cases simplify the expressions 
for 1111 and for the phase shift <PtJ = arctan(Im 1l/Re11) to 

(3.2.22a) 

and 

(in radians) (3.2.22b) 

With (3.2.16) it follow that 1111 0!:: (1 + L 1/!J.;G;)-1 and I<Prd :s L 1/lliGi. Using the 
i i 

G1-values given below, we find that for 1111 0!:: 0.8 and I<Prtl :s 12°, say, an effective 
permeability of 1000 would be a sufficient condition for a video head material. 
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3.2.4 Comparison with experiment 

We measured electrical impedances between 0.5 MHz and 6 MHz for a mono
crystalline MnZn ferrite video head of the kind shown in Fig. 1.4 (16-turn coil). The 
results are shown in Fig. 3.3. To calculate Zb we determined Gï-values for the 
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Fig. 3.3 Electrical impedance of a MnZn jerrite video head (leakage inductance included). 
Circles: experiment. Curves: theory (eq. 3.2.12), with IJ.tip and f.J.by jrom Fig. 2.10 (I); with 
1J.{;p = 260 and Jltlp 430 (2). 

various compartments of the analogous magnetic circuit of the head. In order to do 
so we made a further simplification by consictering a core consisting of only two 
compartments, i.e. of a tip (nos. (2) in Fig. 3.1), and of a back yoke (nos. (3) + (5)). 
For the particular head used we estimated Gup == 0.8 x 10-2 and Üby = 1.1 x w-2

• 

With this simplified model we calculated the electrical impedance for two situations. 
First we substituted for the permeability of the back yoke as well as of the tip the 
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data of Fig. 2.10 (unstressed ferrite). Secondly, the permeability of the tip alone was 
matebed to make the calculated real part of the impedance to agree with the 
experimental values. For this second situation a rather small, frequency
independent, permeability in the tip sufficed to fit Re Zh in the whole frequency 
range. The calculated impedances of the head for both sets of the permeability 
values are shown in Fig. 3.3. 

In the first place one notices a considerable discrepancy between experiment and 
theory as regards the inductive part of Zh. This must be attributed to flux leakage. 
In terms of inductances the discrepancy amounts to about 1.5 ~H in the whole 
frequency range, which implies that we estimated too small a value for L1eak 

(although the order of magnitude is correct). 
In the secoud place one finds a strong dependenee of the calculated real part of 

the impedance on the permeability of the core material. It is obvious from Fig. 3.3 
that for a theoretica! description of the measured impedance the permeability values 
of unstressed MnZn ferrite are not correct (situation (1)). Our tentative matching of 
the permeability in the tip yields however a surprisingly good fit to the experiments 
(situation (2)). This suggests that in the tip of the investigated head the permeability 
has been changed by stress. As we shall find in Chapter 7, the relatively low values 
of the matebed magnetic permeability in the tip indicate a stress level of the order 
of 10 MPa. For the particular head used here we may discern four origins of stress 
in the tip: 1) two damaged surfaces created by laser cutting, 2) a tape-facing surface 
deformed by wear, 3) a possible mismatch of the thermal expansion of the non
magnetic layer consistituting the gap and 4) a similar thermal expansion mismatch 
of the supporting glass in the tip (the fibre in Fig. 1.6). In Chapter 7 it is argued 
that the residual stress caused by laser cutting must be small. The surface facing the 
tape is small with respect to the sum of all surfaces of the head tip and can 
therefore not create large stresses in the tip. Also the volume of the layer forming 
the gap is small with respect to the total volume of the head tip. We estimated for 
the tip a stress level caused by the sourees (1) to (3) totalling only a few MPa. In 
contrast to this, a rather large amount of supporting glass is used in the tip, which 
probably introduces stresses exceeding 10 MPa, since a mismatch exists between the 
thermal expansion of this glas and of the ferrite. In a supplementary experiment it 
was found that the real part of the head impedance decreased by about 300Jo when 
the supporting glass was cut from the tip. Hence, in this particular head, stress 
caused by the supporting glass had reduced the permeability in the tip. We confine 
ourselves here to this condusion and do not worry about the exact nature of the 
stress distribution in the tip. However, from the thermal expansion mismatch of the 
supporting glass it follows that the stress must be tensile and directed along the 
normal of the gap-surface. 

In Fig. 3.4 we have plotted the theoretica! efficiency and the phase shift calculated 
with (3.2.22) for the two sets of permeability values. Apparently, the difference 
between the permeability of a stressed and an unstressed head tip is not displayed by 
the playback efficiency. This is ho wever not in agreement with the experimental 
results of Fujiwara et al. (3.2), who found differences of several dB's between the 
levels of playback signal for heads containing various types of supporting glass in 
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Fig. 3.4 Theoretica/ playback efficiency, 11 (solid curves) and phase shift, q>~ (braken curves) 
Jor the two sets of permeability values used in Fig. 3.3. 

the tips. This confirms what we have mentioned earlier, namely that our calculation 
of the efficiency is too simple to take into account the complexity of the flux 
distribution or the details of the magnetization process in the tip. This applies 
especially to the playback situation (cf. Fig. 3.2). 

3.3 Generation of noise during playback 

3.3.1 Playback signals and noise levels 

In section 1.3 it was shown that the output voltage of a magnetic head operating 
in the playback mode depends on several factors, among which is the magnetization 
process in the core materiaL Furthermore, due to this magnetization process noise is 
generated by the head. In this section an impression is given of the effects of the 
magnetization process on the eventual signal-to-noise ratio of the output signal 
produced by a video head. 

Under usual conditions, using Cr02 tape and a helical scan contiguration with a 
speed of 5 m/s of the head, a monocrystalline MnZn ferrite head of the kind shown 
in Fig. 1.4 produces the following typicallevels of playback signal: 1.4 IJ. V at 
0.1 MHz, 12 f..I.V at 0.6 MHz and 30 IJ.V at 4.5 MHz (r.m.s. values). These data 
allows us to draw an important condusion about the magnetization process in the 
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head. The output levels imply that during playback the magnetic induction in the tip 
of the head does not exceed w-a tesla, while in the back of the core the induction 
amounts to only 3 x 10-6 tesla. As a consequence of these low levels of induction 
the domain walls in the head during playback will oscillate with amplitudes that are 
much smaller than the typical wall thickness of about 0.6 !llll (cf. section 4.4.1). 
According to the model given insection 2.2.5 this would imply that during playback 
disaccommodation occurs in a MnZn ferrite video head. This further implies that 
for a correct description of the magnetization processes in the head during playback 
one has to take into account the considerable effect of the potential wells on the 
domain wall motion. 

Noise was measured in addition to playback voltages by means of a Hewlett 
Packard spectrum analyser at the output terminals of the standard preamplifier 
connected with the head. The spectrum of the noise was determined between 0 MHz 
and 6 MHz, using a bandwidth of 10 kHz. Noise spectra obtained under various 
conditions are shown in Fig. 3.5. 

29J.N signa! 

10~--~--~----~--~---r--~~ 
0 _ _.. .. freq.(MHz) 5 

Fig. 3.5 Noise spectra of a MnZn territe video head (B JO kHz): a) no head-to-tape contact; 
b) head in contact with erased Cr<>: tape (speed 5 m/s); c) as (b), but with a speed o/8 mts; 
d) as (b), but with a 4.5 MHz signa/ recorded. 

Firstly, curve (a) gives the level of thermal noise generated by the total electrical 
resistance present in the input circuit of the preamplifier, of which the real part of 
the head impedance forms a part. No magnetic tape was used in this case. 
Secondly, the level of noise is seen to increase when the head is brought in contact 
with a bulk-erased Cr02 tape that carries no recorded magnetic signals (curve (b)). 



Partly, the enhancement of the noise co mes from the magnetic tape itself. Ho wever, 
extra noise is generated in the head because the head is being rubbed by the tape. 
Due to this rubbing peaks occur in the noise spectrum. 
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Thirdly, by enhancing the speed of the head by 60o/o the level of noise increases 
considerably, which must be due to an enhanced rubbing (curve (c)). For this reasou 
the peaks in the spectrum increase considerably. However, these peaks stay at 
precisely the same frequencies, which confirms that at least part of the noise cannot 
come from the tape itself. 
Finally, if a 4.5 MHz signal has been recorded on the tape a considerable increase 
of the noise is observed (curve (d)). The major part of this noise must be due to the 
recording process of the magnetic pattem in the particulate coating (Thurlings 
(3.11)). This is the so-called modulation noise. Also in curve (d) small peaks are 
seen that originate from rubbing noise. 

The signal-to-noise ratio of the MnZn ferrite video heads has a typical value of 
50 dB at 4.5 MHz. lt turns out that a few dB's increase of this ratio would yield a 
marked impravement of the performance of the video head. Consequently, it is 
worthwhile to aim at a further increase of the output level and at a deercase of the 
noise level. It follows from Fig. 3.5 that although the major part of the noise 
originates from the tape itself, the noise generared by the head is not negligible. 
Therefore we shall consicter the thermal head noise and the rubbing noise in more 
detail. 

3.3.2 Thermal head noise 

The real part of the head impcdanee acts as a souree of thermal noise in the input 
circuit of the preamplifier (Smaller (3.1), CalJen and Welton (3.3)). If Nh is the 
thermal noise voltage generared by the head, it is related to the real part of the head 
impcdanee ReZh according to Nyquist's formula 

(3.3.1) 

Here k is Boltzmann's constant, T the absolute temperature of the souree (i.e. the 
head), f the frequency and B the band\\>idth with which the noise is measured. 
Taking Re zh 6 n from Fig. 3.3 we calculate for B 10 kHz and T = 300 °K a 
thermal head noise voltage of 32 n V at 4.5 MHz. The total thermal noise amounts 
toabout 60 nV at 4.5 MHz (curve (a) of Fig. 3.5), so the preamplifier also generates 
a considerable amount of thermal noise. The contributions of two or more 
independent sourees to the resulting noise voltage have to be added according to the 
quadratic rule: for independent sourees of noise, each generating a noise voltage N;, 
the total voltage N becomes 

N =V INf. (3.3.2) 
i 

This implies that the noise voltage generated by the preamplifier amounts to about 
50 nV at 4.5 MHz, thus exceeding the thermal head noise considerably. In particular, 
the quadratic rule implies that for a total noise voltage of 100 n V (curve (d) of 
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Fig. 3.5), a rednetion of the thermal noise of the head to zero wou1d give a 
rednetion of only 5 nV of the total noise voltage. Hence a vanishing thermal head 
noise would yield little impravement of the SIN ratio (about 0.5 dB). However, for 
video heads used in professional systems at higher frequencies the thermal head 
noise becomes relatively more important since ReZh increases with frequency 
(3.2.18a). 

3.3.3 Rubbing noise 

1t is only recently that rubbing noise has become the subject of intensive study. 
The phenomenon has nevertheless been known for more than a decade as an 
important souree of noise in professional recorders where high tape-speeds are used. 
Kimura et al. (3.4) have unambiguously established that mechanica) vibrations of 
the head are the actual souree of rubbing noise. These vibrations are excited by 
rubbing the surface of the head with a tape at high speeds. The frequencies of the 
vibrations depend on mechanica! parameters, such as the shape and diroenslons of 
the head and the sound velocity in MnZn ferrite. The amplitude of the vibration 
depends on the type of rubbing surface and on the (relative) tape speed. In the 
heads investigated by Kimura et al. only transversal vibrational modes occurred. 
Taking from Fig. 1.4 the width of 3 mm of the head as an estimate of half the 
wavelength of the ground mode and taking a transversal sound velocity of 4000 m/s 
we find a frequency of 0. 7 MHz for the ground mode, which is thus right within the 
range of video frequencies. If one wants to avoid rubbing noise, the vibrations must 
be suppressed or the magnetomechanical coupling between these vibrations and the 
electrical signal of the head must be reduced. For instance, Inoue (3.5) and 
Takahashi (3.6) proposedan acoustic damping of the vibrations by cernenting elastic 
material to the side surfaces of a head. 

As regards the magnetomechanical coupling between the vibrations of the head 
and the playback signa) the situation is not clear. 1n principle the coupling must be 
based on magnetostriction. A possible mechanism proposed by Tawara and Senno 
(3. 7) is that of a forced domain wall oscillation which is induced by the standing 
stress wave in a vibrating head. These authors were able to explain how this 
mechanism can give rise to rubbing noise at video frequencies in MnZn ferrite. 
However, as we argued above, the domain walls in MnZn ferrite heads used in the 
playback mode turn out to be trapped in potential wells. This implies that a correct 
description of a forced domain wal! oscillation requires the use of an equation of 
motion which also contains the characteristics of the potential wells. These wells 
have not yet been taken into account when the mechanism of rubbing noise was 
discussed. 
The dependenee of rubbing noise magnetostriction, on domain structure and on 
crystal orientation has been investigated for gap-less heads of MnZn ferrite by Torii 
et al. (3.8). They found no distinct correlation between magnetostriction constants 
and noise level. However, the noise level changed strongly after machining the 
major side surfaces of the heads, which must be caused by a stress-induced change 
of the domain structure in the machined heads. In this conneetion the work of 
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Kinoshita (3.9) must be mentioned, who suggested reducing the rubbing noise by 
machining the video head surfaces in a particular way. It is not known yet how 
rubbing noise actually depends on domain structure and magnetostriction for 
monocrystalline MnZn ferrite, so more experiments on this subject will be necessary. 

The question to what extent rubbing noise plays a role in the spectra of Fig. 3.5 
can be answered with the help of an additional noise measurement, in which a non
magnetic tape is used to rub the head. Sirree the level of rubbing noise depends on 
the type of rubbing surface, it is essential that such a non-magnetic tape and the 
magnetic Cr02 tape possess comparable surface roughnesses. To this end a mylar 
tape was coated with a suspension of non-magnetic aFe2 0 3 particles by means of 
usual coating techniques. Using this tape we measured again the noise. The results 
for two speeds are shown in Fig. 3.6. 
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Fig. 3.6 Noise spectra of a MnZn ferrite video head (B JO kHz); a) no head-to-tape contact; 
b) head in contact with a non-magnetic tape (aFe2 0 3 ) (speed 5 m/s); c) as (b), but with a 
speed of 8 m/s. 

The considerable difference in noise level for the two speeds implies that rubbing 
noise increases rapidly with rubbing speed. Camparing the curves (b) and (c) in 
Fig. 3.5 and Fig. 3.6 one finds peaks at the same frequencies. This is not surprising, 
since the frequencies of the vibrational modes of a head do not depend on the . 
degree of excitation. Secondly. we observe that the height of the peaks is of the 
same order of magnitude for rubbing the head by the non-magnetic tape and by a 
Cr02-coated tape. This indicates that the vibrational modes are equally excited by 
both types of tape surface, as we intended. 
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Finally, the width of the peaks in Fig. 3.6 ranges between 0.1 and 0.5 MHz and 
adjacent peaks have considerable overlap. 

The widths of the rubbing noise peaks appear to be related to damping of the head 
vibrations, as may be deduced from the results below. By a pulse-echo experiment 
decay times were measured on tiles of MnZn .ferrite for travelling longitudinal and 
transversal sound pulses of respectively 5 MHz and 20 MHz (De With (3.10)). The 
decay times t are 1.05 J.1S for the longitudinal mode (along the [ 110] axis) and 4.3 J.1S 
for the transversalmode (along the [100] axis). Assuming forthemodes of vibration 
of a head the form cos(rot)e-t/T we find a Fourier spectrum with a peak centered 
around roi21t. This peak has a "width at half height" of V'3ï1tt. The theoretical peak 
widths are 0.53 MHz for the longitudinal mode and 0.13 MHz for the transversal 
mode, which agrees fairly well with the range of experimental values found from 
Fig. 3.6. 
Hence, the Fourier spectrum of the mechanical vibrations in a head and the rubbing 
noise spectrum are simHar, which implies that the rubbing noise peaks must have 
correlation in phase and amplitude. An interesting consequence is that rubbing noise 
is not random noise, but rather an interfering signal. As yet this fact bas not been 
fully recognized. At this stage it is not clear how one should deal with the rubbing 
noise part of the spectra in Figs. 3.5 and 3.6, since for signals other than random 
noise eq. (3.3.1) (and perhaps (3.3.2)) is invalid. A further difficulty is that the noise 
usually is measured over periods much longer than the duration of the vibrational 
excitations of the head. 
Therefore, the effects of rubbing noise on the magnetic performance of a video head 
remaio a subject of further investigation. 

Assuming (3.3.2) tobevalid we can make a rough estimate of the averaged level 
Nrub of the rubbing noise at 4.5 MHz for a speed of 5 m/s. Substraction of the 
squared noise level (a) from the squared level (b) given in Fig. 3.6 yields 
N~b = 2.3 X 103 (n V)2 at 4.5 MHz. For curve (d) of Fig. 3.5 this value of N~b 
implies an .:mhancement of 1.6 dB of the noise level at 4.5 MHz due to rubbing 
noise. Combining rubbing noise voltage and thermal head noise voltage given in 
section 3.3.2 we findan enhancement of the noise level of 1.8 dB due to 
magnetization processes in the magnetic head. 
Hence the video head enhances the noise level from about 80 nV toabout 100 nV. 
lt turns out that 1.8 dB deterioration of the S{N ratio is oot negligible, at least not 
in consumer recorders. 
As Fig. 3.6 indicates, rubbing noise may become a dominating souree of noise in 
high-speed recorders for professional use, in which speeds up to 20 m/s are applied. 

3.4 Tempersture of an operating head 

If one tries to interpret the performance of a recording head in terms of the 
magnetic properties of the ferrite, it is of course necessary to know the temperature 
at which the head operates. The temperature of the head is above room temperature 
due to heat dissipation in the electronk components of the recorder (such as in the 
power transformer), due to frictional heat from the wheel on which the heads are 



mounted and also due to friction between the tape and the head. In addition, heat 
dissipation related to magnetization losses in the ferrite may play a role in the 
record mode. 

We have measured the temperature of the head in a consumer recorder by 
replacing the actual video head by a gapless dummy head of monocrystalline MnZn 
ferrite. The inductance of this dummy head showed a clear dependenee on 
temperature: at a frequency of 1 MHz the inductance increased from about 5 llH at 
20 oe to 8 llH at 50 °C. The measuring current was held low in order to keep the 
domain walls in the dummy head trapped in potential wells (section 2.2.5). 

0.10 
-a.::.-

L:d==~0.33 
Fig. 3. 7 Measurement of the inductance L of a dummy head via a 1:1 rotating transformer. 
Head dimensions in mm. 

As shown in Fig. 3.7 the inductance of the dummy head was measured via a 1:1 
'rotating transformer'. First the inductdance L' was calibrated as a function of 
temperature by putting the wheel with the head on it in a temperature-controlled 
environment. Next we measured all at once the inductance of the dummy head in 
the recorder during operation, the room temperature and the overall temperature 
inside the recorder. In actdition we studied the effect of heat dissipation in the head 
when a large current was applied. 
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The results are shown in Fig. 3.8, where the various temperatures are plotted 
versus operating time. During the experiment the room temperature changed slightly 
from 23.3 oe to 24 °C (curve c). The overall temperature inside the recorder changed 
more rapidly (curve a). Curve b shows the temperature of the dummy head as 
obtained from the inductance measurements. 
In Fig. 3.8 the following points are noteworthy: 
1. At the start of the experiment the temperatures of the head and of the recorder 

were both 25.5 °C. 
2. Aftera tape was put in the recorder and the playback mode was set, the head 

was instantaneously cooled down to room temperature by the contact with the 
tape. 

3. Due to frictional heat the temperature of both tape and head started to increase 
to the level of the overall temperature inside the recorder. 

4. This temperature rose slowly over a period of hours and finally reached a stabie 
level of about 10 oe above room temperature. 

5. The apparent fall of the head temperature after 3 hours, as well as the 2.5 oe 
difference between curves a and b, are artefacts. These effects probably originate 
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Fig. 3.8 Temperatures in an operating recorder: a) air inside the recorder; b) the head; 
c) room temperature. Por the numbers see text. 

from wear of the head caused by the tape, which lead to a decrease of the 
inductance of the dummy head. 

From Fig. 3.8 we conetude that in the playback mode the temperature of the head 
is notmore than 10 "C above room temperature. So, for room temperatures 
between ooc and 40"C, say, weneed a head performing well in the temperature 
range between 0 "C and 50 "C. This also suffices for the record mode, since we 
found no temperature increase in the dummy head even when a power as high as 
1.7 mW was dissipated in the head by a current of 6.7 mA r.m.s. In realistic 
situations the maximum arnount of heat that is dissipated during recording is only 
0.2 mW. In the following Chapters we shall therefore confine ourselves to magnetic 
measurements on MnZn ferrite at temperatures between 0 "C and 70 "C. 

Keferences 

(3.1) P. Smaller, Reproduce system noise in wide-band magnetic recording systems, IEEE 
Trans. Magn. MAG-I (1965) 357. 

(3.2) H. Fujiwara et al., Magnette head, U.S. Patent 4, 316, 228 (1982). 
(3.3) H. B. Callen and T. A. Welton, Irreversibility and generalized noi.se, Phys. Rev. 83 

(1951) 34. 
(3.4) T. K.imura, N. Kobayashi, H. Fujiwara, Y. Sbiroishi, M. Kudo and T. Iimura, Rubbing 

noi.se of Mn-Zn Ierrite single crystal jor magnetic heads, Int. Conf. on Perrites (Japá.n 
1980), Conf. Abstr., 138. 



(3.5) Y. Inoue, Magnetic head, Jap. Patent Appl., Kokaî 55-105818 (A) (1980). 
(3.6) T. Takahashi, Magnetic head, Jap. Patent Appl., Kokaî 55-84021 (A) (1980). 
(3.7) Y. Tawara and H. Senno, A noteon Barkhausen noise induced by an external stress in 

a ferrite head in a video tape recorder, Jap. J. Appl. Phys. 5 (1966) 747. 
(3.8) M. Torii, U. Kibara and I. Maeda, On the rubbing noise of MnZn territe single 

crystals, Proc. Int. Conf. on Ferrites (Japan 1980) 717. 
(3.9) M. Kinoshita, Production of magnetic head of single crystal ferrite, Jap. Patent Appl., 

Kokai 54-61508 (1979). 
(3.10) G. de With, private communications. 
(3.11) L. F. G. Thurlings, Studies on noise in magnetic recording on particulate media, 

Thesis, T.H. Eindhoven (1982). 

49 



50 

4 OUTLINE OF THE EXPERIMENTS AND BASIC THEORY 

4.1 Introduetion 

The nature of the problems to be treated in the next three chapters can be 
illustrated by Fig. 4.1, where complex initial permeability spectra are shown fora 
thin ring of monocrystalline MnZn ferrite. We observe a clear dependenee of the 
permeability on mechanical stress that is introduced in the ring by lapping the (001) 
surfaces. From the workof Knowies (4.1), Kinoshita (4.2), Yonezawa et al. (4.3) 
and Ichinose et al. (4.4) it follows, that the permeability of such a machinedring 
depends on the machining conditions, on the crystal orientation of the machined 
surfaces and on the dimensions of the ring. 

How in a machined sample mechanical stress is produced can be explained with 
the help of Fig. 4.2. The stress originates from a plastic deformation of the 
machined surfaces. If a ferrite has cold-worked surfaces (formed by e.g. saw 
cutting, grinding or lapping), a plastically stretched surface layer results (ref. 4.1). 
On the other hand, if the ferrite surface is subjected to a hot-machining process 
such as laser cutting, a layer of the surface will melt and after solidifying again it 
will shrink during cooling. Then a plastically compressed surface layer is produced 
(Siekman (4.5)). 
It turns out that in either case the deptbs of the deformed surface layers are at most 
a few microns for MnZn ferrite (Stoppels et al. (4.6), ref. (4.5)). A large residual 
stress builcts up in such a deformed layer because the plastic deformation is 
compensated by an opposite elastic strain, excerted on the layer by the bulk of the 
crystal. Hence, a cold-machining process produces compressive residual stress in the 
surface, whereas a hot-machining process produces tensite stresses in the surface. In 
either case the level of stress in the surface layer is essentially limited by the 
respective strength of the ferrite. 
As shown in Fig. 4.2 the stress is not only confined to the surface layers. For 
reasons of mechanical equilibrium an additional distribution of balancing stress is 
generated in the bulk of the sample (Knowles (4.7)). This balancing stress depends 
on the primary residual stress in the surface layers, but also on the shape and 
dimensions of the sample. In the partienlar example given in Fig. 4.2 the balancing 
stress is uniformly distributed over the entire thickness of the bulk. This is not 
always the case, because a stress distribution is subjected to boundary conditions 
that are determined by the shape of the sample. As a consequence, a uniform 
balancing stress distribution as that in Fig. 4.2 can only be reached in suffi.ciently 
thin samples that are machined equally on both opposite surfaces (see e.g. 
Timoshenko and Goodier (4.8) p. 274). The balancing stress is in general tensile for 
cold worked samples, for laser-cut samples it is compressive. 

Since the ring in Fig. 4.1 bas a thickness of more than hundred microns, the 
plastically deformed surface layers of the machined (OOI) surfaces give negligible 
contributions to the flux path in the ring. Hence, it is essentially the balancing stress 
in the bulk of the ring that influences the permeability. The balancing stress is 



2 

J 
0.2l 

51 

[001] 

10+-------~~------~--~------~--~ 
0.01 0.1 10 

-----.freq. (tv1Hz) 
Fig. 4.1 Complex permeability of a (001)-oriented ring of Mn0 • 59Zn0 • 35 FeÓ~ 06 Fe204 at 30 oe, 
f.t' (closedcircles), f.t" (open circles). 1) All surfaces etched; 2) (OOI) surfaces lapped with 
12 Jlffi-diamond paste, biaxial tensite stress in (OOI) plane. Measuring field H > 2 Alm r.m.s. 
Inset: dimensions of ring in mm. 

primarily determined by the total arnount of residual stress in the deformed layers 
and not directly by the actual distribution of the stress in these layers. Following 
Knowies (4.1) we introduce a residual surface stress S, expressed in N/m, that is 
obtained by integrating the distribution of the residual stress in a deformed layer 
over the layer thickness. 
In the exarnple of the lapped ring the deformatîon of the machined (001) surfaces is 
isotropie in the (001) plane, so the resultîng balancing stress is biaxial in this plane 
and, as we argued above, it is tensile. 

It is our aim to understand in detail how changes of the permeability such as 
those shown in Fig. 4.1 are effected by the stress. For a correct interpretation we 
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Fig. 4.2 State of stress in a sample with two cold-worked surfaces. (a) Free surface layers 
(hypothetical): relaxation of plastic strain, no residual stress. (b) Layers conneeled to the bulk: 
residual surface stress (1) in layers, balancing stress (2) in bulk. 

have to investigate the stress dependences of the domain wall susceptibility, of the 
rotational susceptibility, and of the domain structure. 
A direct observation of the domain structure in a machined ring is not possible 
because of the roughness of the machined surfaces, so we have to resort to an 
indirect metbod of calculating the magnetization directions for a given stress. Since 
for this calculation the stress has to be known to a sufficient accuracy, residual 
machining stresses will be measured as we!L 
Although the choice of the (001) orientation of the ringsis rather arbitrary, our way 
of investigating the permeability of these rings may illustrate how similar problems, 
of different samples with other types of stress, can be treated. 

Related to the situation of a biaxially stressed ring is that of a uniaxially stressed 
frame or bar. Since uniaxial stress can be easily applied by means of external forces, 
an observation of the domain structure remains possible in that case, provided of 
course that the surfaces of the frame are prepared carefully. More particularly, if 
uniaxial tensile stress is applied along the [110] axis, a magnetic situation results that 
resembles strongly the situation for biaxial tensile stress in the (001) plane. In the 
next chapters we shall therefore investigate, as .well for biaxial tensile stress in the 
(001) plane as for uniaxial tensile stress along [110], the effect of stress on domain 
structure and permeability. 

4.2 Brief description of tbe experiments 

The situation of uniaxial tensile stress in a monocrystalline MnZn ferrite bar is 
shown in Fig. 4.3. The crystal orientation of the bar is chosen such, that the easy 
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Fig. 4.3 Stripe domain structure in a uniaxially stressed bar. 1) Stripe domains with M in 
(liO} plane. 2) 180° Domain walls, separated by a distance D from each other. 3) Measuring 
magnette field along {110]. 4) Uniaxiaf tensile stress along [110]. 

direetions of magnetization remain eonfined to the (lÏO} erystal plane when a 
uniaxial tensile stress is applied along [110]. It is to be expeeted that in this 
particular situation the domain structure simply eonsists of stripe domains that are 
easily observed at the (1 ÏO) surf ace. In Chapter 5 the stress dependenee of the stripe 
domain strueture will be investigated on sueh a bar. In seetion 4. 3 the easy direction 
of magnetization and the anisotropy field are ealeulated for uniaxial tensile stress 
along [110]. 

In Chapter 6 we shall measure the permeability on an uniaxially stressed frame 
that has a erystal orientation simHar to that of the bar. In this experiment only the 
permeability along the [110] axîs is consîdered. For an interpretation of the results 
we derive in seetions 4.4 and 4.5 expressions for the domain wal! suseeptibility and 
the rotational susceptibility, both as functions of magnetoerystalline anisotropy and 
of stress. 

The magnetic situation for maehined, (001)-oriented rings having biaxial tensile 
balancing stresses will be treated in Chapter 7, where we shall measure residual 
stresses produced by various maehining process as well as permeability changes 
eaused by these stresses. In seetion 4.3 the intlucnee of biaxial tensile stress (in the 
(001) plane) on the easy directions of magnetîzation and on the anisotropy field is 
discussed; in section 4.7 a metbod to determîne residual stress is outlined. 

The analysis of the permeabîlity carried out in Chapters 6 and 7 is described in 
section 4.6. It is based on a metbod which to our knowledge is new and in which 
the frequeney-dependenee of the disaccommodation plays a central role; itallows us 
to distinguish between the wall susceptibîlity and the rotational susceptibility. 

4.3 Calculation of magnetic anisotropy of stressed MnZn ferrite 

The ealeulations given below are based on the model described in section 1.2, 
where the total magnetic anisotropy energy was defined as the sum of the erystal 
anisotropy energy of eq. (1.2.1) and the magnetostrictive energy of eq. (1.2.2). As 
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we argued insection 2.2.1, thesecondorder constant of magnetocrystalline 
anisotropy is small enough to be neglected for MnZn ferrite. In the derivations 
given below K1 will be given a negative value, while K2 will be set to zero. 
As a result the total magnetic anisotropy energy BAN becomes: 

8 3 3 

BAN(ä) = K1 L af af - ! "-1oo L au af - 3 "-m L OiJ a1 aJ. (4.3.1) 
I> J•l 1•1 l> l•l 

Here ii = (a1 , a 2, a3) is the directional vector of the magnetization Mand OiJ are 
the elements of the stress tensor. Starting from this equation one may find the easy 
directions of magnetization iiED by minimizing BAN and one may estimate the 
anisotropy field HAN from a variational calculation. First we oonsider the situation 
shown in Fig. 4.3, where uniaxial tensile stress is applied along the [110] axis of a 
MnZn ferrite sample. Next we treat the situation of biaxial tensile stress in the (001) 
crystal plane. 

4.3 .1 Easy directions of magnetization for uniaxia/ stress 

Taking the (100) crystal axes as a basic set of veetors defining the coordinate 
system we express uniaxial stress along [110] by the following tensor: 

(I I 0) a= la I 1 0 . 
::::: 000 

(4.3.2) 

Here a is a posîtive scalar denoting the magnitude of the tensile stress. Substitution 
of (4.3.2) in (4.3.1) yields for the energy 

3 

BAN(ii) = K1 L a~ af - t À1oo a(a; + a:) - ! Àm a a1 a2• 
i>j=l 

(4.3.3) 

For a calculation of the easy directions of magnetization the first derivatives of 
BAN with respect to the a1's have to be equated to zero, under the restrietion that 

(4.3.4) 

Such a calculation is laborious. Fortunately it can be split up into two relatively 
simple parts. 

First it can be established, by the use of the Lagrange multiplier method, that for 
positive a the minima of BAN(ä) can only lie in the (lÏO) plane. This can be proved 
by keeping a3 constant Cl a3 12 :=; 1) and varying a1 and a 2 under the restrietion 

(4.3.5) 

Bq. (4.3.3) is then re-expressed as 

(4.3.6) 
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where now the secoud and third term on the right-hand side are constant. Adding to 
(4.3.6) the term 

(4.3.7) 

where Lis a Lagrange multiplier, and equating the first derivatives of the sum with 
respect to ct1 and ct2 to zero we find local minima of EAN· The result is, that for 
arbitrary a 3 there always exists one local energy minimum at «1 ct2 and thus for 
Min the (lÏO) crystal plane. 

Next, one finds the absolute energy minima of EAN in the (IÏO) plane by taking 

(4.3.8a) 

and 

«a ± (4.3.8b) 

By substitution of eq. (4.3.8) in eq. (4.3.3) one obtains 

(4.3.9) 

Equating the first derivative of (4.3.9) with respect to ct to zero and defining a 
positive critical stress Oe as 

(4.3.10) 

one derives for the easy direction of magnetization iiEn: 

(4.3.11) 

where 

a~ = r(l a/oe) for 0 :5 a :5 Oe (4.3.12a) 

and 

for Oe :5 o. (4.3.12b) 

The accompanying energy minima are, respectively, given by 

(4.3.13a) 

and 

(4.3.13b) 

We may conclude that the easy directions of magnetization lie along the eight 
( 111) axes when there is no stress (K1 < 0). Contrarily, for uniaxial tensile stress 
along [llO) only four easy directions remain, which lie in the (lÏO) plane. These 
four easy directions rotate towards [001] for increasing tensile stress (Fig. 4.4). If 
the stress reaches the critical level crc or exceeds this level, the easy directions are 
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(a) (b) 
Fig. 4.4 Dependenee of the easy directions of magnetization on uniaxial tensite stress along 
[110]. a) No stress, easy directions along (111). b) Stress a: jour easy directionsin (1!0) 
plane, rotaled towards [001]. 

coïncident with the [001] axis. Talting K1 = - 52 J/m3 at 35 oe (Fig. 2.3), we find as 
a typical value of Oe: 

Oe = 8.5 MPa (35 °C), (4.3.14) 

which is a level of stress that may easily occur in machined MnZn feerite samples 
possessing the dimensions of a videohead. 
For future use we express the easy direction of magnetization in a different way by 
defining an angle a between the easy direction and the [110] axis: 

(4.3.15a) 

for Oe s a. (4.3.15b) 

4.3.2 Anisotropy field jor uniaxial stress 

For a denvation of the anisotropy field HAN we calculate the enhancement of 
EAN résulting from a small rotation of ii out of the easy axis äEo towards the (110] 
axis along which the measuring magnetic field will be applied. This determination of 
HAN can only be approximative, since the magnetization vector actually performs at 
high frequencies a precession around iiso insteadof an oscillation in the (lÏO) plane 
(see section 4.5). 

We denote the rotation of ii by 6, where 
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(4.3.16) 

Here ö « I and B .l et:ED· 
Substitution of 

ÛED + 5 
a = ----;:===:=:::r= V I+ 2ö2 

and of (4.3.11) in (4.3.3) yields after arearrangement of terros 

(4.3.17) 

EAN(ii) = EAN(iiEo) 6K1 [ ~- t(I - ;J ][ 2öao + Ö2 ~1 _ :1 J- 12K1 ~ ö2
, 

( ao) (4.3.18) 

where terros of higher order than Ö2 have been omitted. If cr s oe, the second term 
on the right-hand side of (4.3.18) varrishes because of (4.3.12a). In that case: 

(4.3.19a) 

If Oe s cr, a0 vanishes and we find from the second term on the right-hand side of 
(4.3.18): 

(4.3.l9b) 

Using an anisotropy field HAN that is by definition directed along the easy 
direction äEo we express the enhancement of the anisotropy energy, fora defiection 
of M from the easy axis, by a magnerostatie analogy: 

(4.3.20) 

lt must be pointed out here that in general I HANI depends on the direction of M, 
sirree the anisotropy energy has no rotational symmetry around ÛED· We shall not 
worry about this complication. 
By substitution of (4.3.17) for ä = M/Ms one finds from (4.3.20): 

MsHANÖ2 

1 + 2 cr/oe 
for 0 s cr s Oe (4.3.21a) 

and 

for Oe s o. (4.3.21b) 

Equating (4.3.21) and (4.3.19) we obtain the anisotropy field HAN I HANI as a 
function of uniaxial stress level o: 

HAN(o) = - f_!S_ (1 ~)(t + 2 ~) for 0 s o s Oe (4.3.22a) 
IJ.o Ms Clc Clc 
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and 

2_!S_ (~- t) 
~ Ms Oe 

for Oe :S a. (4.3.22b) 

A remarkable result is that the anisotropy field vanishes at a = a.,. This implies 
that at the critica! stress level the magnetostrictive anisotropy exactly compensates 
the magneto-crystalline anisotropy. At vanishingly small a we obtain from (4.3.22a) 
a well-known expression for the anisotropy field of a material with negative K1• At 
very large stresses exceeding the critica! stress level the magnetostrictive anisotropy 
dominates and HAN becomes proportional to o. 

4.3.3 Easy directionsof magnetization for biaxial stress 

The stress tensor repcesenting biaxial stress in the (OOI) crystal plane is giveri by 

(1 0 0) 
(j 010. 

000 

Substitution of (4.3.23) in (4.3.1) gives 

3 

EAN(ii) = Kl L ar af - fÀlOo a( a~ +ai). 
l>j=l 

where again the term invalving K2 has been neglected. 

(4.3.23) 

(4.3.24) 

Although the stress tensor used is different, the resulting expression for the total 
anisotropy energy strongly resembles (4.3.3). In fact, we can transfarm (4.3.3) into 
(4.3.24) by doubling Ä100 and equating Ä111 to zero. This circumstance simplifies a 
derivation of the easy direction of magnetization and of the anisotropy field for the 
biaxial stress-case. 

The easy directions can again be calculated by minimizing the total anisotropy 
energy. Keeping a3 constant and varying a 1 and a 2 in (4.3.24) we find eight possible 
easy directions of magnetization that are characterized by 

(4.3.25) 

We thus have easy directionsof Min both the (lÏO) and (110) planes. Next we 
minimize EAN with respect to ä in each of these two crystal planes. Substituting 
again a~ = ai = a 2 in (4.3.24), we find 

EAN(ä) = -3 K1 a4 + [2K1 - 3 Ä100 a] a 2
• (4.3.26) 

Eq. (4.3.26) strongly resembles (4.3.9). 
For biaxial stress in the (001) plane a critica! stress level a., is now given by 

2K1 

3 Àtoo • 

On analogy of (4.3.11) the easy directionsof magnetization are 

äso = ± (ao, ± ao. ±VI - 2a!). 

(4.3.27) 

(4.3.28) 
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where there are now eight possibilities for iiED· instead of four. 
The parameter a0 in (4.3.28) can again be expressed in termsof o/cre by 

~ t(t- :J for 0 ::5 o ::5 Oe (4.3.29a) 

and 

a:= 0 for Oe ::5 o. (4.3.29b) 

Clearly, uniaxial tensile stress along [110] and biaxial tensile stress in the (001) 
plane lead to analogous situations. In Fig. 4.5 it is shown how the eight easy 

001 

010 

100' 

(a) ( b) 

Fig. 4.5 Dependenee of the easy directions of magnetization on biaxial tensite stress in the 
(001) plane. a) No stress, easy directions along (lll}, b) Stress cr: eight easy directions are 
possible, deftected towards [OOI]. 

directionsof magnetization rotate from the (111) axes towards the [001] axis under 
the influence of increasing biaxial tensile stress. The critica! stress level for biaxial 
stress differs from the one for uniaxial stress. Due to the differences between eqs. 
(4.3.10) and (4.3.27) the critica! level of biaxial tensile stress at 35 °C is only 
3.4 MPa, as compared to 8.5 MPa in the uniaxial case. 

When a thin, (001)-oriented ring of MnZn ferrite is lapped equally on both (001) 
surfaces a uniform distribution of tensile balancing stress is produced that is biaxial 
in the (001) plane. The expressions derived above apply to this situation. In a 
permeability measurement the magnetic field H is in such a ring contirred to the 
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(001) plane. The direction of H may be represented by a vector :Ya. where 

YH = (Yto 'Y2• 0) (4.3.30) 

and Yi + Yi 1. Combining (4.3.30) and (4.3.29) an expression for the averaged 
angle e between the magnetic field in the ring and the magnetization vector can be 
derived. Averaging over all possibles angles of YH in the (001) plane and over all 
possible directions of iiED we obtain 

2 
IXo· (4.3.31) 

Substituting (4.3.29) fora~ we thus findan expression analogous to the expression 
for cos2 6 derived for the uniaxial stress case (4.3.15). 

4.3.4 Anisotropy field for biaxial stress 

The calculation of the anisotropy field for biaxial stress in the (001) planeis 
analogous to the one given above for uniaxial stress. Hence, we retain for HAN the 
expression (4.3.22), where now Oe is defined by (4.3.27). 

4.4 Domaio wall oscillation 

In the next two chapters the domain structure and the permeability of uniaxially 
stressed samples of MnZn ferrite are investigated. There we encounter the model 
situation sketched in Fig. 4.3, i.e. a domain structure consisting mainly of stripe 
domains separated by 180° walls. In order to evaluate the permeability measured on 
this structure we discussin this section the oscillation of a 180° domain wal! driven 
by an alternating magnetic field. We are especially interested in the situation in 
which the field is small and in which the domain wall oscillates with an amplitude 
that is small compared with the wall thickness. As outlined in section 2.2.5 this is 
the condition for disaccommodation to occur, resulting from the growth of potential 
wells at the positions of the walls. 

According to Schreiher (4.9) one can consicter such a potendal wellas parabolic 
for small amplitudes of wall oscillation. 
When discussing the equation of motion for the wall we shall also take into account 
dissipational losses involved by domain wall motions in MnZn ferrite. First we reeall 
some physical properties of a domain wall in MnZn ferrite. 

4.4.1 Intrinsic wal/ properties of MnZn jerrite 

Characteristic parameters of a domain wall are the wall-thickness dw. the surface 
energy of a wall 8w and the wal! mass mw. We are interested simply in estimating an 
order of magnitude for these parameters. 



The following expressions are given by Smit and Wijn (4.10, Chapter 5) and by 
Chikazumi (4.1, chapter 16): 
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dw= ~' (4.4.1) 

Sw = Kdw 

and 

2Jt !Jo 
mw=~d , 

y w 

(4.4.2) 

(4.4.3) 

where kis Boltzmann's constant, Tc the Curie temperature, a the lattice constant, 
Ka constant of magnetic anisotropy and y the gyromagnetic ratio. For our MnZn 
ferrite we have Tc 490°K and we asume for K the value IK1 1 obtained from 
Fig. 2.3. As an estimate of the parameter a we assume a value of 4 À, which is 
about half the edge of a unit cell of the spinel structure (Fig. 1.1). We estimate then 
for the intrinsic wal! parameters of our MnZn ferrite the following values: 
dw = 0.6 j.lm, Ew = 5.6X 10-5 J/m2 and mw = 2.6X 10-lo kg/m2 

(at room temperature). 

4.4.2 Equation of motion 

A simple equation of motion for a 180° domain wall is given by Smit and Wijn 
(4.10, Chapter 6). Denoted in a slightly different form it reads for a wall trapped in 
a growing potential well (complex notation): 

d2z dz 
mw dt2 + J3 dt + C(t) z 2 IJ.o Ms Ho cos 0 eiznft . (4.4.4) 

Here z is the instantaneous position of the wall and Ho Re(ei2nft) is an alternating 
field which has an angle e with the magnetization veetors at both sides of the 180° 
wal!. The parameters J3 and C(t) represem respectively the damping factor of the 
wal! motion and the stiffness constant of the parabolic potential wel!. Note that we 
have a time dependent stiffness constant, since the potential well grows with time 
during the ditfusion processes taking place in the ferrite. 
The third term on the left-hand side of (4.4.4) implies that the equilibrium position 
of the wal! is at z 0. According to Smit and Wijn the damping factor of wall 
motion can be written as 

J3 2 (4.4.5) 

Here a is the so-called damping constant, a dimensionless parameter that characterizes 
the dissipationallosses accompanying the rotation of magnetic moments. 
Although it is to be expected that a is a frequency-dependent parameter, we shall 
consider it in (4.4.5) as a true constant. With (4.4.4) an expression for the frequency 
dependent complex wall susceptibility can easily be derived. 
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4.4.3 Wal/ susceptibility 

When a 180° wall moves over a distance z, the magnetization is reversed in a 
volume z · W, where W denotes the wall surface. So, if Dis the distance between 
adjacent domain walls, the magnitude of the induced magnetization (M)w is found 
by dividing the volume of reversed magnetization by the volume of a domain: 

(4.4.6) 

Since only the component of <M>w parallel to the applied field H is of interest we 
have multiplied the right-hand side of (4.4.6) by cos9. 

Substituting in (4.4.6) the solution for z(t) of (4.4.4) one finds the wall 
susceptibility (eq. (1.2.4)). Eq. (4.4.4) can be solved by substitution of z(t) = z.,ej2nt1• 

Here Zo is a complex amplitude that depends on time due to C(t). One fi.nds easity 
that 

2 IJ.o Ms Ho cos 9 
z.o(t) = C(t) ~ mw(21tf)2 + j21tf 13 ' (4.4. 7) 

Consequently, the complex domain wall susceptibility of the domain structure given 
in Fig. 4.3 becomes 'Xw = ~ j x;, where 

, o 1 - f 2/f!res(t) 
'X~f, t) = Xw(t) (1 - f 2/f;.res(t))2 + f2/f!(t) (4.4.8a) 

and 

X~(f, t) (4.4.8b) 

The parameter X~t) denotes the static walt susceptibility for low-frequency magnetic 
fields, given by 

(4.4.9) 

where Dis the distance between the 180° walls of the structure shown in Fig. 4.3. 
We also introduced in (4.4.8) two characteristic frequencies for the walt oscillation, 
namely 

1. r=;-;--:-;
fwres(t) = "2X VC(t)/mw, (4.4.10) 

which represents the resonance frequency of the wall in a (growing) harmonie 
potential, and a walt relaxation frequency 

1 
fw(t) = "2X C(t)/13, (4.4.11) 

which is determined by both the harmonie well and the dissipational losses. 
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4.4.4 Discussion 

We derived the susceptibility only for 180° domain walls. As regards the frequency 
dependenee and time dependenee of this susceptibility, a more general significanee 
may be attached to the expressions (4.4.8). It must be pointed out first that the 
features of the domain structure are represented by structure-dependent parameters 
8 and D, which only occur in the static wal! susceptibility. In contrast to this, the 
relaxation frequency and the resonance frequency of a wall are determined by the 
wall-dependent parameters C(t), mw and p. Since all domain walls essentially consist 
of a set of magnetization veetors with directions distributed over at least tt/2 
radians, these wall-dependent parameters must be roughly equal for all types of 
domain walls in our ferrite. So, irrespective of small differences, the frequency 
dependenee and time dependenee of a driven wall oscillation must be independent 
of the actual type of domain wal!. Hence, (4.4.8) applies also to other domain 
structures, buth for each of these structures another value of X~ holds. 

Anticipating the results presented in the next two chapters we estimate C(t), the 
wall resonance frequency and the relaxation frequency. We shall find in Chapter 5 
for an uniaxially stressed bar of MnZn ferrite a stripe domain structure that has for 
a <t:: Oe a typical domain width of 0.35 mm and a (111) orientation of the 
magnetization vector (so cos2 8 = f). Fora similar structure we shall find in Chapter 6 
that 1000 s x~ s 3000 (Table 6.1). 
Substitution of Ms 4 X 105 A/m (Fig. 2.6), of cos2 8 f and D = 0.35 mm in 
(4.4.9) yields 

(4.4.12) 

which holds at all t, even when the potential wel! has reached its ultimate depth. 
Using mw :::: 2.6 x 10-10 kg/m2 we thus find a lower boundary of the wall resonance 
frequency (4.4.10): 

fwres(t) > 6 MHz. (4.4.13) 

As one will see in Chapter 6, the domain walls show no resonance behaviour. 
Instead, the wall susceptibility deercases rapidly above 1 MHz. This indicates that 
the wall relaxation frequency fw is much smaller than fwres· To verify this we use 
a= 0.02 in (4.4.5), which is a typical magnitude for the damping constant of MnZn 
ferrite containing a smal! amount offerrous ions (Smit and Wijn (4.10), Chapter 8). 
This leads to p 0.16 Js/m3 and to a wall relaxation frequency of 

fw(t) S 1.5 MHz. (4.4.14) 

Thus, for domain walls oscillating in growing potential wells it holcts at all t: 

fw(t) < fwres(t). (4.4.15) 

Hence, wall resonance does not occur in MnZn ferrite. As we argued above, this 
condusion will also hold for other types of domain walls. 
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Using (4.4.15) we can simplify (4.4.8) by neglecting f2/f~es with respect to unity 
and with respect to f2/fi,. We find for not too large values of f: 

I 0 1 
x.;.,(t) ""' Xw(t) 1 + f 2/I;.(t) (4.4.16a) 

and 

(4.4.16b) 

As long as the potential well grows, each of the parameters X~ and fw will depend 
on time, but their product is independent of time since it does not contain C(t). 
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Fig. 4.6 Disaccommodation of domain wal/ susceptibility (relaxation curves, eq. 4.4.16). Solid 
curves X~, braken curves X:/.. Parameters used: X~(l) = 3000, fw(l) 0.5 MHz; 'X~2) = 1000, 
fw(2) 1.5 MHz. The distinct times t1 and t2 are arbitrary. 

Fig. 4.6 shows an example of the spectrum of the walt susceptibility, as calculated 
with (4.4.16) for two values of C(t) (C(~) = 3C(t1)). Hereafter such spectra will be 
called relax.ation curves. 

Finally, when analyzing the measured permeabilities as functions of stress in 



Chapter 6 we shall plot the product of X~, fw and D against the stress level a. From 
(4.4.5), (4.4.9) and (4.4.11) it follows that 
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X~(t) · fw(t) · D 
Y Ms dw cos2 9 

(4.4.17) 
na 

According to (4.3.15), fora$ Oe this product is proportional to 1 - a/ac. 

4.5 Rotation magnetization 

4.5.1 Equation of motion 

In section 1.2 it was outlined that inside the domains the magnetic moments 
deftect from their easy directions under influence of an applied magnetic field, which 
is called rotation magnetization. In order to discuss the frequency dependenee of 
this magnetization process we start with the well known empirica! equation of 
Landau and Lifshitz, which gives the rotation of a magnetization vector M in a 
magnetic field H and takes into account energy dissipation proportional to dM/dt: 

ctM 
dt 

r Mx {H:<t) a dM} 
YMs dt . 

(4.5.1) 

Here y is the gyromagnetic ratio defined in section 1.2.6 and a is the damping 
constant mentioned in the previous section (eq. 4.4.5). H is the total magnetic field 
experienced by the magnetic moments. This field depends on position and consists 
of the anisotropy field HAN (defined in section 1.2), of an applied field Ho Re(ei 2ttft) 

and of a demagnetizing .field Ho(t): 

(4.5.2) 

Since a demagnetizing field may depend strongly on position in a magnetized 
specimen and since it depends on the solutions of (4.5.1) at all positions in the 
specimen, a complete elaboration of (4.5.1) poses a formidable task, evenfora 
relatively simple situation as that sketched in Fig. 4.3. Therefore, we first neglect 
any demagnetizing fields, which implies that we consicter the hypothetical case of a 
toroidal specimen in which the rotation of magnetic moments does not give rise to 
divergences in the distribution of M, not at the surfaces of the specimen nor at the 
domaio walls. For this (rather unrealistic) situation (4.5.1) wil! first be solved. The 
effect of demagnetizing fields wilt be discussed thereafter. 

4.5 .2 Rotational susceptibility 

Neglecting the demagnetizing field and substituting HAN = z HAN and 
Ho= (xlfox + zlfoz) we solve (4.5.1) for M(t) xMx(t) + yMy(t) + zMz(t), under 
the conditions that Mx, My « Mz and Ho« HAN· The (complex) salution is: 

Ms Ho ei21tft • __ f_res + jfa 
211: x r;.. f 2 + 2 jaffres ' 

(4.5.3a) 
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Y Ms '%lift - jf 
My(t) = ~ Hox el . f:es - f 2 + 2 jaffres ' (4.5.3b) 

Mz(t) =Ms. (4.5.3c) 

Here fres = yHANI(2n:) is the ferromagnetic resonance frequency. Eq. (4.5.3) shows 
that M performs at high frequencies a precession around HAN. 

Inspeetion of the substitutions made above shows that 'these apply to the situation 
of Fig. 4.3, with z along the easy direction of magnetization in the (lÏO) plane, with 
y = [lÏO] and with x in the (IÏO) plane and perpendicular to z. Secondly, Ho can be 
chosen along (110], so that, according to the definition of 8, 

Hox = I Hol sin 9. (4.5.4) 

As a consequence the component of the induced rotation magnetization parallel to 
the applied field is simply: 

I (M(t)>rl = Mx(t) sin 9 (component H Ho). 

Substitution of (4.5.3a) and (4.5.4) in (4.5.5) yields the complex rotational 
susceptibility Xr = x:- jX;', where 

1 - f 2/f!., 'X '(f) _ 'XO --::--:::---:.--'•..;..;...,;w--;:--::-
r - r (1 f 2/f:ea)2 + 4 a2 f 21f:es 

and 

Here a2 has been neglected with respect to unity. 
In (4.5.6) we introduced a static rotational susceptibility: 

x~= M, sin2 9/HAN· 

(4.5.5) 

(4.5.6a) 

(4.5.6b) 

(4.5.7) 

It must be emphasized that fres in (4.5.6) and fwres in (4.4.8) refer to completely 
different resonance phenomena. 

1t appears that for the situation sketched in Fig. 4.3, for which the demagnetizing 
field bas been neglected, the spectrum of the complex rotational susceptibility is 
characterized by only two parameters, X~ and fres· Both parameters depend on 
quantities of which we determined the stress dependenee insection 4.3 (eqs. (4.3.15) 
and (4.3.22)). We find for uniaxial tensite stress along [110] the static rotational 
susceptibility: 

for 0 s o <Oe (4.5.8a) 

and 

for Oe< o, (4.5.8b) 
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The ferromagnetic resonance frequency is in this case: 

fres for 0 ::5 a ::5 ae (4.5.9a) 

and 

fres = (alae - 1) 
1t 1-to M, 

for Oe ::5 a. (4.5.9b) 

In these expressions ae is defined by (4.3.10). 
Eq. (4.5.3) can also be used to describe the rotation rnagnetization process for the 

ring given in Fig. 4.1, again of course without consirlering demagnetizing fields. In 
this case we assume the axes x, y and z depending on the magnetization direction in 
each domain. The substitutions and the assumptions made above in the derivation 
of the rotational susceptibility remain unaltered. We obtain again (4.5.6), but now 
with e in X~ depending on the rnagnetization direction in each domain. Using 
(4.3.31) and (4.3.22) we can determine the dependenee of the rnean static rotational 
susceptibility upon biaxial tensile stress in the (001) plane: 

(X~) for 0 ::5 a < !Je (4.5.10a) 

and 

(X~) 
1) 

for !Je< a. (4.5.10b) 

The ferromagnetic resonance frequency is in this case again given by (4.5.9). Note 
that one has to substitute in (4.5.9) and (4.5.10) for Oe the value obtained from 
(4.3.27). 

For both uniaxial and biaxial stress there is at a = !Je a compensation of the 
magnetocrystalline anisotropy by a stress-induced rnagnetic anisotropy. This would 
imply an infinite static rotational susceptibility and a vanishing ferromagnetic 
resonance frequency at the critica! stress level. 

4.5.3 Dispersion 

As pointed out above, the neglection of demagnetizing fields is not very realistic. 
Ho wever, for a full calculation of the rotational susceptibility the non-Jocal aspects 
involved with demagnetization have to betaken into account in eq. (4.5.1), which is 
practically impossible. Therefore, the influence of demagnetizing fields on the 
rotational susceptibility wil! be discussed only qualitatively. 

The demagnetizing field consistsof two parts: a static part, which depends on the 
static domain structure and is usually negligible in MnZn ferrite, and an alternating 
part, which results from the alternating magnetization process induced by an applied 
alternating field. As an example, in the situation given by Fig. 4.3 a precession of 
the moments induced by a high-frequency field wil! give rise to an alternating 
demagnetizing field. This field originates from the y-components of the precessing 
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magnetic moments, which are the components pointing out of the (lÏO) surfaces (d. 
eq. 4.5.3). Since demagnetizing fields involve an increase of the magnetostatic 
energy of a sample, the alternating demagnetizing field tends to suppress the 
precession of the moments which forms its origin. According to Smit and Wijn 
(4.10, Chapter 14) the alternating demagnetizing field may have a considerable effect 
on the precession of the moments in an applied field: depending on its magnitude, 
the demagnetizing field will enhance the frequency at which precession of the 
moments occurs. As the demagnetizing field is usually not uniform but depends on 
position in a sample, the extent to which the ferromagnetic resonance frequency is 
enhanced will differ from place to place in the sample. Hence, instead of having one 
single resonance frequency, the frequencies of ferromagnetic resonance become 
dispersed in a wide range of which the theoretica! frequency yHAN/21t forms the 
lower boundary. 
The static rotational susceptibility cannot be affected by the alternating demagnetizing 
field because this field will vanish at low frequencies due to a varrishing precession 
(cf. eq. 4.5.3a and b). 

How dispersion of the precession frequencies affects the resulting frequency
spectrum of the permeability is illustrated in Fig. 4.7, where fora comparison a 
theoretical spectrum is shown that was calculated from (4.5.6), using ~ = 1000, 
fres 5 MHz and a 0.006. The value of the damping constant used was obtained 
from an induced resonance measurement on MnZn ferrite at 10 GHz (Algra (4.12)). 
In Fig. 4.7 as wellas in Fig. 4.1 no resonance behaviour is observed in the 
experimental curves, whereas the theory prediets a clear resonance peak at the 
ferromagnetic resonance frequency fres· Apparently, in realistic situations a 
pronounced resonance is smoothed out completely by the dispersion. One usually 
characterizes such a dispersed spectrum by the frequency at which X" possesses a 
maximum and above which X.' starts to decrease with increasing frequency. This 
frequency is the so-called dispersion frequency, which obviously is closely related to 
the theoretica! frequency fres that forms the lower boundary of the range of 
dispersed frequencies. The second parameter characterizing a dispersed rotational 
susceptibility spectrum is the susceptibility at low frequencies, which corresponds 
with the static rotational susceptibility X~ given by (4.5.7). So, despite of the 
considerable effect of dispersion, the experimental rotational susceptibility will still 
be characterized by the theoretica! parameters x~ and fres• 

4.6 Analysis of disaccommodation 

In Chapter I it was pointed out that for a satisfactory interpretation of the 
experimental permeability spectra additional information about the individual wall 
susceptibility and rotational susceptibility has to be available. It was also noted that 
a proper analysis of the disaccommodation may provide the wanted information. 
The way in which we have measured the disaccommodation and the metbod that is 
used to analyse the results are in fact an extension of the experiment discussed in 
section 2.2.5. 
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Fig. 4.7 Rotational susceptibility, solid curves x;, braken curves x;'. 1) Experiment on 
Ni0 • 36 Zn0 •64 Fe20 4 (a/ter ref. (4.10) (Fig. 50.1)), curves fitting the experimental points. 
2) Theory, without dispersion (eq. 4.5.6). 
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4.6.1 Measuring procedure 

First a conventional permeability measurement is carried out using a relatively 
large magnetic field of several Nm. Fig. 2.11 shows that no disaccommodation 
occurs in that case. The curves in Figs. 2.10 and 4.1 were measured in this way. 

The actual measurement of the disaccommodation starts after a sudden reduction 
of the magnitude of the measuring field down to a level of typically 0.02 A/m. From 
that moment on the disaccommodation-mechanism sketched in Fig. 2.12 is initiated 
and potential wells start growing at the positions of the domain walls. We may 
measure the complex permeability as a function of frequency at two points in time 
after the reduction of the measuring field. In this way we obtain two sets of 
permeability spectra having the same rotational susceptibîlity but different domain 
wall susceptibilities. An example of permeability spectra thus measured is shown in 
Fig. 4.8. 

4.6.2 Method of analysis 

The analysis of the disaccommodation is based on the model used to describe 
domain wall susceptibility. The time-dependenee of the measured permeability is 
assumed to originate from the growth of the potential wells. The wall susceptibility 
was expressed in (4.4.16) as 

X~(f,t) 
0 1 

lw(t) 1 + f2/f!(t) 

and 

11 _ 0 f/fw(t) 
Xw(f,t) - lw(t) 1 + f2/f!(t) . 

where X~(t) and fw(t) depend on time through C(t) (eqs. (4.4.9) and (4.4.11), 
respectively). 

(4.6.la) 

(4.6.1b) 

lt will appear advantageous to construct for the spectra of the complex rotational 
susceptibility also analytical expressions, in which dispersion is accounted for. To 
this end we exploit the similarity between the experimental dispersed rotational 
susceptibility (Fig. 4. 7) and the relaxation curves descrihing the wall susceptibility 
(Fig. 4.6). Adopting expressions similar to those of (4.6.1) and introducing a model 
parameter fr we may describe the spectrum of dispersed (complex) rotational 
susceptibility as 

I _ 0 1 
X~f) - Xr 1 + f2/f~ 

and 

0 f/fr 
Xr 1 + f2/f~ • 

(4.6.2a) 

(4.6.2b) 

Beside the model relaxation frequency fr the static rotational susceptibility occurs in 
(4.6.2). In Fig. 4.9 it is shown, that (4.6.2) gives a fairly accurate description of a 
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frc:q.(MHz) 10 

Fig. 4.8 Susceptibility of unstressed MnZn Ierrite (35 °C), closed circles X', open circles X". 
a) Measuring field 2 Alm: no disaccommodation; Xw and Xr jrom analysis of (b). b) Measuring 
field 0.02 Alm: disacommodation, measured 1 sec (t1) and 18 min. (t2) after the reduction of 
the field. Fitted susceptibility parameters (eqs. 4.6.1 and 4.6.2): X~ 950, fr = 6.9 MHz; 
X~l) 3400, fw(l) = 0.35 MHz; X~(2) = 1000, fw(2) = 1.2 MHz. 



72 

10~ I I I 

-

10~ 

1à+-------~~--~--~~,-----~~-.r 
0.01 

Fig. 4.9 Dispersion of the rotational susceptibility (circles) (a/ter Smit and Wijn (4.10), Fig. 
50.1), fttted by a relaxation model (eq. 4.6.2) using X~ 600 and Ir= JO MHz. (Solid curve x.;. 
broken curve x.:'.) 

dispersed rotational susceptibility spectrum. In this way the dispersed spectrum can 
be characterized by only two parameters, X~ and f., of which the first one is given 
by the theory (eq. 4.5. 7) and of which the second one is closely related to the 
dispersion frequency and to the theoretica} resonance frequency fres (4.5.9). In 
contrast to the wall parameters occurring in (4.6.1), X~ and fr do notdepend on 
time because in our experiments rotation magnetization did not give rise to 
disaccommodation. 

In section 4.4 it was found that fw s 1.5 MHz, whereas we deduce from (4.5.9), 
using a= 0 and K1 = 50 J/m8

, a resonance frequency fres = 4.7 MHz for the 
rotation magnetization. Since fres- r., we have fr :> fw, Because of this circumstance 
an analysis of disaccommodation spectra like those given in Fig. 4.8 is facilitated 



considerably. It wiJl turn out, that fr differs enough from fw in all practical cases to 
make the analysis outlined below realistic. 

It follows from (4.6.lb) that 
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f fw(t) f 2 

-~~-- = -0- + --;;:0 __ _ 
Xw(f,t) Xw(t) Xw(t) fw(t) 

(4.6.3) 

For f « fr the rotational part x:' is neglegible and one may substitute for x;.: the 
measured data of 1-L"· So, for not too high frequencies, a plot of f/1-1" against f2 wiJl 
yield a straight line which has a slope equal to l/X~ fw and intersects the ordinate at 
fw/X~. Secondly, from (4.6.1a) one obtains for the decrease of x.;, with increasing 
frequency: 

X~(f,t) - X~(t) 

(f!,(t) + f2
) 

X~(t) 
(4.6.4) 

After plotting e 1(1-L U.t) - 1-L {O,t)) versus f2
' where ll' is given by the 

disaccommodation spectra (Fig. 4.8b), a straight line will result for f :5 fw. Referring 
to the example in Fig. 4.8b we thus have two ways to determine for the spectrum 
measured after the shortest time interval t 1 the parameters X~(l) and fw(l). The 
spectrum of the rotational susceptibility is then found directly after subtraction of 
the wal! susceptibility (eq. 4.6.1) from the experimental data. The rotational 
susceptibility can be analysed with the help of (4.6.2). The parameters X~(1) and 
fw(l) are verified after a simHar analysis of the second disaccommodation spectrum 
measured at t2 • Deriving X~(2) and fw(2) one should find 

(4.6.5) 

Fig. 4.8b shows that substitution of the thus resulting parameters in (4.6.1) and 
(4.6.2) yields a remarkably good fit to the experimental disaccommodation spectra. 
As a rule, the agreement found in Chapters 6 and 7 between calculations and 
experiment is within lOo/o. 

The analysis given above also yields indirectly a distinction between the two 
magnetization processes for the situation of a large measuring field (Fig. 4.8a). The 
spectrum of the complex rotational susceptibility was determined by analysing the 
disaccommodation. As thissusceptibility is the same in Fig. 4.8a and b, subtraction 
of the rotational susceptibility from the measured permeability gives the Xw-curves. 

In conclusion, the magnetization processes in MnZn ferrite may be described in 
terms of two simple (relaxation) models in volving only a few parameters (viz. X~, 
fw, X~ and fr). In case of mechanica! stress in the ferrite the stress dependenee of 
these parameters can be studied and compared with the set of theoretica! values 
(X~, fw, X~ and fres). Note that the present metbod of analysis presupposes the 
occurrence of disaccommodation, which limitsits applicability. 

4. 7 Measurement of residual stress 

We have used in Chapter 7 two methods of determining residual surface stress in 
machined MnZn ferrite. The method outlined below is well known and makes use 
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of the fact that samples machined on one side only are curved due to non-uniformly 
distributed balancing stresses. The second metbod used goes by a roundabout way 
and will be discussed in Chapter 7. 

4. 7 .l Curvature measurement 

Actually, the strain in a bulk crystal due to balancing stresses is measured. 
Fig. 4.10 shows the stress distributîon in a sample curved due to one machined 

L 

Fig. 4. JO State of stress and curvature due to a cold-machined upper surf ace. 

(upper) surface containîng a residual compressive surface stress Sx. In order to have 
sufficient accuracy the thickness of the bulk has to be small cornpared with both the 
length and the width of the sample. In that case one avoids spurious effects in the 
distribution of the balancing stress. An expression for the balancing stress 
distribution in relation to the distribution of the residual stress in the surface layer 
bas been given by e.g. Lindenbeek (4.13). In the bulk crystal the second derivative 
of ax(z) with respect to z is essentially zero as long as the depth of the plastically 
strained surface layer is srnall compared with the thickness of the sample. Since this 
is the case bere a simpler model suffices, in which the residual stress is integrated 
over the layer thickness and gives a surface stress Sx. 

From stress equilibrium arguments it follows that Ox(z) in the bulk is related to 
the residual surface stress Sx as 

-4Sx( 3z) Ox(z) = -T- 1 -
2 

T , (4.7.1) 

where T is the sample thickness. 
This stress distribution results irnrnediately from the following two equilibrium 
conditions: 

T 

Sx + / Ox(z)dz = 0 
ö 

(equilibrium of forces), 

where ö denotes the thickness of the deforrned surface layer, and 

(4.7.2) 



T 

J Ox(Z) z dz = 0 
0 

(equilibrium of couples). 
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(4.7.3) 

Characterizing the measured curvature of a sample by the parameter h (Fig. 4.10) 
the distribution of the strain Ex(z) in the bulk can be derived as 

E (z) = 16 Th ( 1 _ ~). 
x 3L2 2 T 

HereLis the lengthof the sample over which h has been measured. From the 
modulus of elasticity Ex defined by 

one obtains a relation between residual surface stress and curvature 

(4. 7 .4) 

(4.7.5) 

-4ExT2h 
Sx = 3L2 (4.7.6) 

Note that in deriving (4.7.1) it has been assumed that the width of the sample (in 
the y-direction) is independent of z. 

4. 7.2 Modulus of elasticity 

The foregoing derivation was relatively straightforward. Ho wever, we have not 
yet evaluated explicitly the elasticity modulus Ex. The subscript x is to be indicated 
because we are concerned with a mechanically anisotropic monocrystal. Ex depends 
not only on the elastic constants mentioned in section 2.3 .1, but also on the stress 
distribution in the sample. More explicitly, if the stress shown in Fig. 4.10 were 
uniaxial and directed along the x-axis, the elasticity modulus would differ from the 
value of Ex that applies to the situation of biaxial stress in the x-y plane. If one 
wants to relate Ex to the elastic constants, the entire stress distribution inside the 
crystal has to be taken into account. Here we shall consicter only the situation of a 
biaxial stress in the (001) plane, for which the stress tensor was given by eq. (4.3.23). 
According to Cottrell (4.14), in a cubic crystal the elementsof the stress and strain 
tensors are related as 

(4.7.7a) 

(and analogously for o22 and o33) and 

(i * j). (4.7.7b) 

Combining these relations one finds for biaxial stress in the (001) plane: 

(4.7.8) 

with Ou = Ox and Eu = Ex. So, for the elasticity constants given by (2.3.1) the 
elasticity modulus for biaxial stress in the (001) plane is 

(Cu - Cd (Cu + 2 C12) 
Ex = ::: 200 OPa. 

Cu 
(4.7.9) 
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4.7.3 Ringmachinedat two surfaces 

When in a thin sample two large (parallel) surfaces are equally deformed by 
machining, the sample in principle stays flat and has the stress distribution given in 
Fig. 4.2. The balancing stress in such a machined crystal can be found by applying 
(4.7.1) twice, where in the second case z is replaced by T-z. Superposition of stresses 
then yields: 

-2Sx 
Ox(z) = --. 

T 

As will be demonstrated in Chapter 7, it is this uniform balancing stress that 
determines the permeability of a machined ring-shaped crystal. 
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5 MAGNETIC DOMAlN STRUCTURE IN A UNIAXIALLY STRESSED BAR 

5.1 Introduetion 

In this chapter we discuss the dependenee of the magnetic domain structure on 
applied stress for the model situation sketched in Fig. 4.3. Preliminary results of this 
experiment have been reported earlier (Visser (5.1)). Studies of the effect of applied 
stress on magnetic domains in ferromagnetic matcrials are not new. As long ago as 
in 1953 Dijkstra and Martins (5.2) reported the influence of stress on the domain 
pattem of grain-oriented silicon-iron sheets. The technica! importance of silicon-iron 
as a core material in power transfermers has been and still is the reason for many 
domain structure studies on this materiaL For a review of this subject and of the 
experimental techniques used we refer to a paper by Shilling and Houze (5.3). 

There is an important difference between the stress dependenee of domain 
structures in silicon-iron and in the MnZn ferrite investigated here. The reason for 
this difference lies in the much larger crystal anisotropy K1 of typically 3.5 x 104 J/m3 

for silicon-iron (5.3) as compared toa K1 value of 102 J/m3 or less for MnZn 
ferrite. Since for both matcrials the magnetostriction has the same order of 
magnitude(/..- 10-5) (ref. 5.3), a stress level of say 10 MPa is negligibly small for 
silicon-iron. One observes a redistribution of the domains in silicon-iron when 
stresses of a moderate level (below 100 MPa) are applied, but no rotation of the 
easy axes of magnetization. Por stresses of this magnitude we certainly expect the 
easy directions of magnetization to change in MnZn ferrite. 

Various methods may be used to make magnetic domains visible (see ref. 5.3). 
Unfortunately, the more conventional domain observation techniques, such as the 
Bitter method, the Kerr effect or Lorentz microscopy, are less appropriate for MnZn 
ferrite with its relatively smal! saturation magnetization. 
The stray fields generated by domain walls ending at the crystal surface are smal!, so 
that the Bitter technique yields poor results. The Kerr effect is also difficult to apply 
since only in the UV region the ferrite causes a sufficiently high rotation of polarized 
light. Fortunately, for MnZn ferrite a new observation method by means of 
scanning electron microscopy has proved useful (refs. 5.5 and 5 .12). This method 
was adopted here and wil! be discussed in the next section. 

5.2 Magnetic domaio observation in a scanning electron microscope 

5.2.1 Operation of the microscope 

Por our purposes a Philips PSEM 500 scanning electron microscope (SEM) was 
available. This microscope offers several advantages. The sample handling is fully 
automatic; it is possible to rotate the sample in situ around two perpendicular axes; 
there is sufficient room for a sample of several cm 3 • An essential requirement met 
here is that the specimen chamber is free of magnetic fields that might be produced 
by magnetic lenses. We now briefly describe the operation of this SEM with the help 
of Fig. 5.1. 
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A beam.c;>f electronsis accelerated by an electric field (with a maximum voltage of 
50 kV) and is focussed with magnetic lenses on the surface of the specimen to be 
observed. By means of coils the beam is deflected and scans a part of this surface. 
The information about the surface is carried by electrons that are either retlected or 
absorbed by the specimen. Various types of detectors can be used for counting the 
number of reflected or absorbed electrons. In the experiments described in the next 
sections we used the "specimen current detector", which detects the absorbed part 
ofthe beam. 
Variadons in the detected signal during scanning are transformed into a video image 

l11Zl 2 

Fig. 5.1 Principle of operation of a scanning electron microscope (SEM). 1) Accelerated 
electron beam. 2) Coils for focussing and deftection. 3) Scanned surface. 4) Absorbed fraction 
of the beam. 5) Detector for the reftected electrons. 6) Specimen current detection. 

of the observed surface. In most applications the image shows topographical 
contrast. Under special conditions a magnetic contrast can also be observed, 
provided of course that the sample is magnetically ordered. 

5.2.2 Magnetic contrast 

Jones (5.4) has given a survey of the techniques used for magnetic domain 
observation in a SEM. One distinguishes here two types of magnetic contrast of 
different origin. 



By means of the contrast referred to as type I an image of the domain walls at 
the surface of the specimen is obtained. This technique is based on the deflection of 
the reflected low-energy electrons by magnetic stray fields outside the sample. Since 
stray fields are weak for MnZn ferrite, type I contrast is less appropriate. 

A technique developed more recently yields an image of the domains themselves. 
This technique uses the magnetic contrast originating from variations in the 
deflection of high-energy electrons (E > 30 keV) due to magnetic fields inside the 
domains. This contrast is refered to as a type II magnetic contrast. It has been used 
successfully by Kinoshita et al. (5.5) for domain observations in monocrystalline 
MnZn ferrite. The type II magnetic contrast was first discovered by Philibert and 
Tixier (5.6) and its origin was explained by Newbury et al. (5. 7) and by Fathers et 
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al. (5.8 and 5.9). Yamamoto (5.10 and 5.11) examined the type II contrast in silicon
iron sheets, Shimizu et al. (5 .12) investigated the applicability of this technique to 
MnZn ferrite specimens. 

1 

Fig. 5.2 Type IJ magnetic contrast. 1) Scanning electron beam. 2) Sample with two domains 
and a domain wa/l (cross-sectional view). 3) Tilt of observed surf ace. 4) Rejfected fraction of 
the beam. 5) Defection of dijferences between the number of electrans absorbed in both 
domains. 

Fig. 5.2 shows schematically how the type II magnetic contrast is brought about. 
lts physical origin is a deflection of the electron beam inside the sample by a 
Lorentz force F. This force depends on the velocity v of the electrons and on the 
magnetic induction Bi inside domain i under observation: 

- -Fi = -evx Bi. (5.2.1) 

Here - e is the elementary charge of the electron and Bi equals the sum of the 
magnetic field, ~0H, and the uniform magnetization, J.LoMï. in domain i. Since we 
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are dealing with a soft magnetic material H is negligible compared with Mh so that 
the Lorentz force is related to the magnetization inside a domain as 

(5.2.2) 

A magnetic contrast between adjacent domains arises if the observed surface is tilteel 
by an angle St with respect to the direction iio of the incident beam. Fig. 5.2 shows 
that a difference between the Lorentz forces excerted on a beam by adjacent 
domains yields a difference in nurnber of electrons reftected {or absorbed) by these 
domains. The resulting magnetic contrast depends primarily on the orientation of 
the magnetization in the domains relative to the plane formed by iio and ii, where ii 
is normal to the observed surface. 
As a result the contrast èhanges when the observed surface is rotated around ii: 
a 180° rotation of the surface inverts the contrast; no magnetic contrast is observed 
if the magnetization has in adjacent domains the same component perpendicular to 
the above-mentioned plane (see ref. 5.9), that is if 

(5.2.3) 

By observing the contrast upon rotating the specimen one can thus establish the 
direction of domain magnetization. 

An optimal magnetic contrast occurs for tiltangles between 40° and 60° (5.9). 
In our experiments we use 45° tilt, which is the maximum angle possible in our 
microscope. It was demonstrateel in ref. (5.8), that the type II contrast varies with 
the 3/2 power of the acceleration voltage of the beam. lt turns out that for silicon
iron (JAo M.- 2 tesla) the magnetic contrast is clearly seen with a 30 kV acceleration 
voltage, whereas a voltage of 50 kV is notsuftkient to observe a type U contrast in 
MnZn ferrite under normal conditions (JAoMs = 0.5 tesla) (ref. 5.12). 

Acceleration voltage 50 kV 

Diaphragm 

Scanning linetime 

Magnifications 20-640 

Tilt angle of specimen 

Detector specimen current 

Contrast enhancement PW 6729 

Table 5.1 Conditionsfor magnetic domain observations using type IJ contrast in a PSEM500 
scanning electron microscope. 



Therefore, in our experiment with the 50 kV SEM several precautions were taken. 
First it was established that the specimen current detector yields a video image of 
excellent quality. The other experimental conditions were optimalized and are listed 
in table 5.1. The low magnetic contrast was further enhanced electronically in a 
contrast enhancement unit. Of course, undesired topografical contrast was kept as 
low as possible. This was achieved by carefully polishing the surface of domain 
observation in order to remove e.g. scratches. 

Ref. (5.12) gives an estimate penetration depth of about 1 t-tm for 50 keV 
electrans in MnZn ferrite, so the highest resolution for domain images will be of the 
order of a micron. Consequently, magnetic information from SEM experiments 
concerns the domain structure immediately below the surface under observation. 
These surface domain structures are, ho wever, related strongly to the structure of 
bulk domains inside the specimen (ref. 5.3). 

5.3 Sample preparation and sample holder 

The domain structure is to be observed on the (1 ÏO) surface of a thin bar of 
monocrystalline MnZn ferrite (Fig. 5.3). After cutting the bar from the crystal the 
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Fig. 5.3 Monocrystalline MnZn Ierrite bar. (Dimensions in mm.) 

surfaces were lapped and polished. The (1 ÏO) surfaces of the bar were further 
polisbed by a chemomechanical processin order to obtain suftkient flatness. Finally, 
damaged surface layers were removed by etching off a few microns of the surfaces 
in hot phosphoric acid. 

We have constructed a special sample holder by means of which an adjustable 
tensile stress of up to 10 MPa could be applied to the bar (Fig. 5.4). A tensile force 
was generated by stretching a spring and was transported by a nylon thread around 
a brass wheel. At a given elangation of the spring the angle 13 of the thread was 
measured outside the microscope. In this way we were able to determine the tensile 
force that was applied to the bar to about lOOfo accuracy. In 5.4 it is indicated 
in which way the tensile force was applied to the opposite (lÏO) surfaces of the bar 
in order to avoid bending couples that might cause fracture of the sample. 
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5.4 Experimeatal results lUid diseussion 

5 .4.1 Domain structures 

Before applying stress a complicated structure of etosure domains at the (lÏO) 
surface was observed (Fig. 5.5a). Additional domain observations indicate that such 
irregular domain structures are characteristic of unstressed MnZn ferrite crystals 
with Iow magnetic anisotropy. Fig. S.Sa further shows a few larger domains with a 
(111) magnetic orientation (right-hand side). Fig. S.Sb and Fig. 5.6 give domain 
structures observed in the presence of stress. 

j3 

10mm 
-e ,. 

Fig. 5.4 Sample ho/der. Top view: 1) nylon thread; 2) jaslening of the thrl!(ld; 5) spring with 
pulley; 4) brass wheel; 5) Ierrite bar. Side view: application of the teilsite force at opposite 
surfaces of the bar. 



a 

Fig. 5.5 Domain structure as seen on a (1 ÏO) surface of the ferrite bar, unstressed (a) and 
stressed at 1.2 MPa (b). Drawings: 1) domains; 2) scratches; 3) pollution; 4) subcrystal 
boundary; 5) reetangu/ar domain; 6) more detailed structures. 
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(a) 

1.2MPa 

(b} 

3.7MPa 

{c) 
5.6MPa 

(d) 

8.9MPa 

Fig. 5.6 Dependenee of the stripe domain structure of the bar on uniaxial tensite stress along 
[110]. 



Figs. 5.5b and 5.6 show, that in stress of 1 MPa or more the doniain structures 
are simplified considerably to structures consisting of large stripe domains separated 
by straight 180° walls. As one observes in Fig. 5.5b, the domain structure is more 
detailed near the (001)-oriented side surfaces. In Fig. 5.6c detailed structures 
consisting of so-called spike do rnains are found near the (001) edges of the bar. An 
extra domain observation upon a (001) side surface showed a structure of small 
domains having widths of typically 30 11m. In actdition to the stripe domains some 
smaller rectangular domains are found (Fig. 5.5b), of which the magnetization was 
determined by rotating the bar in the (l TO) plane. It appears that the magnetization 
in these rectangular domains is such that demagnetizing fields at the walls of these 
domains are reduced to a minimum. Together with the fact that the width of the 
stripe domains exceeds the thickness of the bar this indicates that the domain 
structures shown in Figs. 5.5b and 5.6 extend throughout the bulk. 

In Fig. 5.5b a subcrystal boundary is observed which apparently has few 
consequences for the domain structure. This is not surprising for a ferrite with low 
magnetic anisotropy. An X-ray diffractometry experiment showed an orientational 
misfit between the two subcrystals of only 0.5°. 

5.4.2 Stress dependenee of the magnetization direction 
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As is demonstrated in Fig. 5.6 an increase of the stress level from 1 to 7 MPa 
causes a rotation of the stripe domains. This must be a result of the magnetization 
veetors rotating from ± [111] towards ± [001] with increasing stress, reaching the 
[001] direction at a stress level of about 7 MPa. Stresses exceeding this level produce 
no further changes of the domain structure. During their rotation the stripe domains 
increase in number. At a stress level of about 6 MPa the 180° domain walls are 
curved and the average slope of the walls deercases when going from the left side of 
the bar to the right side (Fig. 5.6c). Both effects indicate a (slight) non-uniformity of 
the stress distribution in the bar, which probably results from the way in which the 
tensile force is applied (Fig. 5.4 (bottom)). 

Taking into account the effects of the tilt angle of 45° the angle 8 between the 
magnetization direction and the [ 11 0] axis was determined from the pictures in 
Fig. 5.6. The resulting values of cos2 8 are plotted versus stress in Fig. 5.7 together 
with a theoretica! curve representing eq. (4.3.15), in which ~ critica! stress level of 
7 MPa was assumed. Fig. 5.8 gives the mean width of the stripe domains as a 
function of stress. 

5.4.3 Discussion 

As we established in section 4.3 there are eight possible directions of magnetization 
along < 111) for an unstressed crystal, whereas uniaxial tensile stress applied along 
[llO]leaves only four possible directions, all in the (llO) plane (Fig. 4.4). Since a 
reduction of the number of possible magnetization directions implies a reduction of 
the complexity of the domain structure, this may partly explain the considerable 
simplitication of the domain structure after a small stress was applied (Fig. 5.5). 
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cos8 

0 _..,..,6 (MPa) 10 
Fig. 5.7 Rotation of the magnetization vector with increasing stress. Experiment (c/osed 
circles) and theory (solid curve) (eq. 4.3.15, withOe 7 MPa). 
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Fig. 5.8 Dependenee of the mean width D of the stripe domains on uniaxia/ tensite stress, 
Oe= 7 MPa. (The varlation in widths of the domains is about 0.1 mm.) 



However, the highly irregular domain structure shown in Fig. 5.5a cannot be 
explained in this way. A more plausible explanation of the irregularities may be 
given in terms of the magnetostrictive properties of MnZn ferrite. As outlined in 
section 1.2, even in absence of applied stresses a magnetostrictive crystal has 
spontaueaus strain (usual magnetostriction). Unless all magnetization veetors are 
aligned along the same axis throughout a crystal, this strain will not be uniform due 
to its dependenee on the local direction of magnetization. As a result, a system of 
secondary strain (and stress) is generated to neutralize strain discontinuities thus 
accuring at the domain walls. 
Hence, magnetostriction of a crystal invokes neutralizing mechanica! stresses that 
obviously depend on the domain structure. In their turn, these stresses give rise to 
an extra magnetic anisotropy (inverse magnetostriction). Since the neutralizing 
stresses are position-dependent, the magnetic anisotropy will depend on position in 
the crystal, which may be the cause of irregularities in the domain structure. 
An estimate of the order of magnitude of the neutralizing stresses is given by the 
spontaneous magnetostrictive strain multiplied by the elastic constant of the crystal. 
Taking 1..111 0.2 X 10-5 for the minimum level of spontaneous strain and assuming 
a value of 160 OPa for the averaged elastic constant of MnZn ferrite (eq. 2.3.1) we 
find a minimum neutralizing stress level of 0.3 MPa. In fact, this is the threshold 
level mentioned before, which any applied stress has to exceed in order to retain a 
linear relation between stress and strain (section 1.2.4). The neutralizing stresses give 
rise to a relatively large extra magnetostrictive anisotropy energy of about 3 Jim3 

(0.3 MPaX 1..100 , eq. 1.2.3) as compared toa magnetocrystalline anisotropy energy 
of typically 10 Jim3 (eq. 1.2.1). Hence, neutralizing stresses may give rise to local 
deviations of the directions of magnetization from the ( 111 > axes and probably 
cause the irregular domain structure shown in Fig. 5.5a. 

Fig. 5.5b indicates that an applied uniform stress exceeding the threshold level 
suppresses irregularities of the domain structure. Actually, the resulting stripe 
domain structure is precisely a structure that involves no strain discontinuities at the 
180° walls and does not give rise to neutralizing stresses. Apparently, a uniform 
applied stress favours a domain structure that produces no additional non-uniform 
stresses. 
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As regards the more detailed structures near the (001)-oriented side surfaces and 
as regards the decreasing width of the stripe domains with rotation of the 
magnetization.vector (Fig. 5.8), these are effects of the demagnetizing field generared 
at the (001) side surfaces by the ends of the stripe domains. In the first place, the 
more detailed structure near the (001) surfaces reduces the demagnetizing field 
considerably. In the secoud place, the rotation of M towards [OOI] would lead to an 
increase of the demagnetizing field, unless this effect is compensated by a deercase 
of the domain widths. 

As Fig. 5.7 shows, the rotation of the direction of magnetization with increasing 
stress agrees in general with the theory. The value of 7 MPa used for the critica! 
stress level corresponds fairly to the theoretica! value of 8.5 MPa (eq. 4.3.14). Note 
that small variations in the chemica! composition of MnZn ferrite imply considerable 
dilierences in magnetocrystalline anisotropy (Fig. 2.3), so some difference between 



88 

the critical stress values is not surprising. In conclusion, the theory developed in 
section 4.3 for the uniaxial stress case applies satisfactorily to the situation of the 
stressed bar. 
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6 MAGNETIC PERMEABILITY OF A UNIAXIALLY STRESSED FRAME 

6.1 Introduetion 

As a sequel to the previous chapter we investigate for a rectangular frame the 
dependenee of the initia! permeability on uniaxial tensile stress in monocrystalline 
MnZn ferrite. As shown in Fig. 6.1, the dimensions and the orientation of the 

Fig. 6.1 Reetangu/ar frame of MnZn jerrite monocrystal. 1) Two legs with uniaxial tensite 
stress along [IlO]. 2) Stripe domain structure. 3) Measuring magnetic field H along [110] in 
the legs. 4) Part conneering the legs. All dimensions in mm. 
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frame were chosen such that the stress and the domain structures in the two legs of 
this frame are similar to those in the bar (cf. Fig. 5.3). We measure the permeability 
of both stressed legs at frequencies between 10 kHz and 10 MHz by means of 
magnetic fields applied along the [llO] axis. 

In this conneetion we should mention some earlier experiments in which similar 
configurations were used. The dependenee of the permeability on uniaxial stress for 
polycrystalline NiZn ferrite has been investigated (Smit and Wijn (6.1), §§ 49 and 
53) and Snelling (6.2) reported an analogous study on polycrystalline MnZn ferrite. 
More recently, Yonezawa et al. (6.3) measured the permeability of stressed 
monocrystalline MnZn ferrite at frequencies up to 10 MHz. 

The major ditTerences between the present experiment and the ones mentioned 
above are (i) that we have additional information on domain structures and (ii) that 
we have been able to distinguish by experiment between the rotational susceptibility 
and the domain wall susceptibility. Preliminary results of our experiments have been 
discussed earlier (Visser (6.4)). These results wil! be analyzed in more detail in this 
chapter. Of especial interest to us will be the dependenee of both magnetization 
processes on frequency and on stress. In the second place, the applicability of the 
expresslons derived in sections 4.4 and 4.5 will be tested. 
As the reader should realize, the permeability is measured along one particular axis 
of the frame and essentially depends on the direction of this axis. Although several 
orientations are possible, we selected this [ 110] orientation of uniaxial tensile stress 
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and magnetic field because of the expected sirnilarity between the permeabilities of 
this frame and of the machined (001)-oriented rings given in the next chapter (cf. 
Figs. 4.4 and 4.5). 

6.2 Experimental set-up and measuring procedure 

6.2.1 Experimental conditions 

The surfaces of the frame were prepared using the same procedure as described 
for the bar (cf. section 5.3). The permeability is derived from the measured electrical 
impcdanee of a coil wound around the legs of the frame. Uniaxial stress was applied 
to both legs by means of weights and the frame was placed in a temperature
controlled environment. 

Fig. 6.2 shows the frame as ît was used in the experiment. By means of a pulley 
the tensile stress generated by weights was equally divided over both legs. Bending 
couples were practically avoided by applying the tensile force on opposite surfaces at 
both ends of the frame. As a result weights of up to 1.5 kg could be applied without 
damage, which implies a maximum tensile stress of 30 MPa in the legs. As we are 
interested in the permeability of the legs only, magnetic shunts of MnZn ferrite were 
introduced in order to reduce the magnetic reluctance of the two parts of the frame 
connecting the legs (Fig. 6.2). We estimate the magnetic reluctance of the legs to be 
900"/o or more of the total reluctance of the frame, so the reluctance of the shunted 
parts can be neglected without introducing serious errors. 

The temperature of the frame placed înside a double-wall glass cylinder was 
controlled by means of a water flow maintained by a Colora Kryothermostat 
(Fig. 6.3). In the cylinder temperatures between 0°C and 80°C (± 0.5°C) were 
established. 

6.2.2 lmpedance measurements 

The electrical impedance of the coil wound around the frame was measured by 
means of a Hewlett Packard automatic multi-frequency LRC meter. With this 
apparatus impedances can be measured between 10kHz and 10 MHz at three 
frequencies per decade, using sinusoirlal electrical currents of a level between 
0.01 mAand 10 mA r.m.s. The impedances are measured within one second, which 
is a great advantage when measuring disaccornmodation. In deriving the permeability 
we take of course into account the impcdanee of the wire of the coil. 

In section 4.6 the measuring procedure and the metbod of analysing the 
disaccommodation have been outlined. Some experimental details are the following. 
First the ternperature and the stress level were chosen. Before starting the experiment 
a current of 3 mA r.m.s. (10kHz) was applied to the coil during several minutes, 
producing a relatively large rnagnetic field of about 3 Alm r.m.s. in the frame. This 
ensured that the domain walls were no longer trapped in potential wells (cf. Figs. 
2.11 and 2.12). 
Then, a conventional permeability measurement was carried out with a magnetic 
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Fig. 6.2 Application of tensite force to the frame by weights. 1) Le:gs with 31-turns coil. 
2) Magnette shunts. 3) Pulley. 

field of 3 Alm r.m.s., step by step at each frequency one second after setting the 
frequency. 
The frequency spectrum of disaccommodation was measured also step by step at 
each frequency, one second after reducing the current to 0.02 mAand again after 
several minutes. An example of permeability spectra thus measured was given in 
Fig. 4.8. 
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First we measured the permeability of the frame at a number of temperatures 
while small stresses were applied. Next the stress dependenee of the permeability for 
a fixed temperature of the frame was investigated. 
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4 

Fig. 6.3 Temperature control of the frame. 1) The frame, hanging in dry air. 2) Water flow. 
3) Plug. 4) Weight. 

6.3 Results and discussion 

6.3.1 Domain structure in the frame 

The domain structure in the legs of the unstressed frame was observed by means 
of aSEM. Indeed we found in the frame structures similar to those given in 
Fig. 5.5, which proves the absence of residU.al machining stresses. Hence, it may be 
assumed that When stress is applied to the frame the domain structures in the legs 
are given by Fig. 5.6. 

6.3.2 Dependenee of disaccommodation on magnetic jieldstrength 

In Fig. 2.12 a model was outlined descrihing the dependenee of disaccommodation 
on the magnitude of the applied magnetic field. Keeping the frame at 23 oe and 
applying a smal! stress of 2 MPa in order to induce a stripe domain structure 
(Fig. 5.5b) we measured the disaccommodation at 10kHz for various levels of the 
magnetic field. Some ofthe results were plotted in Fig. 2.11. lt tums out that the 
permeability shows a considerable drop with time only when the field is reduced to a 
level below 0.2 Alm r.m.s. Apparently, at these magnetic field levels the domain 
walls in the frame oscillate with an amplitude equal to or smaller than the thickiless 
of the walls. This finds support in a calculation of the amplitude of the wall 
oscillation at a 0.2 Alm field. With x~= 0.9x t<r (Fig. 2.11), 8 = 35° and 



D:. 0.36 mm (Figs. 5.7 and 5.8) we estimate an amplitude of 1.0 ~.tm r.m.s. 
(eq. 4.4.6). Indeed, this value agrees in order of magnitude with the domain width 
of 0.6 Jlm found inseetion 4.4.1. Henee, the model of a growing potentlal well 
seems appropriate. 

6.3.3 Temperafure dependenee of the permeability 

A small stress was applied to the frame. The results of the permeability 
measurements earried out at three temperatures of the frame are displayed in Figs. 
6.4 to 6.6. 

In the upper figures, for the higher magnetic field, no strong dependenee of the 
total permeability on temperature is seen. However, an analysis of the 
disaecommodation reveals a clear dependenee of the rotational susceptibility on 
temperature. In Table 6.1 the model parameters resulting from the analysed spectra 
are given, together with the theoretica! parameters X~ and fres as caleulated by 
respectively eqs. (4.5.8) and (4.5.9), using K1 values given in Fig. 2.3. 
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A relatively strong dependenee of the rotational susceptibility on temperature is seen 
in Table 6.1. As one may conetude from the fair agreement between the empirical 
parameters rJ and fr and the theoretica! values of x~ and fres. the temperature 
dependenee of the rotational susceptibility relates mainly to the temperature
dependent magnetocrystalline anisotropy. The dependenee of the wal! suseeptibility 
on temperature is less pronouneed, although we observe some inerease ""ith 
temperature. As regards the frequency dependenee of the wal! suseeptibility, 
Table 6.1 shows only smal! differenes between the wal! relaxation frequencies. This 
indicates that the ditfusion processes causing disaccommodation in MnZn ferrite do 
notchange much with temperature in the range between 3 oe and 35 oe. 

6.3.4 Stress dependenee of the permeability 

The experiment described below forms the central part of this chapter. Sirree our 
method of analysing the permeability has proved useful, we now apply it to the 
situation in which the frame is kept at 35 oe and is subjected to increasing tensile 
stress. 

As an example of the results Fig. 6.7 gives the permeability spectrum measured at 
a stress level of 12 MP a. Comparing Figs. 6.6a and 6. 7a one will see a considerable 
deercase of the wall susceptibility in the stressed situation. We ascribe this to the 
rotation of the magnetization veetors towards [001], so perpendicular to the 
magnetie field in the legs. In Fig. 6.8 we have plotted as a function of stress the 
permeability as measured by means of a magnetic field of 3 A/m r.m.s. These results 
were partly discussed earlier (Visser (6.4)). 

Having performed the disaccommodation analysis for a wide range of stress levels 
we are able to distinguish between the magnetization processes and to compare their 
dependenee on stress with the theory developed in ehapter 4. The values of all 
parameters characterizing the results of the disaccommodation analysis are eollected 
in Table 6.2. Having substituted the parameters of the second row of this table in 
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Fig. 6.4 Permeability and disaccommodation of MnZn jerrite frame at 3 °C (a 4 MPa), 
closed circles IJ.', open circfes ll"· a) Measuring field 3 Alm r.m.s., no disaccommodation; Xw 
and Xr jrom analysis of (b). b) Measuring field 0.02 Alm r.m.s., disaccommodation measured 
1 sec. (t1) and 5 min. (t2) qfter the reduction of the field. Fits given by eqs. (4.6.1) and (4.6.2). 
(Por parameters see Table 6.1.) 
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Fig. 6.5 As in Fig. 6.4, at 23 oe (a = 2 MPa). 
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Fig. 6.6 As in Fig. 6.4, at 35 oe (o = 1 MPa). 
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Fig. 6. 7 As in Fig. 6.4, at 35 °C but for cr 12 MPa. (Parameters of the fits of (b) in 
Table 6.2.) 
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Fig. 6.8 Dependenee of the permeability of the frame on uniaxial tensite stress at 35 °C 
(measuring field 3 Alm r.m.s.). 
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Fig. 6.9 Frequency-spectra of the various susceptibilities of the frame at 35 oe (a= I MPa}, 
as obtained from Fig. 6.6. 

eqs. 4.6.1 and 4.6.2 we plotted in Fig. 6.9 the susceptibility spectra that campose 
the permeability given in Fig. 6.6. The permeabilities shown in Fig. 6.8 as functions 
of stress can be split into wall susceptibilities and rotational susceptibilities, of which 
the dependences on stress are shown in Figs. 6.10 and 6.11, respectively. In order 
to make a quantitative comparison between experiment and theory we plotted the 
parameters of Table 6.2 as functions of stress. Fig. 6.12 shows the product of the 
parameters X~. fw and D (taken from Fig. 5.8), tagether with an extrapolated curve. 
The redprocal of X~ and the model parameter fr are plotted versus stress in Fig. 6.13 
and 6.14, respectively, tagether with theoretica! curves representing the redprocal of 
the static rotational susceptibility (eq. 4.5.8) and the ferromagnetic resonance 
frequency (eq. 4.5.9). In these calculations a value of 8.5 MPa (4.3.14) was used for 
the critica! uniaxial stress. 
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Temp. stress Experiment lheor. model 

(oC) (MPa) after 1 sec. aft er 5 min. K1 6c xo f r res 
xo f xo f xo f (J/m3) (MP a) {11Hz) 

w w w w r r 
{11Hz) (HHz) (HHz) 

3 4 2200 0.45 800 1.1 460 15 -162 27 450 15 

23 2 JIOO 0.40 1030 1.2 650 11 - 82 13.7 740 8.4 

35 1 3400 0. 35 1000 1.2 930 7 - 50 8.5 1080 5.3 

Tab/e 6.1 Temperafure dependence. of empirica/ and calculated susceptibility parameters. 

Stress Wall susceptibil ity Rotational susceptib il it y 

(HPa) artsr 1 sec. af ter 5 min. 
x f xo f xo f 

w .. .. w r r 
(MHz) (MHz) (HHz) 

0 2510 0.22 530 1.06 650 8.6 

1 34.00 0.35 1000 1.2 930 6.9 

2 2700 0.40 920 1.17 1080 8.1 

4 2500 0.40 850 1.2 1}20 6.3 

6 1950 0.43 580 1. 43 1500 5.5 

8 1630 0.48 540 1.45 1470 5.5 

10 1210 0.47 390 1.46 1500 5.5 

12 920 0.50 290 1.6 1430 5.9 

14 780 0. 37 140 2.1 1380 6.4 

16 690 0.45 210 1.5 1160 7.6 

IB 630 0.36 130 1.7 1100 8.3 

20 520 0.39 100 2.04 1000 9.2 

30 260 0.36 50 1.9 710 13.0 

s - Table 6.2 Stress dependenee of empirica/ susceptibility parameters for the frame (35 °C). 
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Fig. 6.12 Dependenee of domain wall susceptibility parameters on uniaxial tensite stress at 
35 oe. Parameters jrom Table 6.2 and Fig. 5.8, solid curve extrapo/ates the data (cf. 
eq. 4.4.17). 
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Fig. 6.13 Dependenee of static rotational susceptibility on uniaxial tensite stress at 35 oe 
(1..~ from Table 6.2, solid curve calculated from eq. 4.5.8). 
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Fig. 6.14 Dependenee of model parameter f, on uniaxial tensi/e stress at 35 oe (fr from 
Table 6.2, so/id curve represents fres calculated jrom eq. 4.5.9). 

6.3.5 Discussion 

The respective contributions of the two magnetization processes in MnZn ferrite 
to the frequency-spectrum of the permeability are illustrated in Fig. 6.9. 
The magnetization process at frequencies between 0.1 MHz and 10 MHz is of 
especial interest to us. In Fig. 6.9 one observes that below 1 MHz the wall 
susceptibility is relatively high with respect to the rotational susceptibility. One may 
also conclude that potential wells will determine the wall motion only at low 
frequencies, whereas above I MHz the wall motion will in all cases be governed by 
dissipational losses. This explains why the wall susceptibility curves join above 
1 MHz and why above 1 MHz 'X~ decreases rapidly while x.; stays relatively high. In 
contrast to the wall susceptibility the real part of the rotational susceptibility 
remains considerable up to 10 MHz. As we argued in section 4.6, the maximum of 
x:' and the decrease of x; at about 7 MHz indicate a lower boundary of the 
frequency range of dispersed ferromagnetic resonances in the frame. Summarizing 
the results given in Fig. 6.9 one may distinguish three different zones in the range of 
video frequencies. l) Below l MHz the complex permeability is determined primarily 
by the motion of domain walls. 2) There is a transition zone between about l MHz 
and 3 MHz where the real part of the permeability is determined by rotation 
magnetization while the imaginary part still represents the huge dissipationallosses 
involved by oscillating domaio walls. 3) Above 3 MHz the domain wall motion is 



too strongly damped to play any role; there rotatien magnetization becomes the 
important magnetization process. 

Befare we turn to Figs. 6.10 and 6.11 we discuss the comparison between 
experiment and theory given in Figs. 6.12 to 6.14. According to eq. 4.4.17 the 
product of the wall parameters plotted in Fig. 6.12 should deercase linearly with 
stress and should vanish at the critical stress value. Although qualitatively the 
experimental data agree with this prediction, there is no quantitative agreement. 
From the intersectien of the extrapolared line and the abscissa of Fig. 6.12 one 
obtains a critica! stress level of 15 MPa, which value is higher than the 8.5 MPa 
expected from the model description (eq. 4.3.14) and than the 7 MPa following 
from the domain observations (Fig. 5.7). 
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Secondly, the measured wall susceptibility does not really vanish at a stress level of 
15 MPa. Both differences must be related to imperfections in the stripe domain 
structures in the legs of the frame (cf. Fig. 5.6). Still, Fig. 6.12 clearly illustrates the 
effect on the 180°-wall susceptibility of a stress-induced rotation of the magnetization 
veetors towards an axis perpendicular to the magnetic field. Finally, from the slope 
of the extrapolated linea value of the damping constant for rnaving domain walls in 
MnZn ferrite can be estimated. Substitution of (4.3.15a) in (4.4.17); with Ge== 15 MPa 
and dw 0.64 J.l.Ill, yields a= 0.023. As compared with an experimental value of 
0.006, obtained from an induced resonance measurement at 10 GHz (Algra (6.5)), 
this estimated value has the correct order of magnitude. In view of the difference in 
frequency of four decades between both experiments, more than qualitative 
agreement cannot be expected for the damping constant. 

The theory accounts in broad lines for the observed stress-dependenee of the 
rotational susceptibility in Figs. 6.13 and 6.14. As was expected, the measured static 
rotational susceptibility has a maximum at the critical value for uniaxial stress 
where, contrarily, the model frequency fr has a minimum. Both extrema originate 
from the compensation of magnetocrystalline anisotropy by stress-induced 
anisotropy at a critical stress of 8.5 MPa. As regards the frequency spectrum of the 
rotational susceptibility as a function of stress, one will cbserve at frequencies below 
fres a maximum of x; at G = Ge, whereas a minimum of x; wil! be found at 
frequencies above fres because of fres having a minimum at the critical stress value. 
Botheffects on x; are observed in Fig. 6.11. The differences between experiment and 
theory in Figs .. 6.13 and 6.14 may again be attributed to, firstly, deviations of the 
domain structure from a simple structure of stripe domains and, secondly, to the 
effect of demagnetizing fields in the frame. 

In Figs. 6.12-6.14 we find anomalies at vanishing stress. These anomalies may be 
attributed to the more complicated domain structures occurring in MnZn ferrite 
when externally applied stresses are below a threshold level of about 0.3 MPa 
(cf. Figs. 5.5a). Similar ancmalies are observed in Figs. 6.8, 6.10 and 6.11. 

The stress dependenee of the total permeability given in Fig. 6.8 is explained with 
the help of the analysed susceptibilities shown in Figs. 6.10 and 6.11. Since the 
farmer spectra were obtained by means of a large measuring field, the domain wall 
motion caused considerable losses at low frequencies. According to our conclusions 
concerning Fig. 6.9, the curves of Fig. 6.8 should correspond with those of Fig. 6.10 
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at frequencies below 1 MHz, whereas above 1 MHz the 1.1 '-curves of Fig. 6.8 should 
resembie the curves in Fig. 6.1la. Both prediedons appear to be correct. 
The extrema of x: at about 8.5 MPa (Fig. 6.1la) were explained above when 
discussing Figs. 6.13 and 6.14. The decrease of X.:, and x.; with increasing stress in 
Fig. 6.10 is of course connected with the rotation of the magnetization veetors 
towards [001] by stress (cf. Fig. 5.7). 

6.4 Conclusions 

As regards the frequency-dependence of the two magnetization processes in MnZn 
ferrite, we find that the results given in Fig. 6.9 agree only partly with the suggestion 
of Kimura et al. (6.6), namely that there should exist a transition frequency between 
0.5 MHz and 2 MHz above which rotation magnetization becomes the dominant 
magnetization proces. From our experiments it follows, that we rather deal with a 
broad transition zone ranging between about 1 MHz and 3 MHz, so precisely in the 
range of video frequencies. In this zone the real part and the imaginary part of the 
permeability are determined by, respectively, rotation magnetization and domain 
wall oscillation. Since high 11" values give rise toa phase shift in the playback signa! 
of a magnetic head (cf. eq. 3.2.22b) as well as to thermal noise (eq. 3.3.1), we may 
conclude that the motion of domain walls deteriorates the performance of MnZn 
ferrite heads operatingat frequencies between 0.1 MHz and 3 MHz. This condusion 
certainly holds as regards the role the domain walls play in generating rubbing noise. 

Concerning the dependenee of the magnetization processes in the frame on 
uniaxial stress, Figs. 6.12-6.14 show that the theory outlined in Chapter 4 applies 
satisfactorily. Moreover, Fig. 6.14 corroborates our assumption about the 
identification of the empirical model parameter fr with both the dispersion frequency 
(section 4.6) and the theoretical resonance frequency fres· So, provided that the 
stress distribution in a sample is not too complicated and is known in detail, we 
have a good theoretica! model descrihing the magnetization processes in stressed 
MnZn ferrite. 
The fair agreement between the theoretical and experimental parameters in Figs. 
6.12-6.14 further implies that the present analysis of the disaccommodation offers a 
reliable metbod to separate the frequency-dependent domain wall susceptibility and 
the rotational susceptibility. 
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7 RESIDUAL MACHINING STRESS AND MAGNETIC PERMEABILITY 

7.1 Introduetion 

In Chapter 1 it was suggested that plastic surface-deformation, causcd by 
machining during the manufacturing process of MnZn ferrite video heads, gives rise 
to residual mechanica! stresses that affect the magnetic performance of the heads. 
In that conneetion questions arose about the type and magnitude of these stresses, 
about their relation to the observed surface damage and about the way in which 
these stresses affect the magnetic permeability. Therefore, this last chapter has a 
twofold purpose. In the first place, a number of surface-machining processes is 
selected that can be applied in the manufacture of video heads. The surface-damage 
caused by these processes in thin bars of ferrite will be associated with the residual 
stresses introduced. To this end curvature measurements have been carried out, 
using the expressions given in section 4. 7. In the second place, the effects of residual 
machining stress on the magnetic permeability will be investigated, for which we 
resort to a model-system that allows for a quantitative theoretica! interpretation. As 
outlined in Chapter 4, the situation of biaxial tensile machining stress in (001)
oriented MnZn ferrite rings offers an illustrative example of the problems involved. 
Therefore, we shall analyse the frequency-spectra of the permeability measured on 
machined (001)-oriented rings, where use is made of the expressions developed in 
section 4.3 for biaxial tensile stress. From the results obtained with this specific 
system some conclusions are drawn about the much more complex situation one 
meets in actual video heads. 

In this conneetion we distinguished in section 4.1 between the residual stress 
inside a machined and plastically deformed surface-layer and the balancing stress
system generated in the bulk below the surface. We introduced the concept of 
residual surface stress, which is the stress in a deformed surface layer integrated 
over the layer thickness. (Surface stress is expressed in N/m.) Secondly, it was 
argued that it is actually the balancing stress in the bulk of a machined ring that 
affects the domain structure and the magnetic permeability. In sufficiently thin rings 
machined on two opposite major surfaces a uniformly distributed balancing stress 
results; furthermore, in case the machining-damage of the surface shows no 
directional anisotropy, the stress in the rings wil! be biaxial in the plane of 
machining. 

Experiments similar to the present one have been reported earlier (Kinoshita and 
Murayama (7.1), Yonezawa et al. (7.2)). These investigators demonstrated a 
dependenee of the permeability on machining for variously oriented monocrystalline 
rings; they did not study the permeability spectra in much detail nor at different 
temperatures, ho wever. As shown in the preceding chapter, a quantitative 
understanding of the permeability spectra is possible if the permeability is analysed 
properly. For this reasou we have measured the dependenee of the disaccommodation 
on frequency, now on machined rings and at various temperatures. 
The machining processes investigated consist of a selection of lapping processes and 
two saw-cutting processes. For the lapping processes the residual stress will be 
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determined from the curvature of lapped monocrystalline bars of MnZn ferrite. 
Next, the permeability will be investigated for thin ferrite ringsas lapped or as cut 
by saw. 
Finally, in the last section, some general conclusions will be drawn. 

7.2 Residual macbining stress and surface damage 

7.2.1 Curvature measurements 

For the lapping processes investigated we selected as abrasives some diamond 
powders commonly used for fine lapping or polishing and an alumina paste used for 
initial grinding. In Table 7.1 the lapping conditions used are given. 

Abrasives 

Partiele size 

Lap 

lubricant 

1 lapping pressure 

1 
Lapping time 

Diamond powder 

4-7fm: 10-15fm; 20-40fm 

Polishing cloth 

Water, T-Pol 

50 kPa 

1-2 min 

Alumina paste 

l6fm 
Bra ss 

Water 

50 kPa 

1-2 min. 
L_ __________________________________ ~ 

Table 7.1 Lapping conditions in various experiments. 

The samples used for the curvature measurements were cut from the usual 
monocrystal Mllo. 59Zllo.s5F~~ 06Fe204 • Rectangular bars of 10 mm length, 2 mm 
width and 0.2 mm thickness were prepared by subsequent cutting, grinding and 
lapping; any residual stress was removed by etching in hot phosphoric acid. For the 
opposite major surfaces ofthe bars a (001) orientation was chosen, which corresponds 
to the orientation of the rings to be discussed in the next section. Using the 
technique described below the initial curvature of the bars in unstressed state was 
checked. The (001) surfaces were found to beflat within about 1 J.trn over the entire 
lengthof the bars.· 
Next, each of the prepared bars was lapped on one of its (001)-oriented surfaces by 
one specific lapping process. In order to create a biaxial stress in the (001) plane we 
performed the lapping in circular motions, avoiding any particular direction of 
lapping. 
The curvature of the thus lapped bars was measured in a Reichert optical 
microscope by focussing at the etched (001) rear surfaces, using interference 
contrast. With thîs technique we were able to obtain an accuracy of one micron in 
depthof focus. 

As argued in section 4.1, the etched surfaces of alllapped bars were concave, 
which implies that the residual surface stresses at the lapped sides are compressive 
(cf. Fig. 4.10). For each lapping process studied the depthof focus h was measured 
as a function of length L, with L ranging from 2 mm to 8 mm. In Fig. 7.1, h is 
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Fig. 7.1 Depths of focus h as measured over lengths Lfor the lapped bars. 
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plotted versus L2 for three kinds of abrasives. In this figure data for the bar lapped 
with 4-7 J.ill1 diainond particles have been omitted since the curvature observed was 
too smal! to yield reliable values of h. Straight solid lines were drawn through the 
three sets of points plotted in Fig. 7 .1. Fig. 7.2 shows ferrite surfaces resulting from 
etching and lapping, together with some types of surface-damage caused by grinding 
and saw-cutting. 

7.2.2 Discussion 

From Fig. 7.1 it follows that h is proportional to L2 , as expected according to eq. 
(4.7.6). Using that equation wedetermine the residual surface stress Sx from the 
slopes of the lines in Fig. 7.1, substituting a value of 200 GPa for the modulus of 
elasticity (eq. 4.7.9). Results are listed in Table 7.2. Anticipating the results of the 
next sectien we have also listed some estimate values of the residual surface stress 
caused by lapping with 4-7 j!m diamond particles and by saw-cutting. 

The negative signs of the residual stress in the deformed surface layers imply that 
cold machining processes cause plastic stretch, which produces elastic compression 
of the surface layers (cf. section 4.1). Camparing the values of Sx listed in Table 7.2 
with the conesponding surfaces shown in Fig. 7.2 one finds for the diamond-lapped 
surfaces a resulting roughness of surface and a residual surface stress that both 
increase with increasing size of diamond particles. Moreover, from Table 7.2 is seen 
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a 

b 

c 

d 

Fig. 7.2 Surface damage caused by machining MnZn ferrite ((OOI) surf aces). a) Etched. 
b) to d): lapped with diamond particles, respectively 4-7 J.Lm, 10-15 Jlffi and 20-40 Jlffi. 
e) Lapped with 16 J.1ffi alumina. f) Ground (grid 240 paper). g) Saw-cut (20 J.Lm diamond). 
h) Saw-cut (8 J.Lm diamond), white stripes indicate JO J.Lm each. 

f 

g 

h 
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Hachining Par-tiele si ze Residual surface stress s 
x 

( flm) (N/m) 

from from 
curvature Table 1.~ 

4 - 7 - 420 

Diamond 10 - 15 - 700 

lapping 20 - 40 - 2040 

Alumi na 16 - 4020 

lapping 

Saw-cutting, 8 - 1200 

blade with 20 - JOO 
diamond 

Table 7.2 Residual surface stresses from curvature and from Table 7.4 (estimated error about 
20%). 

that Sx is roughly proportional to the size of the particles in a diamond abrasive, 
which one may explain as follows. 
In the first p!ace, the depth of plastic deformation caused by abrasive lapping is 
approximately proportional to the size of the abrasive particles (Men del (7 .3), 
Stickier and Booker (7 .4)). 
In the second place, Sx is by definition the integral of the residual stress over the 
depth of a deformed surface layer and must be equal to roughly half the layer depth 
times the compressive strength of the ferrite (cf. ref. 7.2). So, fora constant 
strength, this explains the proportionality between partiele size and compressive 
residual surface stress. It must be emphasized, however, that the values of Sx listed 
in Table 7.2 are only exemplary; they are significant in sofaras regards the 
dependenee of Sx on the size of the particles; the amount of surface-damage and the 
residual surface stress will both change if the lapping conditions are changed, for 
instanee by using a different lap or applying a higher pressure during lapping 
(ref. 7.3). 

From Table 7.2 it appears that cutting with a saw ha ving 20 Jlll1 diamond particles 
produces a much smaller residual surface stress than wet-lapping with equally large 
particles. The difference between the respective stress levels is about one order of 
magnitude. Also grinding MnZn ferrite with grinding paper results in rather small 
residual surface stresses, ranging between 102 N/m and 103 N/m (Knowles (7.5)). 
The cause of these relatively low stress levels is illustrated in Fig. 7.2f and g: in 
contrast to the other surfaces shown in that figure, these two surfaces have been 
machined in such a rough manner that fracture and chipping has occurred. As 
noticed elsewhere (ref. 7.2), the major part of the residual stress in a deformed 
surface may be relieved after chipping. In that case a much smaller residual stress 
remains than in the case of a deeply ploughed surface without chipped-off parts (as 
in Fig. 7 .2e). 
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According to Table 7 .2, cold-machining processes produce in MnZn ferrite 
compressive. residual surface stresses of at least a few hundred N/m. As mentioned 
above, this level of surface-stress is proportional to the depth of deformation in the 
machined surface. It is also proportional to the compressive strength of the ferrite, 
for which we have given an order of magnitude of 7.4 OPa (section 2.3.2). In 
section 4.1 it was pointed out that a hot-machining process will produce a molten 
and again solidified surface-layer which is kept intension by the bulk below. Hence, 
one will find for a hot-processed surface a tensile residual surface stress which must 
be equal to roughly the depth of the solidified surface layer times the tensile strength 
of the ferrite. In section 2.3.2 a tensile strength amounting to only 0.1 OPa was 
given, which is more than one order of magnitude smaller than the compressive 
strength. As one can deduce from the workof Siekman (7.6), laser-cuttingis a hot 
process producing a deformed surface-layer of about 0.1 J.til1 depth in MnZn ferrite. 
Consequently, laser cutting will produce an estimated tensile residual surface stress 
of only 10 N/m, which is certainly one order of magnitude smaller than the surface 
stress produced by cold-machining. 

7.3 Permeability of maebined (001)-orlented rlngs 

7.3.1 Magnetic anisotropy 

The magnetic anisotropy in the bulk of a machined MnZn ferrite ring is 
determined by firstly the temperature-dependent magnetocrystalline anisotropy and 
secondly the magnetostrictive anisotropy induced by the balancing stress. Both 
sourees of magnetic anisotropy may be changed independently, respectively by 
changing the temperature and by changing the stress. The balancing stress in a 
monocrystalline ring may be changed in several ways: by applying a different 
machining process which produces a different residual surface stress; by changing 
the thickness of the ring; and thirdly, by changing the crystal orientation of the 
ring. In the partienlar case of omnidirectionallapping on (OOI) surfaces a biaxial, 
tensile, balancing stress in the (001) crystal plane results, which situation was 
considered in sections 4.3.3 and 4.3.4. Somerelevant matters concerning the 
magnetic anisotropy will be resumed first. 

In analogy with the situation of uniaxial stress treated in the two preceding 
chapters, an unstressed ring has ( 111 )-oriented magnetization vectors, while a 
biaxial tensile stress in the (OOI) plane of a lapped ring forces the magnetization 
veetors away from the ( 111) axes towards [001] (Fig. 4.5). From the constant of 
magnetocrystalline anisotropy K1 and from the magnetostriction constant À.100 a so
called critica! stress level, ac, was defined as the minimum biaxial stress for which 
the magnetization is aligned along [001) (eq. 4.3.27). One sees that the critica! stress 
decreases with temperature because of the temperature-dependence of K1 (Fig. 2.3). 
How the static rotational susceptibility of such a ring and the ferromagnetic 
resonance frequency depend on biaxial stress is given by eqs. (4.5.10) and (4.5.9), 
respectively. The way in which the rotational susceptibility is averaged over all 
directionsin the (001) planeis demonstrated in eq. (4.3.31). 
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Further, after combining (4.3.29), (4.3.31) and (4.4.9) the dependenee of the (mean) 
domain wal! susceptibility on biaxial stress in the ring is obtained. 

As regards the effects of the level of stress on the magnetic anisotropy one may 
distinguish two cases. 
Firstly, when the biaxial stress is smaller than Oe, eight directions of magnetization 
are possible, possessing all a component in the (001) plane. Since the permeability 
will be mesured in this plane, the domain wall susceptibility will have a finite value. 
Secondly, when the biaxial stress exceeds Oe, only one direction of magnetization 
normal to the (001) plane of the ring remains possible, which implies that the stress
induced anisotropy dominates the magnetocrystalline anisotropy. In that case the 
domain wal! susceptibility measured in the (001) plane will vanish. Although in a 
lapped ring stress and magnetostrictive anisotropy are fixed, both cases can be 
realized because the magnetocrystalline anisotropy and the critica! stress level can be 
controlled by means of the temperature. 

For rings with saw-cut surfaces there is a specific direction of machining. 
Consequently, these rings will not contain biaxial stress. According to Knowies (7. 7) 
the residual stress in a saw-cut surface-layer is compressive and the stress component 
perpendicular to the machining direction exceeds the stress component parallel to 
the machining direction by 400Jo. The application of a model based on biaxial stress 
is apparently doubtful here. Although we will continue to use that model for saw
cut rings in order to estimate the stresses introduced by cutting, we do realize that 
the magnetic anisotropy of such rings is ill-defined. 

7.3.2 Permeability measurements 

Rings with a (001) orientation were drilled from monocrystalline tiles of 1.5 mm 
thickness (approximate composition Mn0 • 59Zn0 • 35 Fe~~ 06Fe204). Some rings were 
saw-cut into thinner ringsof 150-200 J.Lm thickness. For this cutting two different 
diamond-covered saw blades were used (Ta bie 7 .3). The remaining part of the rings 

Cutting wheel 

Particles embedded 

in the blade 

Peripheral speed 

Feed rate 

Cooling fluid 

Table 7.3 Cutting conditions. 

External blade saw 

Diamond: 8fm, ZOfm 

5 m/sec. 

0.1 mm/sec. 

Water 

were ground, lapped and etched to a final thickness of 200 J.Lm. Next, the etched 
rings were lapped similarly on both (001) surfaces, each ring by one of the lapping 
processes given in Table 7 .1. A few etched rings were kept back for a measurement 
of the permeability in the unstressed state. Around all rings coils of 10-20 turns were 
wound. The permeability of the rings was determined by measuring the electrical 
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impedance of the coils, using the equipment described in the preceding chapter. On 
each ring the complex permeability was measured by means of a relatively large 
magnetic field of 3 A/m r.m.s. applied in the (001) plane. The frequency-dependence 
of the disaccommodation was measured and analysed using the procedures outlined 
in sections 4.6 and 6.2.2. 

The effect of the various lapping processes on the complex permeability is shown 
in Fig. 7 .3, for which we used a measuring field large enough to avoid 
disaccommodation. The effect of an increase in temperature on the complex 
permeability of one particular lapped ring is shown in Fig. 7.4, for which again a 
large measuring field was used. The resemblance between both figures is striking. At 
low frequencies one observes J.l.' to deercase with as well increasing balancing stress 
(Fig. 7.3) as with increasing temperature (Fig. 7.4). 
Secondly, the low-frequency J.l."-values drop sharply when stress is introduced 
(Fig. 7.3) or when the temperature is enhanced above 30° (Fig. 7.4). Finally, at 
frequencies near 1 MHz one fincts in both figures an, initially, increased f.l.'(Fig. 7.3, 
nr. 2; Fig. 7.4, 40°C), which decreases again at higher levels of stressor at higher 
temperatures. 
This similarity is again observed aftera further analysis of the permeability. 
Measurements of the disaccommodation were carried out at various temperatures 
for the cases shown in Fig. 7.3. As outlined insection 4.6.2, four susceptibility 
parameters are determined by fitting eqs. (4.6.1) and (4.6.2) to the disaccommodation 
spectra. In Figs. 7.5 and 7.6 examples of spectra thus obtained are shown. The 
resulting susceptibility parameters are listed in Table 7 .4. Again we see a resemblance 
between the susceptibility parameters: going in Table 7.4 from the left to the right 
along the row of data obtained at 50 °C or going downwarcts along the column of 
the ring lapped with 10-15 !J,m diamond abrasive we observe a maximum in 'X~ and a 
simultaneons sharp deercase in the 'X~· fw-product. The reason of this resemblance 
will be discussed later. 

The way in which the permeability of a ring is affected by residual stresses caused 
by saw-cutting is shown in Fig. 7.7. Apparently the use of a blade with 8 J.l.ffi 

diamond particles has a larger effect on the permeability than the use of a blade 
with 20 J.l.ffi particles. This is not surprising, since it was established in the preceding 
section that the larger particles on the blade produce a chipped ferrite surface, 
which reduces the residual surface stress. Fig. 7.7 also shows that the reproducibility 
of residual stress resulting from sawing with a blade with 8 J.l.ffi particles is poor. 
These differences in stress are probably due to variations in roughness of the blade 
during cutting. Comparing Figs. 7.3 and 7. 7 one finds simHar effects of the residual 
machining stresses on the permeability. More particularly, the balancing stresses in 
the ring cut with the 8 J.l.ffi diamond-blade and in the ring lapped with 10-15 J.l.ffi 

diamond particles must have the same order of magnitude since the respective 
permeability spectra are simHar. Again, on the saw-cut rings and on an etched ring 
the disaccommodation was measured; the results of the analysis are given in 
Table 7.5. 
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Fig. 7.3 Permeability of etched and lapped rings ofMno. 59Zn0 • 35 F~:06Fe~1104 , solid curves 
J.t', broken curves ~-t" (at 50°C}. Measuring field 3 Alm r.m.s. 1) As etched. 2) to 5): as lapped 
with diamond 4-71J.II1, I0-15 IJ.IIl, 20-40 1J.II1 and l61J.II1 alumina. The too smal/~ '1 va/ues of 
(5) are omitted. lnset: dimensions of the ring (in mm). 
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Fig. 7.4 Permeability of MnZn ferrite ring /apped with 10-15 J.liil diamond particles, solid 
curves f.1 ', broken curves f.1 ". Measuring field 3 Alm r.m.s. 

7.3.3 Discussion 

To interpret the results in terms of the model outlined in sections 4.3.3 and 4.3.4 
we first calculate the (first order) constant of magnetocrystalline anisotropy as a 
function of temperature. Substituting in eq. (4.5.10a) empirica! values of X~ 
obtained for the etching ring (Table 7.4), substituting a= 0 and using Fig. 2.6 for 
the saturation magnetization we obtain K1-values at three temperatures. They are 
listed in Table 7.4 and plotted in Fig. 7 .8. Subsequently, using Fig. 2.5 for the 
magnetostriction constant A.100 we obtain from eq. (4.3.27) the critica! stress level CJc 

as a function of temperature Oisted also in Table 7.4). In Table 7.5 analogous results 
are given for an etched ring that had been used for saw cutting experiments. 
A comparison of Fig. 7.8 with Fig. 2.3 once more demonstrates the high sensitivity 
of magnetocrystalline anisotropy on smal! variations in chemica! composition of 
MnZn ferrite. 

The magnitudes of biaxial balancing stress in machined rings may next be 
determined from the susceptibility data given in Table 7.4 and 7.5. As an example an 
analysis is given for the ring lapped with 10-15 J.tm diamond particles. Rearranging 
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Fig. 7.5 Permeability and disaccommodation of etched MnZn Ierrite ring at 50 oe, closed 
circles J.l 1

, open circles Jl". a) Measuring field 3 Alm r.m.s., no disaccommodation; Xw and Xr 
from analysis of (b). b) Measuring field 0.02 Alm r.m.s., disaccommodation at two times a/ter 
the reduction of the field; fitted by eqs. (4.6.1) and (4.6.2). (For parameters see Table 7.4). 
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Fig. 7.6 As in Fig. 7.5, jor a ring lapperi with 10-15 JJ.Ill diamond particles (at 50°C). 



Machininç Etched Lapped Lapped Lapped lapped 

Diamond 4 -7 pm Diamond 10-15 )Jm Diamond 20-40)Jm A1umina 16 )Jffi -· xo X0
.f xo x0 .f xo X0 .f xo x0 .f xo X0 

f Temp. f f r f f 
( OC) r r w w r r w w r r w w r r w w (' r w w 

(MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) 

30 970 9 1180 1630 7.3 1600 2530 4.8 870 370 30 <20 150 -50 <10 

40 2800 5.5 300 

so 1600 5 1800 3060 6.9 1260 1830 8.2 60 320 JS <2Q 150 ~so <10 

60 1>70 10.5 40 

70 2400 3 2000 : 2240 8.7 100 1100 12 <20 290 35 <20 150 -50 <10 

derived T K1 6c 
from X0

: 
I' (OC) (J/m3) (MPa) Ó ~ 4 MPa Ó: 1. 2 MPa Ó: 25 MPa 6 43 MPa 30 -100 6.5 

50 - 5} 3.7 
70 28 2.16 

Table 7.4 Parameters of rotational and domain walt susceptibility for etched and lapped rings. 
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Fig. 7.7 Permeability of etched and saw-cut rings o/Mno.69Zn0 •35 Fe.A! 06Fei1104, solid curves 
lol', broken curves lol" (at 30°C). Measuring field 3 Alm r.m.s. 1) As etched. 2) As cut with a 
blade having 20 f.Ull diamond particles. Ja) and Jb): as cut with a blade having 8 f.Ull diamond 
particles. 

eq. (4.5.10b) we obtain the following relation between stress and (averaged) static 
rotational susceptibility: 

J.l.oM: 
O/Oç = 1 + -2Kt (~) (7.3.1) 
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f x0 .f x0 
r w w r f X0 .f x0 f x0 .f i 

r w w! 

30 

50 

derived 

from x~: 

920 

1550 

(MHz) (MHz) 

12 

6.5 

1500 

1600 

óc 
(MPa) 

7 

4.5 

1150 

1050 

r w w r 
(MHz) (MHz) 

10 550 

12 330 

6..: 3 ~1P a 

(MHz) (MHz) 

a:l350 12.4 ~100 

b: 960 15 - 50 

a:1000 20 ~ 50 
b: 7oo 19 <so 

Ó"' ll.S MPa (a)· 
13.7 MPa (b) 

Table 7.5 Parameters of rotational and domain wal! susceptibility for etched and saw-cut 
rings. 

---~ ....... r ( °C) 100 

Fig. 7.8 First order constant of magnetocryswlline anisotropy ofMn1).59Zn0 • 35F~~06Fe~II04 , 
determined from Table 7.4. 

Using X.~ and crc from Table 7 .4, K1 from Fig. 7.8 and M5 from Fig. 2.6 we plotted 

1/crc versus ( _ i~:X.~) fora number of temperatures (Fig. 7.9). Drawinga straight 

a straight line through the plotted points we find from the slope of the line 1/cr. 
The resulting value of biaxial tensile balancing stress in this particular ring is 
7.2 MPa. This would imply that the lapped surfaces of the ring contain a 
compressive residual surface stress of -720 N/m, which value perfectly agrees with 
the value of -700 N/m derived for the curved bar (cf. Table 7.2). The balancing 
stresses obtained by a similar analysis for the other machining processes are given in 
Tables 7.4 and 7.5. Some val u es of the residual surface stress derived from the 
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balancing stress have been given in Table 7 .2. 
For a comparison between experiment and theory we calculated theoretica! values 

of the ferromagnetic resonance frequency fres and of X~ for three lapped rings at a 
number of temperatures. Firstly, from eq. (4.7.10) the balancing stress is calculated 
by substitution of S,.-values determined from the curvature measurements 
(Table 7.2). Next, these balancing stress values and the crideal stress values given in 
Table 7.4 are substituted in eqs. (4.5.9) and {4.5.10). In Fig. 7.10 the rotational 

_1 0 3 .. 
Fig. 7.9 Determination of the balancing stress in a ring lapped with 1()..15 f.l.ll1 diamond 
particles. (Data from Tab/e 7.4.) 

susceptibility parameters thus calculated have been plotted versus the .corresponding 
empirica! parameters given.in Table 7.4. As in the preceding chapters for the 
uniaxially stressed bar and frame we find a fair agreement between experiment and 
theory. 

The resemblance mentioned above between Figs. 7.3 and 7.4 can be explained 
with the help of Table 7.4. As outlined insection 7.3.1, the domain wall 
susceptibility vanishes when the tensile balancing stress exceeds the critical stress 
value. This would explain the low permeability values at the low-frequency side in 
Fig. 7.3. Secondly, precisely at the critical stress value the static rotational 
susceptibility has a maximum, which corresponds with the maximum f.l.'-values near 
I MHz. One may conetude from eqs. (4.4.17), (4.5.9) and (4.5.10) that not the 
precise values of balancing stress and critical stress determine the susceptibility but 
rather their ratio o/oc. Hence, a similar behaviour of the permeability spectra of a 
ring will be found either when both temperature and Oe are kept constant while o is 
increased (Fig. 7.3), or when o remains constant while Oe deercases with increasing 
temperature (Fig. 7.4). 
Apparently, balancing stress and critical stress areabout equal for the ring lapped 
with diamond 4-7 f.l.ID at 50°C and for the ring lapped with diamond 10-15 f.l.ID at 
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Fig. 7.10 Comparison between experiment and theory jor the rotational susceptibility 
parameters. (Table 7.4; eqs. 4.5.9) and (4.5.10).) 

about 40 oe. This would explain the maximum in the X.~-values and the decrease of 
the X.~· fw-products, respectively in the (50 °C)-row and the ( diamond 10-15 !J.m)
column of Table 7 .4. 

As regards the saw-cut rings, the balancing stress values obtained from the 
susceptibility data are given in Table 7.5; estimated values of the residual surface 
stress produced by saw-cutting were given in Table 7 .2. As the last column of 
Table 7.5 demonstrates, stresses produced by saw-cutting are ill-reproducible for 
different samples. 
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Apparently, cutting with a blade having 20 !J.m diamond particles produces in the 
ring a balancing stress far below the critica! stress level at 30 °C, which explains the 
high X.~·fw-product in Table 7.5 and the rather high !i"-values in Fig. 7.7 caused by 
domain wal! susceptibility. 
The surfaces cut by a blade having 8 !J.m diamond particles are not chipped and 
contain a higher residual surface stress. 
In consequence, the balancing stress is high and exceeds the cri ti cal value at 30 oe, 
so that the magnetization veetors become aligned along [001]. In thus saw-cut rings 
the wall susceptibility vanishes, which is in agreement with the low !i"-values at low 
frequencies in Fig. 7. 7. 

7.4 Conclusions 

The damage in a surface layer caused by machining a MnZn ferrite crystal 
generates residual machining stress in the entire crystal. It appears to be convenient 
to distinguish between the stress inside the damaged layer and the stresses in the 
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bulk; the stress in the surface layer is represented by a (residual) surface stress, the 
system of stress in the bulk is called the balancing stress system. 
For the cold-machining processes investigated a large variety in levels of resulting 
surface stress was found. All surface stresses were compressive, thereby causing 
tensite balancing stresses. Secondly, in many cases the machining stress in thin 
samples may be considered as biaxial in the plane of machining. 
Although our list of processes investigated is certainly not exhaustive, the results 
suggest the possibility of controlling the stresses in machined samples by means of 
applying the proper machining processes. 

On machined rings of MnZn ferrite a considerable effect of the balancing stress 
upon the permeability was found. Despite the impossibility to observe the domain 
structure beneath the machined surfaces of the rings, the results of the permeability 
measurements were fully interpreted in terms of the model of a biaxial stress system 
developed in Chapter 4. Moreover, acting in reverse order we calculated the levels 
of stress in the rings from the permeabilities observed. Again, in the interpretation 
of the permeability spectra the analysis of the disaccommodation played a central role. 
As compared to the permeability of an unstressed crystal, as well a deterioration as 
an improvement of the permeability was achieved by means of machining stress (cf. 
curves nos. 4 and 3 of Fig. 7.3, respectively). In this conneetion we consider the 
permeability as improved, when J..1.' has increased and/or J..1." has decreased in the 
range of video frequencies, and when the domain wall motion takes no part in the 
magnetization process. The permeability is deteriorated when it lies below 500. 
So, in principle, it is possible to control the permeability of a ferrite sample by 
means of stress. 

Dealing with a far more complicated situation in a video head we may draw from 
the experiments carried out on the model system presented above the condusion 
that, given the machining processes applied during manufacture of a head, a 
calculation of the resulting balancing stress and of the permeability in a head must 
be possible, provided an approach analogous to the one used in our investigations is 
followed. 
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SUMMARY AND CONCLUSIONS 

Monocrystalline MnZn ferrite is a soft-ferrimagnetic which at present is used as a 
core material for magnetic heads in video recorder equipment. The function of a 
head is to write information in a magnetic storage medium and to read it from the 
medium. The material in the core of a head acts as a conductor of magnetic flux, 
which is realized by magnetization processes that produce changes in the magnetic 
domain structure. One discerns two magnetization processes, viz. a motion of 
domain walls and a rotation of the magnetization veetors inside the domains. Each 
of these processes gives rise to transfer of magnetic flux and contributes in part to 
the magnetic susceptibility. In a recorder the performance of a magnetic head is 
determined in a complicated way by these magnetization processes, which are in 
their turn determined by the intrinsic magnetic properties of the core material and 
by several external factors. Sirree MnZn ferrite is magnetostrictive, an important 
factor affecting the domain structure and the magnetization processes is mechanica! 
stress. During the manufacture of a head residual stresses are inevitably introduced. 
From literature it is known that these stresses affect the magnetic performance of a 
head. 

The relations between the magnetic properties of MnZn ferrite heads and the 
magnetization processes in stressed MnZn ferrite are understood only qualitatively. 
Problems not yet solved concern for instanee the actual stresses introduced in a 
head by the manufacture and the effect of these stresses on domain structure and on 
magnetization processes. Furthermore, there is a serious lack of information about 
the extent to which the domain wall motion and the rotation magnetization each 
contribute to the total magnetization process, especially in the frequency range of 
the video signals (0.1 to 5 MHz). 

This thesis aims to provide a more general interpretation of magnetization 
processes in monocrystalline MnZn ferrite in the presence of stress, using a well
known phenomenological description of magnetic anisotropy and magnetostriction. 
To this end the magnetic permeabilities are investigated on two simpler model 
systems that allow for a theoretica! interpretation of the results. In the analysis of 
the permeabilities a new method is employed, by means of which the wal! 
susceptibility and the rotational susceptibility can be determined separately. This 
method is based upon a measurement of the frequency-spectrum of 
disaccommodation occurring in MnZn ferrite. In sections 1.2.7, 2.2.5 and 4.6 
disaccommodation is discussed and this metbod of analysis is outlined. 
In the fi.rst model system investigated a uniaxial tensile stress is applied along the 
[110] crystal axis. The domain structure is observed and the easy axis of 
magnetization if found to rotate with increasing level of uniaxial stress (Chapter 5). 
The permeability is measured on this system by means of magnetic fields applied 
along the [110] axis (Chapter 6). 
In the second model system a biaxial tensile stress in the (001) crystal plane is 
introduced in (001)-oriented rings of MnZn ferrite by machining the surfaces. As 
well the level of machining stress produced as its effect on the permeability measured 
in the (001) plane are investigated (Chapter 7). 
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The permeabilities of both systems are interpreted theoretically, using expressions 
developed in Chapter 4. Several intrinsic bulk-parameters of the ferrite are 
determined separately (Chapter 2). Some aspectsof the actual performance of 
MnZn ferrite video heads are treated as well (Chapter 3). Stress in the tip of the 
head is found to affect the electrical impedance of the head. The contribution of tbe 
noise by a head to the total electrical noise in the output signal in tbe playback 
mode cannot be neglected. Especially tbe so-called rubbing noise plays an important 
role, which is of magnetostrictive origin and is generated by vibrations in the bead 
tbat are caused by tbe tape rubbing tbe head. 

From the experiments the following conclusions can be drawn: 

I. The analysis of the frequency-spectrum of tbe disaccommodation offers a good 
metbod to distinguish between the contributions of both magnetization processes 
to the permeability of MnZn ferrite. Due to energy-dissipation the in-phase 
oscillation of the domain walls decreases considerably at frequencies above 
1 MHz, while contrarily the 90° out-of-pbase oscillation remains large up to 
3 MHz. Consequently, in operating video heads the motion of tbe domain walls 
gives rise to a considerable amount of energy-dissipation and to phase shifts in 
the video signals. It appears tbat the wall motion deteriorates rather than 
improves the magnetic performance of MnZn ferrite heads. 

2. The dependenee of domain wall susceptibility and rotational susceptibility on 
either uniaxial or biaxial tensile stress is interpreted satisfactory in terms of a 
theoretical model. Hence, a similar theoretical approach might work in future 
also in more complicated stress-situations as one meets in actual video heads. 

3. The damage produced by surface-machining is closely connected with the resulting 
residual surface stress, which is by definition located in the damaged surface layer 
of the ferrite. 
As a rule, surfaces that are chipped contain considerably less residual surface 
stress than unchipped surfaces with heavy plastic deformation. Hot-machined 
surfaces are expected to contain very low residual stresses. Once the surface 
stresses produced are known, control of the stress system in a sample may be 
effected by means of applying the proper machining processes. 

4. An impravement of the permeability of MnZn ferrite at video frequencies can be 
realized by applying mechanical stress to the crystal. In the model systems 
investigated bere such an improvement bas been effected by means of a stress
induced rotation of the magnetization veetors toward a direction perpendicular to 
the magnetic field, which causes a reduction of the wall susceptibility and of the 
dissipational losses involved. 
This suggests that one should not merely try to avoid stresses in a magnetic head 
but should apply the proper stresses in order to improve the magnetic 
performance of the head. 



SAMENVATTING 

Eenkristallijn mangaan zink ferriet, een zacht-ferrimagnetisch materiaal, wordt 
toegepast in magneetkoppen van videorecorder apparatuur. Een magneetkop dient 
voor het schrijven van informatie in een magnetisch medium (de band) en voor het 
lezen ervan vanaf dit medium. Het materiaal waarvan de kop gemaakt is kan 
magnetische flux geleiden door middel van veranderingen in de magnetische 
domeinstruktuur, welke veroorzaakt worden door magnetisatieprocessen. 
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Men kan twee magnetisatieprocessen onderscheiden, te weten een beweging van 
magnetische domeinwanden en een draaiing van magnetische momenten in de 
domeinen. Beide processen verzorgen de geleiding van magnetische flux en dragen 
elk bij tot de magnetische permeabiliteit van het kopmateriaaL De prestaties van een 
magneetkop in een recorder worden op een ingewikkelde manier bepaald door deze 
magnetisatieprocessen, welke op hun beurt alhangen van de intrinsiek magnetische 
eigenschappen van het kopmateriaal en van verscheidene externe factoren. 
Een belangrijke factor is mechanische spanning die, doordat MnZn ferriet 
magnetostriktie vertoont, de domeinstruktuur en de magnetisatieprocessen kan 
beïnvloeden. Het is onvermijdelijk dat mechanische spanningen in het ferriet 
geïntroduceerd worden tijdens de fabrikage van een kop. Uit de literatuur blijkt dat 
zulke spanningen de magnetische eigenschappen van een kop mede bepalen. 

Er bestaat slechts kwalitatief inzicht in de samenhang tussen de magnetische 
eigenschappen van MnZn ferriet magneetkoppen en de magnetisatieprocessen in 
MnZn ferriet onder spanning. Bijvoorbeeld vragen omtrent de spanningen die door 
de kopfabrikage in een kop veroorzaakt worden en het effect van deze spanningen 
op domeinstruktuur en magnetisatieprocessen zijn nog niet beantwoord. Bovendien 
is het onduidelijk in welke mate de domeinwandbeweging en de rotatie van de 
momenten elk bijdragen tot de fluxgeleiding in het ferriet. In het bijzonder geldt dit 
voor het frequentiegebied van de videosignalen (0.1 MHztot 5 MHz). 

Het in dit proefschrift beschreven onderzoek wil meer in het algemeen een 
verklaring geven voor de magnetisatieprocessen in eenkristallijn MnZn ferriet onder 
mechanische spanning, waarbij gebruik wordt gemaakt van een fenomenologische 
beschrijving van magnetische anisotropie en magnetostriktie. 
Hiertoe wordt de magnetische permeabiliteit van het ferriet gemeten aan twee 
modelsystemen die een theoretische interpretatie van de resultaten toelaten. Bij de 
analyse van de permeabiliteit wordt gebruik gemaakt van een nieuwe methode 
waarmee de wandsusceptibiliteit en de rotatiesusceptibiliteit afzonderlijk bepaald 
kunnen worden. Deze methode berust op een meting van het frequentiespectrum 
van de disaccommodatie die in MnZn ferriet optreedt. In de paragrafen 1.2.7, 2.2.5 
en 4.6 wordt het verschijnsel disaccommodatie toegelicht en wordt de gebruikte 
analysemethode beschreven. 
Bij het eerste modelsysteem dat onderzocht wordt is langs een [110] kristalrichting 
een uniaxiale trekspanning aangelegd. Uit de bestudering van de domeinstruktuur 
van dit systeem blijkt dat de voorkeursas van magnetisatie draait naarmate de 
uniaxiale spanning in grootte toeneemt (Hoofdstuk 5). De permeabiliteit wordt aan 
dit systeem gemeten door een magneetveld aan te leggen langs diezelfde [1101 
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richting (Hoofdstuk 6). 
Bij het tweede modelsysteem wordt in het (OOI) kristalvlak van dunne ringen van 
MnZn ferriet biaxiale trekspanning aangebracht door de oppervlakken van de ringen 
mechanisch te bewerken. Zowel de grootte van de aldus aangebrachte spanning als 
het effect ervan op de permeabiliteit gemeten in het (001) vlak zijn onderwerp van 
studie (Hoofdstuk 7). 
De permeabiliteit blijkt in beide systemen op eenzelfde manier door de verschillende 
spanningen beïnvloed te worden. De wijze waarop dit gebeurt kan begrepen worden 
met behulp van de theorie die in Hoofdstuk 4 wordt uitgewerkt. Hierbij worden 
intrinsiek magnetische parameters gebruikt die voor dit ferriet experimenteel bepaald 
zijn (Hoofdstuk 2). 
Enige eigenschappen van MnZn ferriet videokoppen worden behandeld in 
Hoofdstuk 3. De electrische impedantie van de kop blijkt gevoelig te zijn voor 
mechanische spanning in de neus van de kop. Verder blijkt dat de kop zelf een niet 
onaanzienlijke bijdrage levert tot het totale ruisniveau van het electrische leessignaal. 
Vooral de zogenaamde "rubbing noise", die ontstaat door de combinatie van 
magnetostriktie en trillingen in de kop ten gevolge van het wrijven van de band 
tegen de kop, blijkt een belangrijke rol te spelen. 
Enige belangrijke conclusies zijn: 
1. De beweging van domeinwanden gaat gepaard met een hoge dissipatie van energie 

en met faseverschillen ten opzichte van het magnetisch veld. In een MnZn ferriet 
magneetkop zullen hierdoor tussen 1 MHz en 3 MHz ongewenste fase
verschuivingen in de signalen optreden. 

2. De beïnvloeding van de magnetisatieprocessen door spanning is voor beide 
onderzochte modelsystemen theoretisch goed te verklaren. Naar verwachting zal 
een 9ergelijke aanpak van de problemen ook tot resultaten kunnen leiden in de 
veel ingewikkelder situatie in een magneetkop. 

3. Mechanisch bewerkte oppervlakken bezitten een beschadigde oppervlaktelaag met 
een hoge residuspanning. Een gebarsten oppervlak heeft echter een aanzienlijk 
lagere residuspanning dan een plastisch gedeformeerd maar niet gebarsten 
oppervlak. Indien de door bewerkingen veroorzaakte residuspanningen alle 
bekend zouden zijn, zou de spanning in een preparaat in principe beheerst 
kunnen worden door de juiste oppervlaktebewerkingen toe te passen. 

4. De permeabiliteit van MnZn ferriet bij videofrequenties kan verbeterd worden 
met behulp van mechanische spanning. In de hier onderzochte gevallen kon de 
wandsusceptibiliteit bijvoorbeeld verkleind worden door de magnetische 
momenten door middel van spanning loodrecht op de magnetische fluxweg te 
richten. Dit wijst erop dat spanningen in een magneetkop niet altijd vermeden 
hoeven te worden maar daarentegen aangewend kunnen worden ter verbetering 
van de kopeigenschappen. 

) 
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NAWOORD 

Het onderzoek beschreven in dit proefschrift is uitgevoerd op het Natuurkundig 
Laboratorium van de N.V. Philips' Gloeilampenfabrieken te Eindhoven. De directie 
van het laboratorium ben ik erkentelijk voor de mij geboden gelegenheid de 
resultaten van dit onderzoek tot een proefschrift te bewerken. 

Graag wil ik een ieder bedanken die heeft bijgedragen tot het tot stand komen 
van dit proefschrift. 
Prof. dr. ir. W. J. M. de Jonge en Prof. dr. A. R. Miedema dank ik voor hun 
kritische belangstelling voor dit onderzoek en voor hun bereidheid als promotor op 
te treden. 
Voorts gaat mijn dank uit naar Dr. P. F. Bongers voor zijn stimulerende 
begeleiding. 
Gedurende het onderzoek heb ik vele waardevolle discussies gehad met Dr. U. Enz, 
Dr. D. Stoppels, Ing. J. P.M. Damen, Dr. G. de With, Dr. A. Broese van 
Groenou, Ir. J. J. M. Ruigrok en Ir. J. P. G. R. Morel. Hiervoor mijn dank. 
Voor hun experimentele bijdrage aan het onderzoek wil ik bedanken C. J. Geenen, 
Ing. P. G.T. Boonen, Ing. P. Q. J. Nederpel, Ing. T. P. H. G. Jansen, 
Ing. A. J. T. van Sambeeck, Ir. H. Jager, A. Huijbregts, K. Prijs en nogmaals 
Ing. J. P.M. Damen. 
Verder dank ik de leden van de onderzoeksgroep Keramische Materialen en 
Technologie en van de groep Magnetische Recording Materialen voor hun plezierige 
samenwerking. 
Prof. dr. F. N. Hooge, Prof. dr. M. J. Steenland, Dr. U. Enz en Dr. D. Stoppels 
wil ik danken voor het kritisch lezen van het manuscript. 
Mevr. C. M. van Gooi-Leermakers en mevr. A.C. C. M. Moeskops dank ik voor 
het typewerk dat zij hebben verricht. 
Finally, the author wishes to thank J. E. Knowies for critically reviewing the 
manuscript. 
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STELLINGEN 
behorende bij het proefschrift 

MAGNETIZATION PROCESSES IN 
STRESSED MONOCRYSTALLINE 

MANGANESE ZINC FERRITE 

door E.G. VISSER 



De door een videokop geproduceerde "rubbing noise" kan, afuankelijk van de 
meettijd, gezien worden als een stoorsignaal dan wel als ruis. 

2 De veronderstelling van Yonezawa et al. dat in een uniaxiaal gepolijst preparaat 
een uniaxiale spanning heerst is onjuist. 

T. Yonezawa, K. Yokoyama and N. Itö, Nat. Techn. Rep. 25 (1979) 6; 
J. E. Knowles, IEEE Trans. Magn. MAG-11 (1975) 44. 

3 De elasticiteitsmodulus van mangaan zink ferriet heeft een minimum bij de 
compensatietemperatuur van de kristalanisotropie (K1 = 0). Ten onrechte brengen 
Kawai en Ogawa dit in verband met interne spanningen in het ferriet. 

Y. Kawai and T. Ogawa, Phys. Stat. Sol. (a) 60 (1980) K163. 

4 De mengentropie van vloeibare legeringen van alkalimetalen kan beschreven 
worden in termen van een harde bollen model. De hierbij gebruikte harde bol
diameters zijn minder hard dan de naam doet veronderstellen. 

R. N. Singh, J. Phys. F.: Metal Phys. 11 (1981) 389; 
E. G. Visser, W. van der Lugt and J. Th. M. de Hosson, J. Phys. F.: 
Metal Phys. 10 (1980) 1681. 

5 De conclusie van Aso dat in een mechanisch bewerkt oppervlak een spanning 
kan heersen met een component loodrecht op het oppervlak is in strijd met de 
derde wet van Newton. 

K. Aso, Jap. J. Appl. Phys. 15 (1976) 1243. 

6 De op metingen van Fitzgerald gebaseerde conclusie dat de hardheid van 
boorcarbide (B4C) onder 1300 oe niet van de temperatuur afuangt dient herzien 
te worden. 

L. M. Fitzgerald, J. Less-Common Mets. 5 (1963) 356; 
G. N. Makarenko, Proc. Int. Symp. on Boron and refractory Borides 
(V.I. Matkovich ed.), Springer (Berlin 1977) 310; 
I. A. Bairamaskvili et al., J. Less-Common Mets. 67 (1979) 455. 



7 In de modelberekening van de oppervlakte-energie van metalen door Miedema is 
voor de ruwheid van het oppervlak een kleinere correctie toegepast dan zou 
volgen uit de stereologie voor een oppervlak met random verdeelde kristal
oriëntaties. 

A. R. Miedema, Zeitschr. f. Metallk. 69 (1978) 287; 
E. E. Underwood, Quantitative stereology (Addison Wesley 1969) 157. 

8 Wanneer bij de groei van homogeen mangaan zink ferriet eenkristal voortdurend 
smeltmateriaal wordt toegevoegd mag de partiële zuurstofdruk boven de smelt 
vrij gekozen worden. 

M. Sugimoto, Proc. Int. Conf. on Ferrites (Japan 1970) 318; 
Th. J. Berben, D. J. Perduijn and J. P.M. Damen, Proc. Int. Conf. on 
Perrites (Japan 1980) 722. 

9 Het in 1976 door minister Westerterp van Verkeer en Waterstaat bekroonde 
regenpak is voorzien van een voor fietsers onveilige capuchon. 

Eindhoven, 25 maart 1983 


