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Summary

The study of stray magnetic fields from magnetic recording heads for tape applications was
undertaken using the Differential Phase Contrast (DPC) mode of Lorentz microscopy and
Magnetic Force Microscopy (MFM). Electron Beam Tomography (EBT), at Glasgow was
derived from the DPC technique and this was carried out in a highly modified Philips
CM20 (S)TEM; previous EBT work had been carried out using a modified JEOL 2000 FX.
A Digital Instruments MFM 3100 equipped with an Extender™ Electronics Module was
used to study a production data head and an experimental Emboss head supplied by

Onstream ™.

This thesis starts with a brief discussion of the basics of ferromagnetism and the
application of magnetic materials in magnetic recording technology. Development trends
and some recent advances in magnetic recording head design for tape applications are also

discussed.

Chapter 2 gives a review of quantitative techniques developed for magnetic stray field
measurement. The Differential Phase Contrast (DPC) mode of Lorentz microscopy is
presented as is an introduction to Electron Beam Tomography. The second method used to
study the Onstream samples namely Magnetic Force Microscopy is discussed with
particular attention given to the novel features that Digital Instruments employ in making
their instrument an effective tool for the study of magnetic samples. There were several
types of tip available and they fell into two categories, magnetically hard or soft; in the

final section their characteristics are presented.

The results of the electron beam studies on the Emboss head and on the modified data head
are discussed in Chapter 3. This chapter starts with a brief description of the samples. The
preparations of the samples were carried out by Onstream to adapt them for electron

microscopy and is discussed in this chapter. The remaining sections concentrate on the

VII



results obtained from the JEOL 2000 FX on which the Emboss head was studied and
Electron Beam Tomography carried out on the data head on the Philips CM20.

In Chapter 4 the Magnetic Force Microscope method is applied to study the stray field
from inductive heads. The microscope was operated exclusively in Tapping Mode™ and

with Interleave™

mode engaged. Three samples were studied, two Emboss heads, one of
which was experimental and a production data head. One of the aims of this study was to
determine which type of tip would be most suitable for the study of the stray field and we
found that a CoPt coated tip had the magnetic characteristics suitable for the study of stray

field.

Conclusions and suggestions for further work are given in Chapter 5.

In an Appendix the topic of noise in the DPC data for tomographic reconstruction is
discussed. This was inspired by the major problems encountered with the stability in the
JEOL2000FX gun output. The influence on tomographic field reconstruction of increasing

noise added to DPC data for a model recording head is analysed.
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Chapter One Ferromagnetism and Magnetic Recording

Chapter One

1 Ferromagnetism and Magnetic recording

1.1 Introduction

This chapter deals with the basic principles of ferromagnetism and leads on to the
principles behind magnetic recording. The reasons why some materials exhibit
ferromagnetism will be discussed and the formation of magnetic domains will be covered.
In the section on magnetic recording, the fundamental theory will be described including
the development of magnetoresistance elements for the read-back function. The final
section is concerned with the design of recording heads, which are suitable for the linear

tape systems, used in the data backup market.

1.2 Ferromagnetism

A ferromagnetic material is one which may possess a spontaneous non-zero net magnetic
moment in the absence of an applied magnetic field. Known ferromagnetic substances
include transition metals, rare earth elements and their alloys and oxides. They all display

ferromagnetism below a critical temperature called the Curie temperature (T;), for

example for nickel this is below 356°C. Elemental ferromagnetic materials have a
magnetic dipole moment associated with each atom. This is caused by the angular
momentum which, due to the quenching of orbital angular momentum, arises
predominantly from the spin of unpaired electrons in the 3d or 4f shells. In a ferromagnet
the magnetic dipoles are aligned parallel to each other below the Curie temperature, unlike
a paramagnetic material where the dipoles are randomly aligned due to thermal agitation.
To account for this cooperative phenomenon, Weiss (1907) [1] proposed the presence of an

internal molecular field. This internal field, Hy,, is proportional to the magnetisation (M)

and produces the parallel alignment of the atomic dipole moments.
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The presence of the molecular field was accounted for by Heisenberg [2], who proposed a
quantum mechanical interaction, known as the exchange force, acting between each atom
and its nearest neighbours. Due to the Pauli [3] Exclusion Principle the total wavefunction
for a quantum mechanical system comprising electrons must be antisymmetric. The
wavefunction can, however, be thought of as the product of spatial and spin wavefunctions
and for a two electron system the electrostatic energy is dependent on the relative angle
between the two spins. When the spins are parallel a minimum in the electrostatic energy
is obtained when the spatial part of the wavefunction is antisymmetric. The exchange
force tends to align the atomic magnetic dipoles to lower the energy and is therefore the

phenomenon responsible for ferromagnetism.

1.3 Energy Considerations

The spontaneous magnetisation and domain structures arise due to the fact that, a material
will always seek to be in a state in which its potential energy is a minimum. By
considering the various macroscopic energy terms it is possible, in certain cases, to predict
the magnetic state of a system by minimising the total energy. However, for many systems
the energies of different states are finely balanced and micromagnetic calculations are

required.

1.3.1 Exchange Energy

As discussed in Section 1.2 the exchange energy is responsible for the spontaneous
alignment of atomic magnetic dipoles in a ferromagnet. The interaction energy between

two individual particles takes the form;
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where J is the exchange integral for the two interacting particles, and S; and Sj are the spin

parts of the wavefunctions describing the particles. Equation (1.1) is seen to favour

parallel alignment and thus ferromagnetism if J is positive.

In terms of a finite volume of magnetic material, the exchange energy is more completely

described by,

E, =A[l[Va) +(vB) +(vy) kv (12)

v

where a, B and y are the directional cosines of the magnetic vector and A is the exchange

constant of the material and is defined by,

_ kJS?
a

A

(1.3)

k is a constant whose value depends on the crystalline structure, a is the lattice constant, J
and S are respectively the exchange integral and the magnitude of the spin of magnetic
moment. Since J is positive for a ferromagnetic material so also is the exchange constant.
From equation (1.2), E is a minimum when the atomic dipoles align parallel to each other
and is therefore the phenomenon responsible for the spontaneous magnetisation of

ferromagnetism.

1.3.2 Anisotropy Energy

If a magnetic material has preferred magnetisation directions, along which the specimen is
much easier to magnetise, it is said to be anisotropic. The preferred direction are often
referred to as the easy axis and in the case of magnetocrystalline anisotropy are related to
crystal lattice directions. Deviations of the magnetisation vector from an easy axis results

in an increase in the anisotropy energy.

For a single cubic crystal, the anisotropy energy is well defined by the first two terms of a

series expansion of the directional cosines,
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Ey = J[KI(GZBZ +BZY2 +Y20Lz)+K20LZBZYZ] dv (1.4)

\

where K1 and K7 are the first two anisotropy constants of the material. For transition

metals K1>>K» and the anisotropy energy can be approximated to just a single term.

In uniaxial crystals such as Cobalt, which has a hexagonal crystalline structure, the

anisotropy energy is described by,

E, = J[K,(1-y")+K,(1-7*)*] aV (1.5)
v
Anisotropy energy explains certain orientations of domain magnetisation.

1.3.3 Magnetostatic Energy

The magnetostatic contribution to the energy of a magnetic system arises from the
interaction between magnetic ‘free poles’. These are generated either within the volume of
the magnetic material or at its surface where there is a divergent component of
magnetisation. These free poles give rise to both an internal field and an external stray
field, which is in the opposite sense to the magnetisation. These can be described in terms
of an integral over the volume and surface of the source. The field is often termed the

demagnetising field, Hy, and is given by,

1 | -VeM 1 { Men
Hy=— dV+ J ds
4ﬂJ r2 47 r2 (1.6)
v S

where r is the position vector for the points in space where the field from the charge is
evaluated (field points) and n the outward pointing unit vector, normal to the surface. The
term V.M is equivalent to the magnetic volume charge and M.n is the magnetic surface
charge. This integral is easily evaluated for an ellipse but for other common shapes, such

as rectangles, the integral has no simple analytical form.
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The energy contribution due to the demagnetising field is called the magnetostatic energy

and takes the form,

1
E, =_EHO£M.HddV (1.7)

where Yo is the permeability of free space. The most effective way to decrease the
magnetostatic energy is to divide the magnetic specimen into magnetic domains, which is
discussed next. The free pole density gets less as the specimen is divided to create more

domains and may even vanish on the surface when closure domain structures are present.

1.3.4 Magnetic Domains

The observed net magnetisation of a ferromagnetic body is often substantially less than the
saturation magnetisation of the magnetic material from which it is made. To explain this,
Becker [4] introduced the concept of magnetic domains. This hypothesis, which was later
confirmed by Bitter [5], assumes that there are many different regions of spontaneously
aligned magnetisation within a sample, each with a different direction of magnetisation.
These different directions of magnetisation result in a lowering of the overall net

magnetisation of the body.

An example is shown in Fig. 1.3.4.1, which shows schematically the development of
domains in a magnetic specimen. Originally the sample was all magnetised in the same
direction and there is a large amount of magnetostatic energy (equation 1.7) stored in the
free space around the material. As the specimen is demagnetised the magnetisation
distribution is divided into progressively narrower domains of opposite magnetisation
leading to a reduction in the magnetostatic energy. If the loss in the magnetostatic energy
is greater than the increase in the exchange energy and the anisotropy energy due to the
formation of the domains, the magnetisation in the specimen will be subdivided into more

domains until a minimum energy state is reached.
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Fig. 1.3.4.1. The Emergence of the domains as a result of the demagnetisation

The boundaries between domains are known as domain walls and the magnetisation vector
smoothly rotates within a wall between the two directions of magnetisation in the adjacent
domains. In iron this domain wall can be ~300 times the lattice spacing in width. The
domains in the thin films, as demonstrated in Fig. 1.3.4.2(a) are mainly the results of
minimising the magnetostatic energy. For bulk cubic materials, in Fig. 1.3.4.2(b) the
domains tend to form 90° and 180° domain walls as the cubic anisotropy ensures that the
directions at right angles to the magnetisation in a given domain are also magnetically easy
axes. Provided that the edges of the sample are along the {100} or {111} directions.
Depending on how the magnetisation vector rotates, the wall is either referred to as a Bloch
[6] or a Néel [7] wall. In a Bloch wall the magnetisation rotates out of the plane of the film
as shown schematically in Fig 1.3.4.3. A Néel wall however has an in-plane rotation of

magnetisation.
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Although wall energy is a combination of previously introduced energies it is valid to

consider it as a separate entity, Ey,

1.3.5 Total Energy
The total energy of a magnetic system, Egqt, is given by the summation of all the energies

introduced above viz.:

E,=E, +Ef+E_ +E,, (1.9)

To determine the final magnetic state of the system, the total energy must be minimised.
The four energy terms are however inter-related and the balance between them is the factor
which controls the magnetic state of the sample. For example, in many cases the
magnetostatic energy may be lowered, or even nulled by the formation of closure domains.
This however has the consequence of increasing other energies, Ew is increased due to the
closure domain walls and Ex is increased since the closure domains may be orthogonal to
the easy axis direction. In a fully demagnetised state the magnetic system will be such that
there is a global minimum in the total energy. When, however, the system has not been
demagnetised the remanent state is only a local minimum. Thus the energy of the system

is dependent on the previously applied field. This “memory” of the last applied field is

called hysteresis and is fundamental to magnetic recording technology.

1.4 Magnetic Recording Principles

Magnetic storage has been around for over a 100 years. The first working apparatus in
which information was stored in a steel piano wire was described by Poulson [8] in 1900.
Over the last few decades there has been unrelenting pressure to increase the amount of
information and its spatial density, which can be stored using magnetic media. The
combination of an inductive element for the write/read processes and the magnetic
recording media on which the data is written is still the main platform of this rapidly

developing technology. Almost all the revolutions in recording density and data rate are the
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result of the minimisation in the size of the inductive element and the development of
improved magnetic materials for recording heads and media. A newer addition to this
technology is the inclusion of a separate non-inductive element to read the stored
information. This element utilises the magnetoresistance effect, which is defined as “ A
change in the resistance of a metal due to the presence of a magnetic field.” [9]. This
enables heads to be designed for specific tasks, either writing or reading the data; in earlier

years of magnetic recording an inductive head performed both tasks.

1.4.1 Hysteresis

Hysteresis is the phenomenon in which two physical quantities are related in a manner that
depends on whether one is increasing or decreasing in relation to the other. This was first
observed in a magnetic material by Warburg [10] in 1881. The hysteresis loop, shown in
Fig.1.4.1.1, results from irreversible magnetisation processes. To determine the hysteretic
characteristics of a magnetic material a field is applied in one direction, which is
sufficiently large to align all the domain magnetisations to the direction of the applied
field. Then the field is reduced to zero, reversed and finally increased to saturation in the
opposite direction. By sweeping the field in the opposite sense a similar curve is obtained
thus completing the loop. The remanent magnetisation M; acts as a type of memory of the
last field maximum, both in magnitude and direction, experienced by the magnetic
material. The hysteresis effect is used in magnetic recording technology to store
information in digital form for computers and related devices, or in analog form in some

audio and video signal recording.
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Fig. 1.4.1.1 A typical hysteresis loop for a hard ferromagnetic material.

From the above graph three quantities, M;, M, and H,, provide the principal
characterisation of a magnetic material. These determine the suitability of a ferromagnetic
material for application in write or read heads and for media fabrication. Another
important property of ferromagnets is their high relative permeabilities, especially for use
as soft magnets as in recording heads. The permeability of a ferromagnet is not a constant
but varies as a function of the magnetic field and the operating frequency. Quantification

of this property is rather difficult but it can be described by the following relationship

B=pu,u H (1.10)

where 4 is permeability of free space and 4, is the relative permeability of the material.

For applications such as recording media, where the recorded information must be easily
retrieved whenever necessary with minimum distortion, the materials must have
sufficiently large coercivities to prevent the loss of or change to information due to
extraneous fields. On the other hand, the coercivities have to be sufficiently small to allow
the material’s “memory” to be erased and new data recorded by the recording head. The
magnetic recording media ideally should have as large saturation and remanence

magnetisations as possible to provide a large signal during the reading process; this is

10
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especially true with the continuing scaling down of the area of an information bit necessary

to achieve increased recording density.

A recording head material on the other hand should have high permeability and high
saturation magnetisation to generate high magnetic induction for a given magnetic field
and leave a large imprint on the media. Also the head must have a low remanence to
ensure that there is no writing field when the current in the coil is zero. Other properties for
head core material, which must be considered, include the electrical resistivity p, the

thermal coefficient of expansion and the mechanical hardness [11].

1.4.2 Magnetoresitance (MR)

Lord Kelvin discovered the MR effect in iron in 1856 and in the following year in nickel
[12]. However it was not until the end of the 1960’s that its potential was realised for
reading information from magnetic media [13]. MR materials are characterized by the
property that their electrical resistance changes when a magnetic field is applied. In 1988
giant magnetoresistance, GMR, was reported by Baibich et al [14] in a multilayer Fe/Cr
superlattice; the increased sensitivity which this provides in the read back of digital data

has had a major impact on the recording industry.

The GMR phenomenon is present in multilayer structures consisting of conducting
ferromagnetic and non-magnetic layers just a few nanometres thick [15]. One such GMR
multilayer structure is the spin-valve multilayer, and is shown schematically in Fig 1.4.2.1.
Exchange-biased spin valve layered structures were first described in 1990 by Dieny et
al[16]. The simplest spin valve includes a ferromagnetic layer (called the pinned layer) in
contact with an antiferromagnet layer, which fixes the magnetization direction in the
presence of fields from the tape. A conducting non-magnetic layer separates the pinned
layer from a second ferromagnetic layer (called the free layer), whose magnetization is free
to rotate in response to the field from the tape. In this way, the magnetisation changes
between being parallel, (shown by the two solid blue arrows in figure 1.4.2.1) a low
resistance state to antiparallel, (the top solid blue arrow and the dotted blue arrow) a high

resistance state, as the magnetic flux transition pass under the head.

11
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Philips and later Onstream utilise MR and GMR materials in a read back sensor in which
the material bridges the gap in the yoke of a thin film head. This construction of read
sensors is known as Yoke Magnetoresistance Element (YMRE) form and they were

introduced for tape recording applications around 1983.

1.4.3 Inductive Recording Heads

The utilisation of hysteresis for magnetic storage is easily implemented using an inductive
read/write head. An early form is the “ring-head”, which is illustrated in the simplified

schematic of Fig 1.4.3.1.

Input signal

track width
bit length

magnetic medium

Fig. 1.4.3.1. Schematic of the recording process of a ring head in tape recording.

The signal to be recorded is applied via the coil, which is wound around a magnetic core.
This has the effect of generating a magnetic field, along the axis of the coil, which then
magnetises the core of the head. In turn this leads to the generation of a magnetic field at
the narrow gap; this is proportional to the input signal provided saturation effects are not
present. The stray field from the head gap magnetises the recording medium as it passes in
front of the head. The stray magnetic fields emanating from the magnetic media after
recording, are representative of the recorded signals and can be detected using an inductive

head. Detailed analysis of the magnetisation in the medium is very difficult as the

13
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magnetic fields at different depths in the recording medium are different and the writing

field is a function of time.

An inductive head, working in read mode, provides a flux closure path for stray fields
emanating from the magnetic media. The variation of magnetisation within the magnetic
core, which results from this flux closure, induces an output voltage in the coil, given by
Faraday’s Induction Law. This law states that the e.m.f. induced in a circuit is equal to the

rate of change of flux linking the circuit,

N
V=N (1.11)

where, V is the induced e.m.f., N is the number of turns in the coil and ¢ the magnetic flux.

This process is analogous to that of writing but with the input and output roles reversed.

The introduction of thin film technology has allowed inductive heads to be deposited layer
by layer. This has resulted in smaller pole tips and consequently inductive heads can now
write much higher bit densities. Unfortunately, however, the present bit densities which
can be written do not result in a sufficiently large stray field for inductive data recovery.
This has been a principal reason for the rapid development and introduction of GMR read
heads. This does however enable inductive heads to be optimised for the single task of
writing data. Another benefit of designing heads only for writing information is that they
require fewer copper coils, materials, photolithographic masking operations, and

dimensional tolerance requirements are relaxed.

The recording media can be either in the form of a spinning disk or a passing magnetic
tape and inductive recording can be used to record either analogue or digital signals. In
Fig. 1.4.3.2 below the current I(t) represents the information to be recorded. The shape of
the output signal waveform via the head depends on the head’s geometry. . In all
electronic systems there are sources of noise and in tape recording there is also media
noise. However, in a digital system, the electronics has to decide only if a transition is
present or not, unlike an analogue system where the signal should ideally be reproduced

exactly. This gives digital recording an advantage over analogue recording in that there is

14
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the vast improvement in signal to noise ratio. Digital recording format also has the ability

to store a greater amount of information on a smaller area of magnetic material.

noise: head, tape, electronics

l+
write

it . ,
_(._’__.. X equalizer detector ——
read

I AN | B

Fig.1.4.3.2. Digital Recording Schematic.

1.4.4 Magnetoresistive Heads for Data Reading

As stated previously a magnetoresistive (MR) sensor exhibits a change in resistance in the
presence of a magnetic field. Recording heads using this phenomenon can provide higher
read sensitivity than traditional inductive elements. In addition the output of a MR sensor
is proportional only to the magnetic flux and is independent of the head-tape velocity.
These types of sensors can only be used to recover information, which has previously been
written by an inductive head. Consequently a recording system which utilises
magnetoresistive readback must either have separate read/write heads or, as is more
common, a single composite structure which incorporates both an inductive write coil and

an MR sensor.

To linearize the output from a MR sensor there are two options. The first is to provide a
bias conductor close to but separate from the MR sensor, this technique is currently
employed in the Onstream heads. Secondly to construct a ‘barber pole’ metallization
structure on top of the magnetoresitive element (MRE), (see fig.1.4.4.1). The name barber
pole is given to this design due to the conductor stripes that are constructed on the MRE at
an angle <45 degrees to the long axis of the MRE. The current in the MRE flows almost
perpendicularly from one conductor stripe to the other. Since the magnetization, at the
zero applied field, is in the length direction, the angle between the current and

magnetization varies around 45 degrees and maximum linearity is obtained.
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