University of Plymouth

PEARL https://pearl.plymouth.ac.uk
04 University of Plymouth Research Theses 01 Research Theses Main Collection
1986

A multiple-film magnetoresistive replay
head, for audio applications.

Watson, Mark Lee
http://hdl.handle.net/10026.1/667

http://dx.doi.org/10.24382/4554
University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with
publisher policies. Please cite only the published version using the details provided on the item record or
document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



DECLARATION
I Declare that this thesis is the result of my own
investigations only, and has not been submitted either in
full or in part for the award of any other degree. During the
research programme I was not a registered candidate or
enrolled student for another award of the C.N.A.A. or any

other acedemic or professional institution.

;\ \XX& ’

(1)



ADVANCED STUDIES

During the research program I undertook a course of advanced
studies. These included the extensive reading of literature
relavant to the research project; the attending of several
one day, and one week 1long, conferences related to my
studies; and wundergoing a course of tuition on the use of
both transmission and scattering electron microscopy for use

in micrography and film analysis.

(1i)



ABSTRACT

A MULTIPLE-FILM MAGNETORESISTIVE REPLAY HEAD, FOR AUDIO
APPLICATIONS "

by

MARK LEE WATSON BSc.

Sensors have been fabricated, which are able to read
the information stored on magnetic tape using the anisotropic
magnetoresistance effect. These have major advantages over
conventional replay heads in that they are multi-track
devices, with very small trackwidths. To overcome the signal
limitation imposed by the reduced trackwidth the sensor
consists of two long magnetoresistive -elements which are
folded together. By differentially sensing the
magnetoresistive signal in each of the <elements second
harmonic distortion c¢an be removed. To improve the linearity
of the magnetoresistive response, the sensors are arranged in
such a way that the sensor signal current in each of the
elements provides the field necessary to correctly bias the
head. A theoretical evaluation of the bias field for all
configurations of element has been performed, and was found
to fit experimental data.

Sixteen tracks are provided across the width of a
compact cassette tape, and the design specifically allows the
finished sensors to be packaged wusing standard components.
Several performance related features have been considered,
and various other fabrication aids included on the photomasks
used to build the sensors. These photomasks are provided by
the S.E.R.C. from an original computer ©program written in a
graphics language, which defines the size and shape of the
various elements making up the device. The heads are
fabricated using photolithographic methods, from thin films
of several materials all of which are R.F. sputtered. To
improve the performance of the sensors, various
electro-magnetic properties of the magnetoresistive layers
have been measured using apparatus built especially for the
purpose. These properties have been optimised by varying the
bias potential used in the sputtering process. The finished
heads have been tested, and have been found to compare well
with the theory derived to describe their performance.
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CHAPTER ONE

" The anisotropic magnetoresitance effect observed in thin

ferromagnetic films, and its use in magnetic recording "

Page 1



1.0 Introduction.

1.1 Historical background to Research in Magnetorzssistance.

In 1856 Professor W. Thompson [1] began a series of
experiments on "the -electro-dynamic qualities of metals"
which was to lay the foundations for a vast arcsa of res=2arch
and development that continues to this day. Following his
initial results 1in which he described the wvariation in
electrical resistance of several different metals, a second
paper was published the following year [2] giving the first
description of Anisotropic Magnetcresistance. In this paper
it was shown that the electrical resistivities of Iron and

NMickel are increased when these materials are magnetised.

Between 1857 and 1930 research intc the phencmena
continued, although interpretation of the data given is often
difficult due to the longitudinal resistivity being a more
favoured area of investigation than transverse measurements.
Additionally the initial <condition of the materials
magnetisation is not known in many cases, making conclusions
about the actual magnetoresistance indeterminate . In 1930
McKeehan [3] placed the study of the longitudinal resistivity
on a more rational footing. In this paper he listed over 40
references on work done prior to his study; ancd gave results
showing that the 1longitudinal resistivity of llicksl and

Permalloy are approximatzly functions of magnetic moment
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orientation only, and do not necessarily depend on whether s
given orientation is produced by the application of a

magnetic field or by elastic stress.

Building on this investigation Bozorth in 1946 [4]
extended the domain theory of Doring [5] with measurements of
the longitudinal and transverse vresistivities of several
Nickel-Iron alloys of varying composition. In addition to
which the first use of the difference between the
longitudinal and perpendicular resistivities of the specimen
was given in order to overcome irregularities introduced by
the initial magnetic state. The variation in the percentage
change in resistivity as a function of the amount of Nickel
in the alloy was also described, although this dependence had
already been shown for Nickel-Cobalt alloys by Shirikawa in
1936 [6]. For the NiFe system the maximumum magnetoresistive
change occurred at 90%ZNi/10%Fe, and for the NiCo alloys at
80%Ni/20%Co. It was also shown that the effect of stress was
more complicated than had previously been reported, with the
result depending on the particular alloy, it's
magneto-strictive coefficients, and crystalline grain
structure. Only in favcocurable cases would the application of
an external applied magnetic field restore the samples

resistivity to the unstressed value,

With the growth in ressarch during thes late 1940's a
clearer picture of the electronic and magnetic behaviour of

ferro-magnetic materials began to emerge. In 1949 Snoek [7]




pointed out that the mean saturation-magnetcstriction of liFe
and NiCo alloys vanish when the number of Bohr magnetons per
atom becomes equal to one. Another coincidence noted was the
occurrence of a maximum in the magnetoresistance at about the
Same compositions. These observations stimulated Smit in 1951
[8] and Van Elst in 1959 [9] to conduct comprehensive
investigations of the magnetoresistance of Nickel and Iron,

NiFe, NiCo, and NiCu alloys.

In Smit's paper it was shown that the behaviour of purse
metals was essentially different from that of the alloys
investigated. At low temperatures the predicted maximum in
the magnetoresistance of the alloys having ons Bonr magneton
per &atom was observed. An explanation of the difference
between the 1longitudinal and transverse resistance was also
given involving spin-orbit interaction. The 1later paper of
Van Elst gave data on some 40 different nickel alloys, and
discussed the results 1in the light of several theorcstical
suggestions. His conclusion being that the essential factor

in the anisotropy of the magnetoresistance was the density of

(4]

nergy states at the surface of the fermi distribution of the

cslectrons.

There have been several studies published since these
papers in which the variation in the percentage
magnetoresistance change as a function of the thickness of
NiFe thin films has been examined. The first of these was by

Mitchell et. al. in 1964 [10]. For this investigation glass

U
[4))
aa
(D
=




substrates gere used heated to 300 degrees, and the vacuum
held at 10— Torr during evaporation. The evaporation rate
was given as 2000 Angstroms/min. To align the casy axis a
constant 20 Oe magnetic field was applied oriented 1in ths
plane of the film. The main conclusions drawn were that the
thickness dependence of the resistivity could be explained by
the scattering of the conduction =<electrons by the films
surfaces as predicted by Fuchs [11]. However a correction was
made to the thickness measurements, in which 85 Angstroms was
deducted from cach value taken, supposedly to allow feor a 100
Angstrom non-conducting layer. In all other respects the data
from thin films of NiFe was found to be comparable to the
bulk values, once allowance had been made for the anomalously
high resistivity of the films due to their dimension
constraints, and strain interaction between the film and

substrate.

In 1965 Kuwahara [12] published similar experimental
results to Mitchells, with the exception that the thickness
of the films was given as a "magnetic thickness", taken from
the vertical opening of the hysteresis 1loop for each
specimen, compared with that taken from a standard film. A
decrease in the saturation magnetisation of the 80%/20% NiFe
films was found with decreasing thickness, with a rapid
decrease for films thinner than 100 Angstoms. However no
intrinsic relationship between the magnetoresistance and the
saturation magnetisation was found, although an M sguar=d

variation was postulated. Additiongl results were publisned
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in 1968 by Williams [13] which followed closely the earlier
work of Mitchell, with a near linear variation in

magnetoresistance over the thickness range 100-1000

Angstroms reported.

The effect of deposition conditions and composition of
the NiFe alloy on the magnetoresistive and magnetic
properties of —evaporated films was further studied by
Krongelb [14], and reported in 1673. The object of this work
was to investigate the variation of the coercivity as the
magnetoresistance was improved by varying the deposition
parameters. It was found that the optimum fractional change
in the resistivity for the NiFe films, could be produced by
using a high substrate temperature ( 300 degrees ) and an
alloy with 14-15% Iron. However these conditions 1led to a
high coercivity and dispersion making such films undesireable
for use in device fabrication due to unpredictable switching.
The deposition parameters required to produce acceptable
films weres reported as being:- a) a substrate temperature of
250 degrees centigrade; b) an alloy composition of 18-19%
Iron; «c¢) a vacuum of better than 2x10“6 Torr and d) the
application of a constant 60 Oe magnstic field in the plane
of the film to define the zasy axis. Additionsl work on thre
annesaling of the films was reported by Krongelb and others
[15] later that year. In this it was shown that films could
be deposited at thes lower substrate temperature, 1in order tc
reduce the high coercivity problem; and then annealed under =

-8
vacuum of 5x10 Torr in an orienting field cf 500 0Oe, tnus
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Figure 1
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Substantially improving their performance. This increase in
perfcrmance was attributed to a growth 1n particle size, and

grain size within the film.

Prior to this work Chen et. al. had in 1971 [16] studied
the geometrical size effect in single crystal and poly
crystalline Nickel films, by measuring their transverse
magnetoresistivity anisotropy at room, liquid nitrogen, and
liquid nelium temperatures. They concluded that the
distortions in the transverse magnetoresistivity anisotropy
observed were primarily due to the demagnetisation field and
a geometric size effect introduced by the thickness of the
films being less thap the electron mean free path. From the
transverse measurements taken, this size effect was
determined, but was found to differ from that calculated from
the free electron model. It was postulated that the materials
electronic structure played a greater part than allowed for
in the theory. The results of the early investigations on
vacuum evaporated NiFe films are given graphically in Figure

(1).

Although the size effect introduced by the thickness
limitation in thin films had been postulated for many years,
no consideration had been given to the effect of geometry or
scale of the other film dimensions on the magnetic
performance of thin films until practical devices ©Decame
possible. In 1961 Middelhoek [17] had made a study in his

PhD. thesis of the effect of the structure of ferromagnetic
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films on their magnetic properties and domain formation. One
conclusion reached in this work was that the theoretical
calculation for the direction of magnetisation in the filrm
from the simple domain model did not <coincide with
experimental observations. In fact, reversal of the
magnetisation was found to occur at critical values of the
external field determined by the formation of domains, a

characteristic which was found to be film dependent.

Using this study as a starting point, Fluitman
described in 1973 [18] an examination he had made of the
variation in magnetoresistance and coercivity of NiFe
elements, as a function of their thickness to width ratio.
The thickness was varied from 200-10,000 A, and the width
from 2-1000 microns. The films were produced by a method
similar to Krongelbs, wusing glass substrates heated to 250
degrees, and an aligning field of 40 Oe. From
measureaments of the transverse magnetoresistance and
coercivity, it was found that the geometry of thes elements
had a marked effect on both of these properties. If the
demagnetising field of the film was small the
magnetoresistive responsse was governed by the films
dispersion; requiring the application of a small trensverse
field 1in the reverse field direction to restore the
magnetisation direction to 1its original state, once the film
had been saturated by an applied transverse field. However,
it was recognisasd that cther processes were invcoclved to do

with the propagation of domain walls; resulting in domains




being formed having opposite directions of M. For films
having a 1large demagnetising field the anisotropy of the
strip was governed by an anisotropy constant associated with
the elements geometry. Thus for films with a small
dispersion, the magnetoresistive response was similar tc that
of films having a small anisotropy field; but for films
having a 1large dispersion (>10 degrees) the magnetisation
vector relaxed back to its wundisturbed position without the
application of a reverse field.. Additionally the higher
values of coercivity resulting from decreased element width
were ascribed to the fact that small strips behave

increasingly like single domain systems.

The examination of the magnetisation dynamics of
magnetoresistive elements having small dimensions continued
with more work on the <coercivity variation as a function of
element width by Kryder est.al. in 1979 [19]. It had already
bee noted by Herd and Ahn in 1979 [20] that the high
coercivities associated with small element widths could be
reduced by a factor of 10 using multi-layered NiFe films with
an 1insulating spacer. In the same year they published the
results of an investigation into this reduction, using
Loreﬁtz electron microscopy to examine the switching
behaviour of single and bi-layer strips of varying
thicknesses [21]. The electron micrographs given in this
paper showed the formation and growth of the domain pattzrns
formed in both types of element a2t remnance, and with an

inereasing reverse field. It was postulated that feor the
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single layers having a low coercivity, the formation of
charged walls retarded switching wunder application of a2
reverse field; whilst in films having a high coercivity,
reversal takes place by the sweeping of the closure domains
from the ends, through the strip. The reduction in coercivity
by the use of an insulating separation layer was explained by
the closely coupled layers enhancing the rotation of blocks;
and the movement acfoss the strip of the reverse domains from

along the edge.

This use of an inter-layer between two NiFe elements to
reduce domain related effects 1in their magnestoresistive
response was modified by Van Ooyen et. al., in work reported
in 1982 [22], in which a conducting non-magnetic inter-layer
of Molybdenum was used. The thickness of the inter-layer was
varied from 40-4000 Angstroms, whilst the NiFe 1layers were
kept at a constant thickness of 750 Angstroms. Various
combinations of easy-axis orientation and applied field
direction were also examined. It was found that the laminated
elements magnetoresistive Dbehaviour deviated from that cf a
single layer =lement, and a qualitative interpretation of the
result was given. Additionally, <calculations were made to
predict the resistance response to an external applied field.
The model used assumed a homogenesous magnetisation 1in each
NiFe film, but in differing directions. The magnetic energy
was then minimised with respect to the direction of
magnetisation in each film, and the resistance calculated. In

order to calculate the total magnetic energy, the anisotrony,
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field, and demagnetising energies were considered. The
calculated results were found to be 1in good agreement with
the measured behaviour. This configuration was further
analysed by Pchm et. al. [23] using a one dimensional model
to predict the magnetisation distribution in the
magnetoresistive elements. This model showed that for very
small elements both demagnetising and exchange effects had to
be allowed for; and provides a convenient method fcr
calculating the average demagnetising effects and

magnetoresistive response feor such elements.

In addition to reduced sensitivity due tc the higher
coercivities associated with small width elements, it had
been noted that the magnetoresistive response Dbecame
characterised by numerous irreversible jumps. These jumps are
magnetic in origin, and are related to "Barkhausen MNoise".
They were studied by Tsang and Decker [24] who observed
separately the magnetoresistive response and the domain
behaviour of small elements using a bitter solution
technique. It was found that the hard-axis responses was
governed by the nucleation and expansion of reversed polarity
Neel walls. Although detailed <correslation between these
effects and the elements magnetoresistance was not possible,
in this work published in 1980; the following yesar the
simultaneous observation of the domain structure in the
film, and 1ts magnetcresistive ressponse was described by
the same authors [25]. Detailed discussion of their

observations was given with the conclusion that domain wall
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state transitions constituted the major source of noise. To
understand the nature of the positive to negative polarity
Neel wall transitions, the energetics of the formation of
such reverse polarity segments, and the elementary properties
of such segments in different applied fields were considered.
It was established that the transverse magnetic reversal of
the elements typically involved the systematic creation and
intensification of buckling domain patterns.'The casy-axis
dispersion effect and the longitudinal demagnetisation energy
effect were identified as being the causes of these domain
patterns, and the observed jumps in the magnetoresistive
response were attributed to wall state transitions caused by

instabilities in the domain patterns thus formed.

vThis research continued, and in 1982 a systesmatic study
of wall populations in a variety of film geometries and film
properties was made. The effect of an applied transverse
magnetic field on the domain response of elements having
different orientations of uniaxial anisotropy easy-axis was
also observed [26]. It was vrevealed that the geometry
dependent longitudinal demagnetising energy constitutes the
primary factor in the creation of domains in typical
transverse reversals. For elements having a 1length tc width
ratio <close to unity, dispersion effects in the wuni-axial
anisotropy combined with: this effect to produce high wall
populations which were postulated to be both geometry and
material dependent. Edge effects were also focund tc be

important in the elements magnetoresistive response, in that
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they determined the resultant buckling pattern geohetries;
and any fluctuations in these edge states could producs long
term fluctuations in the geometry of the domain pstterns.
Other orientations of 'the anisotropy axis were found to
produce new reversal behaviour, especially in the case where

the axis was oriented transversely, but these orientations

did not reduce domain activity.

Work still —continues on the domain nucleation and
propagation of small magnetoresistive elements in an
attempt to understand their micromagnetic behaviour, and
improve their performance for use in practical devices. In a
paper published in 1984 Tsang [27] discussed outstanding
problems in the use of the phenomena in small field sensors
with the conclusion that much work would be required to
utilise all of the possibilities of such devices without
compromising their advantages. The following year Ozimesk and
Paul [28] presented the results of an investigation they had
made of the magnetisation dynamics of micron size thin NiFe
films both with and without an under 1layer of Titanium. They
postulated that the lack of motion of domain walls minimised
the Barkhausen noise and this minimisation could be acheived
by decreasing the 1length to width ratio, or increasing the
film thickness. In elements in which there was a high aspect
ratio and a reduced thickness it was found that edge domain
walls were nucleation centres for domain reversal. Further it
was considered that & higher aspect ratio nhad a greater

effect on the domain properties of the elements than did the
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thickness. The use of a2 Titanium under 1layer was found to
increase the asymmetry of the B-H cycle, and decrease the

reproducibility of the results.

From this brief outline it can be seen that a great deal
of fundamental resesarch has been done to improve the
understanding of the transverse magnhetoresistive effect in
the 100 years Since it was first discovered. In
particular it «can be seen how extensive résearch into the
magnetic and electrical properties of small elements of
magneteoresistive material has made the fabrication of
practical devices for use in wide range of applications
possible. It must be ©pointed out however that this is only
one small part of the much larger subject of
Galvanomagnetism. Much work has also been done to investigate
the wider topics of thin film resistivity and
ferromagnetism. Although it is not intended to expand on them
here, attention must be brought to the work of Mayadas and
Shatzkes published 1in 1970 [29] and 1974 [30], in which a
theoretical model for the resistivity of thin NiFe single
crystal and polycrystalline films was given, based on the
much earlier work of Fuchs [31]. In the field of the
ferromagnetism of thin films the work of Prutton [32], who
described the film dependence of various magnetic properties
other than the anisotrcpic magnetoresistance, and Hoffman
[33] who gave the first mathematical descriptions of
phenomena such as the observed magnetisation ripple, has

improved the understanding of the magnetic behaviour of such
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films considerably. Thus although this thesis describes the
design, fabrication, testing, and theoretical description of
a device utilising the transverse anisotropic
magnetoresistance effect, it must be seen in the context of

the much wider subject.

1.2 Use of transverse magnetoresistive effect to sense

magnetic fields,

In the previous section outline has been given tc the
research 1into the anisotropic transverss magnetoresistive
effect with respect to its optimisation for use in practical
devices. Although the effect is now thought to be well
understood as a phenomenological concept, detailed
calculations still prove difficult. In their paper published
in 1975, McGuire and Potter ([34] treated the theoretical
problem Dboth from symmetry considerations, and microscopic
theory. In the first case the experimentally observed 0052
dependance of the materials resistivity as a function of
applied field 1is derived. This treatment follows that of
Birss for magnetostriction, in that a resistivity tensor is
derived relative to the crystallographic axes of a single
crystal sample. This <can be divided into symmetric and
antisymmetric parts of which the associated electric fields
are attributed to generalised magnetoresistance and Hall
effects respectively. This is then extended to the more

practical case for device fabrication, using polyecrystalline
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samples, by integrating the resistivity tensor over the
volume of a cone pointing in an arbitrary current vector

direction within the sample. The result is given in equation

(1.

2

r + r COS () ..vvvene.. (1)

r =
(poly) (0) (1)

This expression gives the variation of the resistivity of a
polycrystalline sample as a function of the transverse
resistivity r(0), the anisotropic magnetoresistance r(1), and
(9), the angle between the current density vector and the
magnetisation vector It has been observed experimentally fer

various alloys and sample geometries.

For many field sensing applications a linear response
of the detection elements tc¢ applied field is required. In
order to obtain such a response from the field dependence
given 1in equation (1), it <can be seen that the detection
element must be biased in such a way that it operates on the
linear part of the response curve. In figure (2) it is shown
how the theoretical response is modified by the demagnetising
effect introduced by the width 1limitation of ©practical
magnetoresistive elements. This demagnetisation field
manifests itself by distorting the direction of M across the
width of the strip. Thus for elements having a 1large
demagnetising field, which is the usual case for very narrow

elements; the operating point has to be carefully selected.
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The first commercial applications were described in the
1960's [35, 36] in which thinv film memories were created
using wuni-axial permalloy films. The information was then
stored wusing 1linear arrays of elements strung along a
conductor, and determining in which of the two possible easy
axis directions the film =slement was maghetised. However,
despite the advantages of such an information retrieval
system, the 1increase in the number of elements on a given
address line made the signal to noise ratio for
magnetoresistive readout unacceptable. Despite this setback
interest in the wuse of the effect in practical devices has
not waned, and today it is wused in many applications,
including Magnetometry, Bubble-sensing in magnetic bubble
memories, and large and small scale magnetic field sensing of

both constant and oscillating fields.

1.3 Transverse Anisotropic Magnetcresistance 1in magnetic

recording.

The first use of the transversse anisotropic
magnetoresistive effect to read information stored on
magnetic tape was proposed in 1971 by R.P. Hunt [37]. Two
configurations were considered, one in which the detection
element was placed parallel to the tape, and the second 1in
which it was transverse. Due to considerations of wear, and
ecase of fabrication only the second configuration has been
widely developed. By using the principle of the minimisation

of free energy, together with the expression given 1in
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equation (1) an expression was developed for the signal
voltage. The equations derived by Wallace [38] for the
horizontal and vertical components of the magnetic field
above a uniformly magnetised tape then allowed the wavelength
response of this single Magnetoresistive element to be
calculated. Results were given for the theoretical and
experimental output of the vertical configuration heads,
showing a very good agreement between them. Indeed it is sa
measure of the success of Hunts equations that even though
more rigorous expressions for the head response have been
developed, the bulk of descriptions of working devices
published Since 1971, still refer to his original

description.

Despite the good agresement between th

(D

predicted and
actual head response, and the improved head output over
coventional ring heads for certain recorded wavelengths;
there are still problems associated with this method of
information retrieval. These comprise the need to increasse
the short recorded wavelength response, particularly for
high density digital storage applications; and the requirment
that the output 1is linearised to avoid distortion introduced
by the non-linear dependence of the magnetoresisitance on
applied field. Much work has Dbeen done to cvercome these
difficulties, although a satisfactory production device has
yet to be realised. A brief outline of the research into
these problems that has been reported is given 1in the next

two sections.
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1.3(1) Improved short wavelength resolution.

In order that the response of the magn=toresistive
elements should not have an unrealistic short wavelengtn
sensitivity, a method has to be found to improve this aspect
of the performance. In his review of digital magnetic
recording theory R.I. Potter proposed placing the e2lement
between two magnetic shields [39]. These acted to shield the
element from the approaching transition until the 1last
possible moment. A detailed analysis of the theoretical
response was given in this paper, and improved upon by R.U.
Cole et., al. the same year [40]. The first practical device
was described by Shelledy and Brock [41] the following year
and the theoretical analysis extended to include the cases in
which the element is not placed symmetrically between the
shields. An improvement was also made to the mathematical
description that year by Davies and Middleton [42], in which
the output from elements recessed from the front face of the

shields was predicted.

Since then work has been reported on the investigation
of shield length on the magnetoresistive elements response
[43]; comparisons between the calculated and actual short
wavelength response [44], and other modelling experiments
using resistive paper [45, 46]. An improved mathematical
model, describing the design proposed by Shelledy and 2rocu

was recently published [47] 1in which the complexity of thne
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design parameters for such a head was examined analytically,
and compared with experiment. In recent years hnhowsvear the
emphasis has tended to shift away from shielded el=ments due
toc the complexity of the design parameters, the extrs
difficulties in the fabrication_ due to the introduction of
the added process steps for each shield, and the discovery of

other simpler methods of providing the required resolution.

It has been recently pointed out that the reduced
sensitivity to short wavelength transitions is to some exient
caused by the height of the element and the introduction of
an insensitive dead zone at the elements edge [48]. This is
caused by the high demagnetising fields found there and
introduces a separation loss diminishing dramatically the
element response at higher recording densities. One method
of overcoming this problem 1s to include Flux Guides in the
design either with or without an associated shield structure
in order that the tape flux is shunted up to the most
sensitive region of the <element. W. F. Druyvesteyn et. 3l.
have reported such a head with the magnetoresisitive element
positioned in the gap of a magnetic cicruit comprising of a
ferrite substrate and a magnetic yokes [49]. A second more
drastic but easily fabricated method 1is to use an extremely
narrow element with the front edge flush with the tape
surface. F. Jeffers and H. Karsh have reported results from
such a sensor that was only 4.6 microns in height, which gzave
an excellent cutput and signal to noise ratio [48]. One major

drawbaclk with this configuration is the fact that sven using
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extremely hard wear resistant substrates such as sapphire the

possibility of damage to the sensor is ever present.
1.3 (ii) Optimisation of Bias Field.

As has been shown in section 1.2 the quadratic
dependence of the magnetoresistive response on external
applied field requires the linearisation of the cutput. This
isiparticularly important in the use of the effect in Audio
Replay applications to avoid the introduction of large second
harmonic distortion. To achieve this, several different
biasing schemes have been proposed ranging in sophistication
from the relatively simple to the very complex. In order
that the biasing scheme used in this research can be seen in
the context of other methods, the main forms shall be

described, and their merits (or otherwise), discussed.

The wvarious schemes proposed to linearise the responses
of magnetoresistive replay heads can be grouped into two main
areas a) Those in which the elements magnetisation vector is
rotated relative to the currént density by the application of
an external applied field; and b) those in which the current
vector has been rotated relative to the magnetisation by the
use of a conducting overlay deposited on the stripe, or the
magnetisation vector rotated relative to the current
direction by displacing the element easy-axis diresction

during fabrication.
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To achieve the first, the earliest attempts were made
Uusing permanent magnetic chips placed behind the array of
sensing elements at sufficient distance to linearise the
output, Without risking information erasure. Although
effective in experimental devices this method has several
severe drawbacks for production heads, in that careful
positioning of the permanent magnet is required to prcvide
the optimum bias for =sach head produced. Additionally this
bias scheme 1is unsuitable for heads having shield$ as the
magnet-chips cannot be made small enough to fit within the
snield structure, and are obviously ineffective if placed

outside it.

In 1975 Bajorek and Thompson reported experiments using
permanent magnet films to bias the <elements [50]. Several
materials were considered to overcome the surface roughness
problems associated with the thick layers required to provide
sufficient field, and such a method was proved to bDe
technically feasible; although the problem of providing the
necessary insulation limited the useful separation available
for its wutilisation in shielded heads. The problem of the
thickness limitation 1imposed by the shield separation was
tackled by H. Uchida .et. al. [51] who simply ignored the
shield concept, and constructed a head having a Rare-Earth
Cobalt permanent magnet bias; but one in which only the very
edge of the element was biased, thus incresasing the short
wavelength resolution by reducing the separation loss. This

does however lower the signal to noise ratio, in that with
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only the edge of the sensor operating linearly the vecltage
drop across the under-biased part acts to lower the

overall percentage magnetoresistive change available.

The idea of using a coupled magnet film adjacent to the
magnetoresistive element has recently been extended to the
use of a soft magnetic film [52] as reported by F. Jeffers
et. al. In this design a high perméability film is located
close to, but electrically insulated from the detection
element. The sense current in the stripe produces a field
which magnetises the soft adjacent 1layer, which in turn
generates a magnetostatic field 1large enough tc correctly
bias the element. This design 1like that of Uchida requires no

shield structure to obtain its short wavelength resolution.

Due to the requirement that any form of permansnt magnet
film or chip bias be 1individually tailor=d to suit =each
particular element, and the degree of difficulty faced in
altering the Dbias once fabricated; a second form of
linearisation was proposed by Shelledy and Brock ([41]. In
this design a non-magnetic electrically conducting layer was
deposited next to the magnetcresistive stripe and in
intimate elesctrical contact with it. In this configuration
the sense current passing through the adjacent conductor
provided a bias field which could be easily altered to suit
the particular characteristics of the individual stripe. The
bias conductor material chosen was Ti, due tc the similarity

in the resistivities of NiFe and Ti. Although there 1s an
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obvious loss in  sensitivity due to the reduced
magnetoresistive change as a proportion of ‘the totel
element resistance, the fabrication is very simple, and

does not impose a width limitation for shielded structures.

The introduction of an insulating layer between the Ti
and MiFe elements restores the response of the
Magnetoresistive element, but adds another step in the
fabrication of the device. This method of bias was proposed
by O. Voegeli [53] and extended by G. V. Kelley et. al. to
include the <case in which the bias element 1is also a
magetoresistive sense element [54]; the sense current in each
stripe thus providing the field necessary tc bias its
neighbour. Various other methods along these lines have been
proposed in which the bias conductor is non-magnetic [55]; a
single bias <conductor placed between two magnetoresistive
clements is used [56]; and a combination of magnetostatic
coupling and internally generated bias field linearises the

response [57].

Despite the ease of control the use of an active element
to supply the Dbias allows, its application to devices having
a large number of small-trackwidth elements (e.g. for
parallel digital storage), creates the problem of limiting
the space in which to place the extra conductors. In order
that the magnetoresisitive response is linearised, without
reducing the feature size to unacceptable limits, a passive

biasing scheme was proposed by K.E. Kujik et. al. 1in 1975
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[58]. The pre-determined angle between the current vector zncd
the magnetisation direction being obtained by applying an
angled conductor pattern of very low resistivity compared
to the stripe. Due to the equipotential areas formed within
this pattern the current flowing between them is rotated by
an angle that can be controlled by the geometry of the
overlay (Fig 3 ). Several other advantages are obvious for
this method: the reduced danger of information erasure,
the accuracy of the bias being dependent only on the
accuracy of the fabrication and lasting the lifetime of the
head, and the ability to wuse this form of construction in

shielded heads.

Extensive wuse of this configuration has been made in
replay heads, with it ©being incorporated with an inductive
write head [59], and wused in 32 track parallel digital
compact cassette storage [60]. However there are several
disadvantages with the design, not the least being thes loss
of useful response due to a percentage of the element being
covered by the conducting overlay. In cases where the
trackwidth 1is very small the noise caused by domain wall
movement can Dbe very large, which limits the mininum
trackwidth possible before the signal to noise ratio beconies
unrealistic. Additionally once fabricated the bias is fixed,
reducing the flexibility of the head, and removing the
capacity to adjust the operating point to suit individual
applications. The possibility of cbtaining a linear respcnse

by patterning the stripes such that there is an angle of &5
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~Schematic diagram showing the arrangement of the six-
,elements in the multiple film array, and the direction
' of the current fiow through the array
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degrees between the easy axis and the current direction has
also been investigated and a head wusing this configuraticn
reported [61]. This would appear at first sight to bes an
extremely simple method of linearising the output, but for
small element heights the demagnetising fields are large
decreasing the rotation of the magnetisation available by
limiting the the magnitude of the anisotropy fields

obtainable.

In addition to the methods described, several other
schemes have been proposed which fit neither of the
catagories outlined at the beginning of this section. One of
these is the éase described by F.J. Jeffers [62] in which the
elements are patterned such that the films easy axis 1is
canted at an angle. to the length of the stripe. To control
the magnetisation orientation and cancel current generated
fields, a non-magnetic bias conductor is placed betwesn the
elements making the device response independent of sense
current. Another hybrid is the use of a barber pole structurs
in conjunction with an exchange 1induced uniaxial anisotropy
from NiFe/FeMn exchange coupled films as reported by C.Tsang

and R.E. Fontana [63].

1.4 The multiple-film approach to improve ssnsor performance.

As has been shown in the previous sections

magnetcoresistive replay heads have ssverzl advantages ovar
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conventional ring heads. Duye to the photolithographic
techniques used in their manufacture very small trackwidths
are possible, and as they are field sensing rather than
rate-of-change of field sensing devices; they are eminently
suitable to slow speed tape drives particularly in the audic
recording cassette industry. Additionally for digital
applications the reduced trackwidth enables the data-rate to
be increased without increasing the tape speed. However one
problem remains, if the trackwidth is reduced the overall
length of the element is reduced also, decreasing the signal

to noise ratio unacceptably.

To overcome this problem a head has been developed ih
which the sensor is folded over several times incresasing the
signal available considerably whilst maintaining the
reduction 1in trackwidth. Another advantage of this design is
that it has proved possible to construct a structure in which
two magnetoresistive elements are folded together. This
results in the field produced by the sensing current flowing
in one element providing the bias field required Dby the
sensor adjacent to it, in order to linearise its output. A
schematic diagram of the head configuration 1is shown 1in
figure (4). In this fashion a high degree of signal linearity
and amplitude are possible without the need to include any
additional fabrication steps complicating the heads design

and manafucture.
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CHAPTER TWO

" The preparation methods and characterisation measurements
required to optimise the electro-magnetic performance of thin

NiFe films for use in magnetoresistive replay heads "
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2.0) Preparation and characterisation of Sputtered HiFe Thin

Films.

2.1) Film preparation.

All of the thin films used in the prcduction of the
device described in this thesis were R.F. sputtered using
commercial sputtering systems. The object of sputtering is tc
remove material from the target and deposit it on the surface
of a substrate thus forming a thin film of the target
material.. To this end 3 plasma 1is formed in the chamber
consisting of high energy ions and electrons which then
bombard the target, agitating the surface atoms to such an
extent that some are knocked free. These are then able te
condense onto other surfaces within the vacuum chamber one of
which is the substrate. Unlike D.C. sputtering, in which a
steady voltage is applied to the electrodes, and the current
flow through the plasma is controlled by the emission of
secondary electrons from ions in the plasma, and Dby
ionisétion due to electron impact; R.F. sputtering can be
used to produce thin-films of insulating as well as
conducting materials. If an attempt was made to sputter
material from an insulating terget in a D.C. sputtering
system, in which the plasma is self-sustained; the charge
build up on the surface of the target would soon extinguish

the plasma, once the target surface voltage had dropped below
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the wvoltage required to sustain the discharge. This
advantage together with the increased efficiency over D.C.
sputtering makes R.F. sputtering the more widely used method
of thin film deposition. This is despite the fact that this
form of sputtering requires the use of an impedance matching
network between the power supply and the discharges chamber,
which allows the impedance of the plasma and associated
potentials to be matched to tne generateor impedance,
increasing the power dissipation in the plasma and protescting

the generator.

To understand the asymmetrical electrical
configuration required by a R.F. sputtering system in order
that material 1is sputtered from the target only, the
variation between the 1ion and <elsctron currents must be
considered. Due to the much smaller mass of the electrons
compared with the ions, their wvelocities will be greater for
a particular electric field; and hence the electron current
will be greater than the ion current. With the introcduction
of a blocking capacitor in between the generator and target,
this difference in currents results in the potential at the
target decaying much more quickly towards zero when 1t is
positively charged than when its negatively charged. Thus
for the circuit shown in figure (5), the alternsting target
voltage will stabilise around a D.C. offset potential
resulting in the target being almost continucusly Dbombardesc

with ions. In the ~case where the target is an insulating

09

material the introduction of this capacitcr 1is theorestically
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The Sputtering plant used in the fabrication of devices
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not required, but its use removes any uncertainties

introduced by leakage through or around the target in the

plasma.

The targets wused in the depositions were 99.929% pure
as supplied by the manafactursr, and high purity gases were
used whilst sputtering and for exhausting the vacuum chamber
after sbuttering. A photograph of one the two sputtering
plants wused is shown in plate (1). Both systems have a
stainless steel vacuum chamber that is pumped using an oil
diffusion pump to reach high vacuums. This 1is backed by a
rotary pump which also serves to "rough out" the chamber tc a
sufficiently high vacuum for the diffusion pumps tc op=rats
efficiently. Each system has a liquid nitrogen cold trap to
lower the S.V.P of residual water vapour in the chamber,
improving the base presssures attainable. A schematic diagram
applicable to both systems is shown in figure (6). The vacuum
gauges used to measure the roughing and Dbacking 1line
pressures are a Hastings EVT-5 meter with DV-23 gauge hesads
fcr the Nordiko system; and a Norton W.R.C. 831 meter on
N.R.C. 531 gauges for the M.R.C. system. Penning gauges were
used on both plants to assertain the base pressures; Edwards
Penning-8 meter with CP25 gauge and N.R.C; 831 meter with a
N.R.C. 507 gauge on the Nordiko and HM.R.C. systems

respectively.

Once the chamber pressure had been lowered to trhe

required value, high purity Argon was leaked intc the chnamoer



Schematic diagram of the pumping system used on the
sputtering plant
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in a controlled fashion using a micro-flow valvs. The bafflse
valve was then partially closed to throttle tne
diffusion pump, causing it to operats at its most efficient
point. The chamber pressure resulting from the tnrouzh-put of
Argon was measured using an Hastings EVT-5 gauge anc VH

meter on the Nordiko system, and M.R.C. SEM 8632 meter and
gauge on the M.R.C. system. This pressure was than carefully
adjusted using the micro-flow valve until the required
sputtering pressure was obtained. At this point the
sputtering of the target material onto the substrate could
begin. When the Argon pressure had stabilised at the required
value the R.F. power was turned on a2nd the impedance matching
network tuned tc give a predetermined forward power, and
either a very small or ideally z=sro resverse power. If the
plasma had not been initiated at this point the baffle valve
was shut for a few seconds to raise the argon pressure in the
chamber. As soon as a plasma had been formed, retuning of the
network became necessary to minimise the reflected power.
Control of the sputtering rate by monitcring the R.F. power
and electrode potential during deposition meant that film
thickness could be accuratly defined by simply timing the
deposition. Although a simple series of depositions of

1

differing sputtering time provided an accurate figure for the
sputtering rate for each material for a fixed set of
deposition conditions, the use of a nomograph supplied by tne
systems manufacturer provided an quick additional check. In

chapter three the actual paramsters and timings used to

sputter each layer are given.



2.2) Characterisation of ferromagnetic magnetor

(1]

Sistjive

films.

As previously described R.F. Sputtering provides a
reliable means of producing high quality magnetoresistive
NiFe films for use in the fabrication of s2nsors. The very
low base pressures attainable with commarcially available
Ssputtering Ssystems, together with the more advanced
Sputtering techniques described in chapter three; maks the
reproducability of such films magnetic and electrical
parameters relatively Straight fcrwar@. However, in order
that the sensors produced from such films are able to provide

the highest possible magnetoresistive response savarzl of

)

their fundamental galvanomagnetic properties have to be

optimised.

i) The values of the films coercivities and anisctropy
fields are not only required for inclusion in the theoretical
description of the sensors dynamic response; but are

fundamental properties in the films magnetic behaviour.

i1) The resistivity and magnetoresistivity of the

complete film have to be measured so that the nmaximun

o

[~
-

magnetecresistive responss of the sS2nsors can
calculated. Additionally plots o¢f the chznge in recsistancs

versus applied field, resulting from the anisctropic

"o
W
el
V]
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Schematic diagram showin
orientations used in

TM

a)Transverse b)Longitudinal

Figure 7.
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magnetoresistance of the whole film, provides gqualitative

information on the dispersion.

As well as these basic Pparameters other geometricszl

o

measurements are required particularly the thicknesses of the
various layers used to make up the multiple-film structursz;
in addition to which the lengths and widths of features on
the device have to be measursed to supply infcormation on
fabrication parameters such as photelithographic .resoiution
and etch control. Other microscopic measurements can also
be made on specially preparsd samples providing infecrmation
about the film's grain size. Finally the finished
neads have to be tested dynamically wusing standard compact
cassette tapes to provide information about their freguency

response and signal to noise ratio.

2.3 Coercivity and Anisotropy Field Measurements

It has been shown that these propsrties,
together with the anisotropy dispersion ars instrumental in
determining the magnetic Dbehaviour of thin ferromagnatic
films [1]. It is therefore obvious that in any practical
device that uses an aspéct of the magnstic behaviour of sucn
films for its sensing mechanism, these properties have to b2
carefully optimised. To do this films have tc be produced
using a variety of deposition conditions, and have thesir

coercivities and anisotropy fi=lds accuratley measur=d. To

0
o
0.

provide such neasurements previous workers have



inductive loop plotters [2], or torque magnetcmeters [3]; but
these instruments have the disadvantage of only supplying
information about the whole film. Dues to severzl complete
heads, each incorporating sixteen separate sensors, besing
fabricated from a single 2" X 20 film; with comparisons being
made Dbetwsen elements patternsd frem different parts of
that film; small scale determination of the coercivity
and anisotropy field 1is necessary to check that the magnetic

properties of the film are constant over its whole surface.

To provide such measurements an instrument has been
developed that wutilises the magneto-optic Kerr Effect. In
this effect the reflection coefficient of 2 ferromagnetic
surface; for obliquely incident 1light with 1its electric
vector vibrating parallel to the plane of incidence, is found
toc be a function of the angle between the magnstisation
vector and the plane of incidence. Several categories of Kerr
effect exist, depencding on the relative orisentations of the
magnetisation direction of the specimen, and the plans of
polarisation of the incident light. Thesy are, thos=2 in which
the magnetisation is normal to the surfeces; thosz in which it
is in the surface and parallel to the plane of incidence; and
those in which it is in the surface and normal to the plane
of incidence. These effects are termed the polar,
longitudinal and transverse Kerr effects respectively and a
schematic diagram of the relevant configurations is given in
figure (7). Much work has besn done on tine treorstical

description of the effect 1[4,5,6], a&and 1its wuses 1in tae
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Schematic diagram showing the field coil, and optical
arrangements used to examine the samples magnetic
properties using the Kerr effect

Page 47




Plate 2

1

hddddddd il
hdddddddd

[l dddddddddddddd
Ll g g g g g g

FERFEEEEEREErTe”




examination of the hysteresis loops of thin ferrcmagnstic

films has become common.

In the instrument constructed for use in tnis
investigation a simple slide projecter bulb is 1it using a
standard car Dbattery to provide a constant intensity light
source. This source is then <collimated and polarised using
standard optical components, and is reflected at a
predetermined angle off the surface of the film. This angle
is chosen to maximise the intensity of the reflected light,
and is typically 80 degress. The beam is then re-collimated
and focuss=d onto a photodetector. Due to the effect ©Dpeing
small in the optical part of the electromagnetic spectrum, an
Infra-Red detector is wused and its output amplified Dbesfore
being fed to the vertical terminals of an X-Y oscilloscope.
Additionally the use of an infra-red filter in the optics of
the reflected beam improves the signal to noise ratio of the
final hysteresis loop by filtering out unwanted reflected

light.

The horizontal terminals of the oscilloscope are

(D

connected across a standard resistance in series with th
field coils magnetising the film. To cvercome pnase
differences between this voltage and the magneto-optic signal

4

a simple phase shifting network 1is used in this circuit tc
linearise the response. The field coils are arrengsd 1n &
Helmholtz pair and have 50 ‘turns on esach coil. Tney wer?2

calibrated using a stendard Hall probe placed centrelly

1=
O
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Plate 3

The optical arrangement used in the Kerr-effect apparatus
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Detween them, and this calibration was chzcked using a sz2arcn
coil. To overcome distortion of the resulting FM-H loop duz tc
the vertical component of the earths magnetic field, a s=conc

set of coils wound onto the main magnetisation coils s

driven with a direct current.

By careful collimation and focussing of the light
source this instrument has enabled the hysteresis loops of
very small areas, typically 1 m.m. in diameter; of a 2" X o0
film to Dbe examined. As the substrate 1is mounted on 2
rotating goniometer stage, values for the coercivity and
anisotropy field have besn obtainead from several locations on
the surface of the films used in detector fabrication. This
has meant that the the homogeneity of a particular films
coercivity and anisotropy fisld can be ascerteined in order
that the response of the various elements patterned from it
can be normalised. A schematic diagram of the opticsal
arrangement 1is given in figure (8) and two photographs of the

equipment in plates (2) and (3).

2.4 Resitivity and Magnetoresistivity measurements.

In view of the fact that the flux sensing mechanism of
the sensors is totally dependent on the anisctropic
magnetoresistance of the film from which the sensors ars
febricated, accurete measurement of this parzmster 1is

necessary. Additionzlly it has be=n shown that tne
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The field-coll, and four contact pad used in the
resistivity/magnetoresistivy determination
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resistivity of a8 particular film comparesd with thes bulyk
resistivity of that material, 1is a good indication of its
crystallinity (or poly-crystallinity) [7]. One comnon method
for obtaining these parameters is the use of a four contact
potentiometric circuit [8,9,10]. In this method a constzant
current is passed between an outer pair of contacts and is
assumed to be isotropic across the width of the film between
the contacts. An inner pair of contacts is then ussd to
measure the voltage dropped across a portion of film in
between these outer contacts. Simple calculations provide
the resistance of that portion of filnm, from which its
resistivity can ©be calculated after the film thickness and
inner contact separation have Dbeen measurad. For small
elements pre-patterned gold connections have been used for
the film contacts, but for large substrate size films a

pressure pad has proved adequate.

To enable the instrument developed to measure the
resistivity and magnetoresistivity of films produced in this
investigation, a sesction of flexi-circuit is patterned to
provide the four electrical contacts with the film. This is
pressed against the surface of the film using a block of fcam
rubber, as can be seen in plate (4). The potentiometric
circuit shown in figure (9) is then used to nmeasure the
change in resistance of the specime: due to an external
applied field. In this circuit two identical current sources
supply currents to tne outer pair of contact strips on the

flexi-cicuit, and a standarc resistance box. To accorodats



Cifcuit.dlagram of the bridge network used in the
resustiVIty/magnetoresistivlty measurement apparatus
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Plate 5

The field-coils used to rotate the samples magnetisation
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large wvariations in film resistance due tc films having
widely different dimensions the current to the contact strip
can be set to be either identical to that through <the
resistance box (20 mA), or 10 times smaller. Thus for the
thinner films having high resistanées a balance point can
still be found using reasonable values for the standard
resistance. To find the film resistance between the innar
pair of contacts the resistance box is simply adjusted until

the bridge output is zero volts.

To measure the anisotropic magnetoresistance of a

film, an external magnetic field has to

o
D

applied to it to
rotate its magnetisation moment relative to the current
direction. For this purpose a Helmholtz coil system surrounds
the film being examined and a field is applied to saturate it
first in one direction, and then after passing through zero,
the other. To do this a ramp generator supplies the current
to the field coils, providing a very slow change
triangular waveform oscillating about zero volts at about
0.09 Hz. As the direction of ths magnetisation moment 1is
rotated by this field, the resistivity of the film changes
due to the anisotropic magnetcresistance, and the resultant
ocutput from the bridge is fed to the vertical terminzls of zn

=Y plotter. A voltage proportional to the current in the

(D

field <coils is fed to the horizontal terminals of <tk

(D

plotter, allowing permanant records of the magnstoresistiv
change of different films tc be produced. Once the field has

been cycled several times and tne resulting plots drawn, the
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Figure 10

A typical plot produced in the magnetoresistance
determination
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change in resistivity due to the magnetoresistance can be
determined by reducing the external field to zero, anc
altering the value of the standard resistznce box in fixed
standard increments to obtain the same change in bridge
cutput as that produced by the magnetoressistive change of the
film. From measurements taken directly from the plot
produced, the transverss anisotropic magnetoresistance
can then be easily obtained. Two photcgraphs of the system

are shown in plates (5) and (6).

In addition to the main drive coils which provide the
field required to saturate the film; a sescond set of smaller
coils are wound orthogonal to them. In films having a large
dispersion the the lack of a well defined easy-axis results
in the magnetisation not relaxing back to its undisturbed
position once the external fi=ld has been removed. This
produces a "Double-Peak" magnetoresistive response, with the
separation between the peaks being a qualitative measure of
the dispersion [11,12]. By applying a second field
perpendicular to the saturating field, a well definead
direction is supplied fer the films magnetisation to relax
to, thus pulling the magnetoresistance peaks together. This
field also has the effect of providing the maximum pcssible
magnetoresistive change by simultancously aligning all the
magnetisation along the easy axis prior to rotating the
magnetisation. Typical R-H plots are shown in figure (12)

without the easy axis aligning fi=ld applizad.



2.5 Grain Size Measurements.

As has Dbeen shown by Hoffman [13] practically all the
magnetic properties of ferromagnetic films depend on
their physical structure. This structure is characterised by
the crystal lattice, the range of ordering (amorphous,
polycrystalline, single crystal), the crystallite size, the
film thickness (although for very small elements the other
dimensions can have an effect), and the intrinsic stress. In
the ripple theory developed by the same author [14], the
effect of these stuctural parameters on the magnetic
properties was first explained, and a new material parameter,

the structure constant, was introduced.

In this equation K is value of the 1local anisotropies, f

S 1
the standard deviation of a trigonometric function determined
by the symmetry of the crystallites, D 1is the mean

crystallite diameter and n is the number of crystallites.

Doyle and Finnegan [15] showed that the value of the

local r.m.s anisotropy (K , f ) could be calculated from the

S 1
magnetocrystalline anisotropy constant and the
magnetostriction constants for single crystals, for which
3 -6
the publishsd wvalues are 4 X 10 erg/cm and ¢ X 10
respectively; and the intrinsic isotropic stress. Hence tre
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value of the Structure constant could be obtained.
Additionally it has been fcund by other workers [16] trat
for deposition substrate temperatures over 200 degress
centigrade, there is a marked increase in the value of this
structure constant, with a corresponding increase in grain
size. This results in a degraded magnetic performance for
magnetoresistive sensors due to the increase in the
dispersion. Hence the measurement of a films grain size
provides a qualitative guide to one aspect of its magnatic

behaviour.

The grain size measurements were taken from specially
prepared very thin (200 Angstrom) NiFe films using
. transmission elesctron microscopy. Although practical devices
are fabricated from films at least 2-3 times thicker, grain
size determination was not possible at these thicknesses
using the electron microscope available, as such films are
opaque to tne electron beam. The films to be measured were
sputtered ontc freshly cleaved mica substrates, ontc which
2,500 Angstroms of carbon had been coated. Included in =ach
deposition to provide a sample for grain size determination,
was a standard substrate providing a control for the
electrical and magnetic properties. Despite the fact that the
corning 7059 borosilicate substrates have amorphous surfaces,
and the mica is monoclinically crystalline, little differsnce
was found 1in the magnetic or electrical properties of the
films. The reason for this is felt to be the smoothing out of

the mica's crystellinity by the thick carbon layer. Thus i:
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Plate 7
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A typical micrograph, showing the grain size of a NiFe
film
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1s feasible to assume that the measured grain size 1is the
same as that of the films prepared on the standard
substrates, although the extrapolation of the results to the

film thicknesses used to produce sensors remains conjecture.

To mount the films for transmission electron microscopy
they were floated off the mica onto the surface of a beaker
of water, using the surface tension of the watasr to separate
the film from its substrate along the carbon interlayer.
Sections were then carefully 1lifted out onto gold grids
and dried on filter paper. Although remnants of the
carbon interlayer remained on the back of the film sections
prepared, these are found to be transparent to the electron
beam and ao not affect grain size determination. Once
completely dry the sections were examined in the
microscope, with several micrographs being taken of different
area's seen to be typical of the overall film. Grains could
then be measuread directly from these electron
micrographs, after allowance had been made fcr the print

enlargement.

For the films produced for this experiment, an average
grain diameter of 300 angstroms was obtained, comparing well
with that found by cther workers for vacuum evapcrated
films, [16,17,18]. Additionally this grain size is
significantly below that fcund 1in films which would be
unsuitable for wuse 1in magnetcresistive sensors [16]. Thus,

although such films are not typical, in either thickness or
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Substrate materia] when compared with the films used in
device production; it can be assumed from the micregraphs of
their grain Structure, that there is no fundamentzl
problem with the depositon methods. It was consequently
assumed that this conclusion would also be valid for the
thicker sputtered films, which were patterned into the heads

detection elements. A typical micrograph is shown in plate

(7).
2.6 Other Physical Dimension measurements.

To characterise g3 particular sensors dynamic performance
its length, width and thickness must Dbe known. The
measurments in the plane of the device were taken using ‘an
Olympus BHZ2 optical microscope fitted with a vernier
eye-piece. Values for the thicknesses of the various films
used to make up the sensors, conductors and insulation layers
were obtained from a Rank,Taylor,Hobson type Tallystep 1

stylus measuring instrument.
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CHAPTER THREE

" The design, optimisation, and construction of a six-element

multiple-film magnetoresistive replay head for audio

applications "
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3.0) Design and fabrication of the multiple film head.

3.1) The wuse of Multiple-Film elements in magnetoresistive

heads.

There are many advantages associated with the use cf the
anisotropic magnetoresistance effect 1in the reading of
magnetically recorded information. Firstly the
magnetoresistive element 1is 3 parametric device, where the
voltage is scaled by the applied sense current, which in turn
is limited only by thermal and- electron migration
considerations. This means that much larger sensor outputs
are typically available compared with inductive rzad
elements. Secondly good 1linear density resolution can be
obtained by implementing one of the variety of design
configurations that have been considered in chapter one.
Finally as the use of the phenomena results in the sensor
being a flux (phi) sensing device, rather than a rate of
change of flux (dphi/dt) sensing device; the sensor output is

independent of medium velocity.

A detailed description of the wuse of the 2ffact in
magnetic recording and of the various designs that have

Deen proposed to most usefully exploit the phenomsna has besen

o
o
e

given 1in Chapter One. However the main improvement cffered

sensors using the effect over standarc inductive heads; thzt
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of reduced trackwidth whilst retaining a good signal to noise
ratio, becomes increasingly difficult to obtain as the
trackwidth becomes very small. This is due to the resistance
of the element being reduced linearly with the reduction in
trackwidth and hence the available signal Dbecoming
unacceptebly small. To overcome this problem the design
proposed here retains the ability to read small trackwidths
whilst providing a high signal to noise ratio by "folding‘up"
the magnetcresistive element. Additionally it has proved
possible to fold together two magnetoresistive elements in
such a fashion that the sense current in each elenent
provides the bias field required to linearise the response of
the adjacent element. A schematic diagram of the design is

given in figure (4).

As can be seen from this diagram the length of available
sensing element 1is three +times the trackwidth, and by
differentially sensing the element outputs a possible sixfold
increase in signal 1is possible over a single sensor of the
same lengtn as the recorded track. Tha ability to
differentially sense the two arms of the structurs also acts
to cancel second harmonic distortion introduced by the
quadratic component of the magnetoresistive responsse
function. Due to the compact nature of the sensor structure
this wuse of a differential sensing mechanism has the
additional advantage of limiting thermally 1induced noise.
However a problem arises from the spatial separaticn of the

array required to electrically 1insulate cach of the layers;



in that as the length of the recorded wavelength approachss
that of the array height a reduction in signal is created as
cach element in the array starts to sense radically diffareant
tape fields. The differential sensing mechanism then works to
cancel the outputs from the elements as the length of the
recorded wavelenth is progressively decreased. Indeed a point
is reached when the recorded wavelength becomes ons and
One-sixth the height of the sensor array when a null in the
signal voltzge is obtained. As shall be shown later, although
this effect limits the sensitivity of the device in reading
short recorded wavelengths, its superior performance at
longer recorded wavelengths makes it ideal fer

Audio-Frequency recording applications.

In addition tc¢ the 1improved signal to noise ratio at
long recorded wavelengths the design has a sescond advantage
over either conventional or other magnetoresistive read
heads, in that 1its Dbias field is internally generated. With
the sense current in each of the elements supplying the field
required by the adjacent element to linearise its
magnetoresistive response no additional fabrication steps are
required. By tailoring the thickness of the insulation layers
batween the elements in the array, the optimum bias fcr cach
element c¢an be provided by the maximum realistic sSsnse
current that can be used. Although to somes extent tiiis
becomes a trade between the reduced high fresquency response

i~
s

(£}

caused by the 1increassd 1nsulation thicknesses regulr

at higher currents, and the increased output at lower



- Schematic diagram of the six-element sensor
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frequencies. As the device output is scaled linearly with tre
Sense current the larger the current the greater the signal.
Thus the use of an internally generated bias field scaled
only by the sense current is a major advantzgs over the more

complicated schemes that have been proposed elsswhere.

3.2 Design of the Multiple-Film magnetcresistive head.

Although the theory governing the response of the

multiple-film head predicts a superior response at
audio-frequencies than elther conventional, or previously
described magnetoresistive heads; and the ability to

constuct an element array in which the bias requirement is
met by an internally generated field is conceptually
possible; the design and fabrication of actual devices
presents several practical difficulties. The format chosen
fecr this project was the production of a sixteen track
multiple film head for reading the information stored on a
standard compact cassette. Not only does this <considerably
aid the testing of the finished devices, 1in that standard
commercially available tepes and machines can be used; but in
the event of commercial applications proving possible, the
design would require 1little or no modification before
manufacture. However this choice immediatly constrains the
trackwidth availables, and hence the length of cacn of the
magnetcresistive elements 1in the array; 1if a sufficiently

large guard band is tc be placed between trecks. Additicnzlly



With each of the Sixteen tracks being read Simultaneously |,

the large number of connections required to provide the

sense/bias current to each set of detectors limits the size

and geometry of these connsctors ir crosstalk between tracys
is to - be kept Within acceptable limits. With theses
constraints, together with the difficulties inherent in the
interconnection of the multiple films to provide the bias
field requirsd, and the need to Kzep the number of process
steps in the device fabrication to a mininum; much
consideration had to be given before a final design
configuration could be chosen. Basically the head can be

broken down into three categories :-

i) The head element asssmbly.

ii) The conductor pattern.

iii) Fabrication aids included in the design.
Each of these will now be described separately.
3.2) i) The head eslement assembly.

From the schematic diagram given in figure (4) it can
be seen that a six element configuration was chosen in which
the electrical interconnection between adjacent elements wes

provided by tags protruding from their sides. Althouch one

result of this is to reduce the availabls trzeckwidth in that

N
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"Two geometries used to determine the optimum connecting
tag to element height ratios
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D

more space has to be allowed betwesn the tracks in which to
place each elements electrical connectors, it has severel
advantages over inter connection of the elements either on
the main body of each sensor, or at either of the other two
sides. By separating the magnetoresistive layvers with Silicon
Dioxide insulation layers, interconnesction betwesen elements
becomes possible by etching windows through thess layers only
at the protruding tags thus keeping the six elements
parallel, and reducing the danger of electrically shorting
the wrong layers together. With ones set of three detsctors
being the mirror 1image of the other, possible geometry
induced variation in the electrical and magnetic behaviour of
the two sets is reduced, and the differential sensing

mechanism improved in that asymmetry in the performance of

cach set of sensors is only process dependent.

In figure (11) two of the widths of connecting tags

considereaed are shown. In th

(D

first diagram the tzg width
shown was set at one third of the total elemasnt width for all
widtns of element; and the second diagram shows the geometry
used to produce the actual device. In this case the
connecting tags on different sensors are seperated by a fixed
constant distance of five microns regarcless of the widtnh of
the elements. Field plotting experiments showed that the
direction of the current vector in the seccond case was closer
to the idealised direction (parellel to the anisotropy
direction of the sensor), ussd 1in the tnecreotical

descriptions. As well as this advantage wvariations in the
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Figure 12
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current angle between sensors having different widths were
smaller for the chosen configuration than those of the onse
third of element width tag design. A third configuration in
which the tag width was made a fixed distance regarcless of
the total sensor width performed worse than that shown in

the first diagram, and was thus not considered further.

As can be seen in figure (12) with the exception of tre
end two elements, the bias field in each sensor is jointly
produced by the field of the sense currents in the eslements
immediately adjacent to it. This rasults in a smaller sensse
current being needed to linecarise the response of the head
than would be required for a two-clement structure. Such a
reduction in current density lowers the risk of damage to the
sensors due to Joule heating, and allows relatively large
thicknesses of silicon dioxide to be wused ¢to electrically
insulate the elements, reducing the possibility of element
interconnection elsewhere on the sensors than the connecting

tags.

3.2) ii) The conductor pattern.

With e2ach of the sixteen ssts of sensors requiring
three electrical connections to be mads to them tec supply the
sense/bias current a total of forty-ecight connections must Dde
made. As the overall chip size is limited to a width of seven
millimeters by the constraint that it fit 1into a stancardc

compact cassette head package; it can be seen tLhat eitner &
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Figure 13
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reduction has to be made in the number of connections, or
their width has to be reduced. If the 1lead out width is
reduced 1its electrical resistance is raised, and if it 1is
large compared with the element resistances; then the
magnetoresistive signal is made wunrealistically small. To
attempt to overcome this problem the common connection for
each array was joined to the common for the neighbouring
array, which reduces the number of connections still required
to forty. However the 1lead-out resistance can still Dbe
comparable Wwith the element resistance for thin lead-out
connectors. As the design calls for the capability for all
sixteen tracks to be read simultancesously , any variation in
the lead resistance across the width of the head will creatse
an undesirable apparzsnt variation 1in head performance. It
therefore becomes necessary to evaluate the resistances used

and design the connections such that they are all identical.

If a pair of connesctors from an arbitrary point on the
connector pattern are chosen, as shown in figure (13), the

resistance of one connector is found to be:-
Y - Xtanp (X (tanp/tanﬁ)-X) Xtanp
t W(tanu/tanp) WtandN 18
where all of the X measurements are from the centre of the
connector pattern, and Y is from tne arbitrary point "O". R

is the lead-out resistance, P the resistivity of the material

from which it is made, t 1its thickness and tne remaining
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Figure 14
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Graph showing the variation of l=ad capacitance and
inductance calculated from the field plot experiments
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dimensions are taken from the figure.If the resistances for

the two adjacent connectors are to be equal then:-"
Tan@®)=(Y1/%2) and Tan(P):(Y1/X1)

If these values are substituted into equation (3), an

equalised resistance for each resistance is obtained.

Y (1-(X /%X )) X((X /X )-=1)

By differentiating this result with respect to X, and
putting the resulting equation equal tc zerc; the variation

of Y with changing ¥ and X can be fcund.

1 2

(Y . X)) X Y
dR P 1 2 2 1
-- =0 = -=a O = e + == ((X /X )=1) + == (5)
dX Wt (X . X)) Y 2 1 X

1 1 1 1
from which it can be shown that:-

2
Y = (X % X ) ittt (6)
1 1 2

i1f each of the electrical connections to the sensors have the

same resistance.

A computer program was then developed based on this
result which produced the relevent dimensions for each leg of
the connecteor pattern based on the lengths fixed by the head

width donstraints. In addition tc giving these dimensions it
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also provided the electrical resistance given the resistivity
of the connector material. A print out of the program is

given in appendix (I).

To evaluate the inductance and capacitance between the
leads, a series of field pPlotting experiments were performed
in which the equipotential 1lines between the 1leads were
plotted. From these plots <calculations could be made to
supply the values required and bassd on this the paper given
in appendix (II) was published. A graph of the experimental

values obtained is given in figure (14).

3.2) iii) Fabrication aids included in the design.

As the devices are deposited 1in successive layers onto
Corning 7059 Borosilicate glass substrates, and patterned
into the shapes required using Photolithographic techniques;
it becomes possible to fabricate a 1large number of sixteen
track heads at onz time. This reduces thes possibility of
introducing depositon or fabrication wvariations in the
electrical and magnetic characteristics of different widths
of sensor when tested. To facilitate this, severzl novel
features were 1included in the mask design allowing ecasy
recognition of each type of head, its dimensions and
construction history. Additionally wvarious other features
were included to enable easy assembly of the finished chips
into testable devices; trus rsducing the possibility of

damage in the final stages of construction. With an overall



Figure 15
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Diagram showing the coding scheme used on the substrate
to identify individual chips
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Plate 8

The coding scheme in use on an actual chip
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chip size of 7 mm x 9 mm being necessary for the heads to fit
into a standard cassette head package, allowing for
sufficient space between each device to dice them once
completed; a total of thirty-six heads can be fabricated at
one time., Although it was tempting to make each head unique,
a realistic assessment of possible losses in the manafucturing
process resulted in six different designs per substrate being
chosen. Thus for the very worst case, any given substrate
should produce at least one working sixteen track head of

width 15, 20, 25, 30, 40 or 50 microns.

To the naked eye each chip once diced is
indistinguishable from any other chip from that substrate. To
overcome this a binary coding scheme was introduced into the
design, which 1is of sufficient size that it can be seen with
an ordinary magnifying glass. The coding scheme is shown in
figure (15) and a photograph of it in use on an actual chip
in plate (8). Beginning from the right blocks are placed in
the windows counting up in binary code from one to thirty-six
in rows across the chip. The remaining windows are filled
with a square if certain key masks have been used in that
particular devices fabrication.. The same coding is placed
between the electrical connections to the elements near the
pads at the rear of the chip with two triangles marking the
ends of the pattern as shown in the photograph in plate (9).
In this fashion each of the chips can be readily identified
even after dicing, its position on the complete substrate

pin-pointed, and its construction noted.
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Plate 9

The coding scheme as placed between the connecting l¢ads
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After dicing, a cover slip is glued in place over the
front portion of the chip leaving the bonding pads exposed as
shown in plate (10). At this point the coding marks on each
side of the sensor array are obscured, but the pattern
between the electrical connectors is visible., The head
is then Wire-Bonded wusing a Dage-Precima pulse-tip wire
bonder,. to a flexi-circuit patterned from "Kapton" a
commercially available material. This consists of a thin
copper sheet bonded onto a plastic backing, and is widely
used in the electronics industry. To provide the same pitch
of conductor on the Kapton as on the chip, the material is
photolithographically processed in a similar fashion to the
substrates, except that a hand drawn mask is used, and P.C.B

standard Ferric Chloride etchant used to pattern it.

As the substrate and cover slip are both made from
relatively soft borosilicate glass, an extra degree of wear
resistance has to be provided to reduce damage to the sensors
by the magnetic tape passing over the finished head. To this
end two ceramic side-checks, pre-profiled to the correct nine
millimeter radius are glued on top of and under the chip/
cover-slip sandwich as shown in the photograph in plate (10).
Due to the high wear resistance of these side cheeks large

amounts of post-assembly lapping of them to align the front
edge of the sensors with the front edge of the finished head
is impractical. They thus have to be glued in place with a

degree of accuracy for which two large triangular shapes are
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patterned onto the substrate at either side of the sensor
array, as shown in the photograph in plate (9). The point at
which the apexes of the triangles meet 1is placed two microns
from the front edge of the sixteen elements, and the edges of
the ceramic side-cheeks are aligned using these centres. Onece
the cover-slip, and side-cheeks have been glued in place, the
whole assembly is packaged using a standard cassette head
container, and the space remaining at the rear of the can
filled with a potting compound. A photograph of a head prior

to its final lapping is shown in plate (11).

In the introduction, one of the limiting factors in the
performance of magnetoresistive read heads, that due to the
sensor to tape separation; was discussed. As shall be shown
in the theoretical description of the multiple-film heads
large separations result in significantly reduced outputs
at short recorded wavelengths. If all sixteen tracks are
to perform -equally this parameter must be made constant
across the full width of the head. It is thus imperative that
the final 1lapping of the finished structure be in as a
controlled fashion as possible. This is achieved by placing
in front of, and attaching to the magnetoresistive sensors, a
series of elements whose resistance can be monitored during
the 1lapping of the finished head assembly, using the same

circuit as the sensors. A photograph of these are shown in

plate (12).

As the front surface of the head 1is removed these
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Plate 11

A finished sixteen-track magnetoresistive read head
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elements are gradually worn away, and their resistance thus
increases in a measurable fashion. If one edge of the head is
being lapped at a faster rate than the other, the resistance
of these "sacrificial" elements will be increasing faster
than those at the other-edge, and adjustments can be made to
equalise the erosion rate. Once the front -edges of the
sensors and the head assembly are parallel and the rate of
removal has been -equalised for .each sacrificial element,
lapping can proceed until each of the elements goes open
circuit. At this point the front edge of the head is two
microns from the front edges of the elements, and after a
final polish of the finished surface with cerium oxide powder
to reduce damage to the standard tapes during testing,
experimentation can begin. Although at this separation the
head performance is not at 1its maximum, careful laﬁping in
small stages acts to significantly improve it; and testing
can continue until eventually the sensors themselves go open

circuit.
3.3) Micro-Fabrication of sensor array.

With the magnetoresistive elements used as sensors in
this device being constructed from thin films of NiFe, and
only small separations being needed between each sensor;
Photolithographic techniques are ideally suited to their
fabrication. Each successive layer is sputter deposited and
then chemically etched after a photoresist - layer has been

applied, pre-baked, exposed to U.V. light through a chrome
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Plate 12

Micrograph of the sensor array, showing sense elements,
electrical connections, and sacrificial eiements
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photomask, and developed to provide the shape required. With
the production of micron size features routinely possible
with this technique, the main difficulty in the fabrication
of such devices becomes the mask design required to assemble
the multiple-film array; and the choise of etchants to

selectively etch successive layers without damaging the

features previously patterned.

To obtain the photolithographic masks used in the
fabrication of the heads, a computer programme was generated
using the micro-circuit design facility on the S.E.R.C
Rutherford and Appleton laboratories prime F. This program is
written in a low-level graphics language called GAELIC, which
defines a series of points, 1lines, and shapes, defining the
features used to construct the sensors, insulation layers and
electrical connections of the heads. Various software
routines are included in this package, that allow interactive
editing of the mask features, enabling complicated designs to
be viewed, and mask alignment checked. Once finished the
design 1is written onto the original mask plate wusing an
electron beam pattern generator, driven from the instructions
encoded in the original program. A copy of the program used
to define the shapes on the masks used is given in appendix

(III).
The order of deposition and etching is given in appendix

(IV), together with an example of a single shape having a

particular width from that mask. A total of eleven masks were
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used, with the long electrical connectors being broken into
two sections. This allows 1low reéistance leads to be
fabricated by making the second lead sections very thick (
2-3 microns ), but keeps the height of the sensor array at
the front face of the head assembly by making the first
section relatively thin ( 0.2-0.3 microns ). Additionally
changes in the detail of the sensors can be easily made
without having to include a whole new conductor pattern, as
modifications need only be made to the first set of leads.
The wuse of a chrome under-layer beneath the gold on the
electrical connectors to the sensors improves the adhesion of
these features to the substrate. This reduces the problems
associated with the wire bonding of the «chip in the final
assembly stage, whilst keeping the 1low resistivity leads
provided by the use of a thick gold 1layer for these long

lead-outs.

It can also be seen in this appendix how care has been
taken to <cover with Silicon Dioxide all the Nickel Iron
shapes previously patterned, protecting them whilst
subsequent magnetoresistive sensors are etched. Although the
first connecting layer patterned is exposed to the chemical
etchants used in the patterning of the Nickel Iron and
Silicon Dioxide layers during the remaining fabrication
steps; the careful choice of these solutions ensures that

damage to these features does not occur.

To provide the etch selectivity required, four main
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chemical solutions were used: -

1) NiFe

2) SiO0

3) Au

4) Cr

etch -

2

etch

etch

etch -

100 ml. Ortophosphoric Acid, 100 ml.
Nitric Acid, 50 ml.Nickel Nitrate

solution and 500 ml. Delonised water.

Etch temperature 30 degrees
centigrade. Etch rate 1000
Angstroms/minute

Countdown high yield system. Iso -
Electronic grade, Iso-form Silicon -
Dioxide etch. Available from Micro -
Image Technology Ltd. Etch
temperature 20 degrees centigrade.
Eteh rate 1000 - 2000 Angstroms /

minute, depending on impurities.

500 g. Potassium Iodide, 100 g.
Todine and 400 ml. Delonised water.
Etch temperature 20 degrees
centigrade. Etch rate 2000 Angstroms

/ minute.

25 g. Ammonium Ceric Nitrate, 15 ml.
Nitric Acid and 85 ml. Delonised
water. Etch temperature 20 degrees
centigrade. Etch rate 1000 Angstroms

/ minute.
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As described in chapter two each of the layers making up
the device was sputter deposited using either a Nordiko or a
Materials Research Corporation Sputtering machine. The two
materials used to make up the connections to the sensors, and
the silicon dioxide insulation material were both R.F.
sputter deposited in the conventional manner. However, to
optimise the electrical and magnetic performance of the
magnetoresistive layers, the technique of "Bias" sputtering
was used. In this method the R.F. power from the generator
is divided between the substrate, and the target to produce a
fixed voltage at the substrate surface. This voltage can be
controlled by varying the power division and acts to allow
material to be re-sputtered from the substrate whilst the
film is nucleating and growing. Careful control of this bias
voltage results in the preferential re-sputtering of selected
atoms or molecules from the film during its deposition
resulting in a purer material than possible with the normal

electrode configuration. (1,2)
The sputtering details for each layer are:-

a) NiFe - Target sputter cleaned for 10 minutes at 400
watts forward, O watts reverse. Substrate etch
cleaned for 5 minutes at 200 watts forward, O
watts‘reverse NiFe sputtered for 3 minutes at
400 watts forward O watts reverse. Bias voltage

set to 60 volts.
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b) Si0 - Target pre-cleaned for 10 minutes at 400 watts,

2 No pre-clean of substrate,. Material sputtered

for 30 minutes at 400 watts forward, 0 watts

reverse.,

¢c) Au - Target pre-cleaned for 10 minutes at 400 watts
then Gold Sputtered for 30 minutes at 400 watts

forward, 0 watts réverse. No substrate pre -

clean.

d) Cr - Target pre-cleaned for 5 minutes only, at 200
watts forward 0 watts reverse. Magnetron
sputtering wused on this térget. Chrome then
sputtered for 5 minutes at 100 watts forward, 0

reverse,

All depositions were performed in a plasma pressure of 5
microns of 99.99% pure Argon, after the chamber had been
pumped down to a base pressure of better than 2 X 10-7 mBar.
To align the easy axis of the magnetoresistive stripes in a
predetermined direction, a magnetic circuit was built using
bar magnets and a mild steel former. This was attached to the
substrate plattern and provided a constant direction magnetic
field of no 1less than 60 Oe across the substrates during
sputtering. The substrate plattern was also water cooled to

reduce temperature effects in the growing films, and after

deposition all the sputtered films were left under a high
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vacuum to cool to ambient temperature for at least one hour.

In each case the substrates were prepared by ultrasonically
cleaning in a 2% solution of Decon 90, an industrial
cleaning fluid, at 65 degrees centigrade, rinsing in

deionised water, degreasing in an Isopropyl Alcohol bath,

re-rinsing in Delonised water and force drying in an oxygen

free nitrogen jet.

3.4) Optimisation of the anisotropic magnetoresistance

effect.

With the performance of the multiple-film head relying
on the percentage magnetoresistive change in the films
sputter deposited to provide the sensors, a high degree of
reproducability is required in their production. It has been
found by other workers (3,4,5) that the presence in the
vacuum chamber of even small quantities of residual Oxygen or
Water Vapour can have a marked detrimental effect on the
magnetic properties of the films produced. To overcome this,
and provide a well regulated method of sputtering films
having consistent electrical and @agnetic properties a series
of experiments were performed to investigate these variations

with changing deposition condition.

When considering the data published on the production and
performance of thin magnetoresistive NiFe films, several

points emerge as being critical:-
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Figure 16
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i) The anisotropic magneto-resistance ratio depends on

thickness, grain size and film surface conditions.

ii) There is a large preparation dependent variation in
the anisotropic magnetoresistance involving parameters such

as vacuum purity, substrate temperature, and deposition

rates.

iii) Due to the surface scattering of conduction
electrons dominating the resistivity measurements at lower
temperatures, making interpretation of the magnetoresistive
data difficult; film measurements tend only to be taken at

room temperature.

iv) Associated electromagnetic properties such as
coercivity, anisotropy field, and resistivity are also

difficult to control.

As the sputtering apparatus used to produce the films
used as sensors is not capable of achieving an ultra-high
vacuum (better than 10_10 mBar), the use of bias sputtering
to reduce the contaminant gases 1in the films becomes a
necessity. However the increase in bias voltage can result in
other performance limiting effects, and it is found [6] that
for any given sputtering system there is in general only a
narrow range of substrate bias that yields the optimum

physical film properties. To discover the optimum bias for

this particular system and material a series of experiments
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Figure 17
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a function of Bias voltage used during sputtering
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were performed in which several substrates were sputtered
at bias voltages from 0 to 120 volts. Two results at
each substrate bias voltage were taken with each film in the
pair sputtered separately, in some cases several days apart.
Prior to each film being deposited the vacuum chamber was
pumged down to a fixed and easily obtainable pressure of 1 x
10 Torr. During sputtering a plasma pressure of 5 microns
of 99.99% Argon was maintained, and the substrate bias
voltage was measured directly from the substrate voltmeter
on the sputtering system. After deposition and cooling to
room temperature wunder vacuum, the films coercivity,
anisotropy field, resistivity and anisotropic
magnetoresistance were measured using the apparatus described
in chapter two. The results are given in the graphs shown in

figures (16) and (17).

In addition to these results which point ¢to a
choice of substrate bias voltage of 60 volts as providing the
optimum film properties; several other points were noted

during the experimentation.

a) The base pressure for unbiased films was critical to
their magnetic behaviour. Above 5 «x 10-5 Torr large
coercivities were found (>15 O0e), together with large
anisotropy fields (>20 0Oe) and virtually no detectable
anisotropic magnetoresistance. As the base pressure Eg
decreased, and especially below base pressures of 1 x 10

Torr the coercivity and anisotropy field falls to typically 2
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Oe and 10 Oe respectively. However, although the percentage

magnetoresistive change improves slightly (  generally
becoming a few tenths of a percent); not until base pressures

in the region of 10 Torr are reached does it approach the

values obtained from Bias-Sputtering.

b) Annealing of the films after deposition could result
in a marked lowering of the coercivity and anisotropy field;
together with a slight improvement in the anisotropic
magnetoresistance. The results were however very
inconsistent, possibly due to the incorporation of residual
gases from the vacuum chamber during the annealing process

and subsequent cooling of the films.

c) Several very thin films were produced in conjunction
with those sputtered to provide the transmission electron
micrographs as shown in plate (8). The electric and
magnetic performance of these films was characterised by high
coercivities, high anisotropy fields, high resistivities and
no detectable anisotropic magnetoresistance, irrespective of
base pressure or substrate bisas voltage used to sputter
them. However, these properties were consistent for both the
films sputtered onto carbon coated mica for use in electron

microscopy, and those sputtered onto the standard glass

substrates.
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CHAPTER FOUR

"The theoretical description of anisotropic magnetoresistance

and various theories describing its use in magnetoresistive

replay heads."
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4.0) Theoretical analysis of Multiple-Film magnetoresistive

head.

4.1) Origins of the anisotropic magnetoresistance effect.

Although it 1is now felt that the both the
magnetoresistance and anisotropic magnetoresistance effects
are understood, detailed theoretical calculations are still
difficult, particularly for the anisotropic effect. Early
theories describing the pPhenomenon discussed it in terms
of spin-orbit  coupling [1] in  which a spherically
symmetrical perturbing potential was used to calculate the
transition probability for an electron transition from an s
to d state. This then allowed the anisotropy in the
resistivity to be evaluated. Later work [2] revealed certain
inconsistencies between this theory and experimental results,
and an additional mechanism 1in which the density of
antiparallel states in the 3d band becomes the determining
factor was proposed. Recently a more rigorous theoretical
analysis has been given [3] in which the effect is discussed
both from the considerations of symmetry, and from a

microscopic, quantum-theory point of view.
Although such a detailed approach results in a better

understanding of the origins of the effect, it is possible to

calculate the performance characteristics of actual devices
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using only the simplistic Phenomenclogical equation:-

2

R=R + ARcos (8) .eovvvun.. (7).
o

Where R is the resistance measured, R the resistance of the
sample in the absence of an appliedofield, and 8 the angle
between the current density vector and magnetisation direction
in the sample. Despite the wviability ( and attraction )
of this practical approach to overcoming the 'problems
encountered in giving a detailed theoretical description of
the performance of experimental devices utilising the effect
(  thereby overcoming the difficulties imposed by the
complexities of electron transport processes in magnetic

materials ), a brief description of current theoretical

understanding of the problem is given.

It is often pointed out in texts, varying from those on
theoretical solid state physics to experimental handbooks
describing the properties of electronic materials; that among
the observed physical properties of solids, the electrical
resistivity displays possibly the widest range. This range of
1032 is found to be intimately tied to the behaviour of
electrons in solids, an understanding of which 1leads
eventually to a description of the anisotropic
magnetoresistance observed in thin NiFe films. The first
attempt to provide a realistic description of electron
transport processes in metals was given by Drude [4]. In this

theory the conduction electrons were assumed to be a free

electron gas, obeying classical Maxwell-Boltzmann
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statistic;; in which, for an electron travelling freely
between coilisions, no interactions between the other
electrons in the gas or the ion cores of the metals atoms
was possible. It was further assumed that the <collision
processes with the ion cores predominated ( electron/electron
collisions being ignored ), and that the electron gas
acheived thermal equilibrium with its surroundings through
these interactions. The time between collisions was termed
the relaxation time. Additionally each electron in the
assembly is assumed to have the same thermal speed, one
consequence of which is that the observed magnetic field
strength dependence of the magnetoresistance, and the field
dependence of the resistance on the orientation and
preparation of the specimen cannot be predicted by this

theory.

To explain these inconsistencies Lorentz [5] modified
Drudes original theory to allow for a distribution of
electron velocities in the gas; and described the
perturbatidn due to an external applied field gradient, by
solving the Boltzmann transport equation for the system.
This theory of Lorentz can be used to predict the observed
increase in sample resistance dependent on the square of the
applied field, but other major 1limitations involving the
specific heat and susceptibility of metals are not overcome.
Only by applying a much more rigorous quantum mechanical
approach involving Pauli's exclusion principle and the

Fermi-Dirac statistics developed during the 1920's to
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Figure 18
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Schematic diagram showing the ferm: surface at zero
degrees kelvin.
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describe the behaviour of quantum particles can these
problems be resolved. As well as providing a better
understanding of such experimentally observed phenomena,
several new parameters, such as the Fermi surface, are

introduced by the incorporation of quantum mechanics into the

free electron theory.

From the basic postulates of quantum mechanics, an
electron can be described as having both particle aspects and
wave aspects, from which it can be deduced that any
individual particle has a wave-vector K, which is only"
allowed to take certain fixed values. Thus in a system having
macroscopically 1large dimensions, such as a real metallic
film, there is a large but not continuous, number of possible
states available for the electrons in the film to occupy. If
a co-ordinate system is drawn having three orthogonal axes,
each of which takes the value of one of the three components
of the assembly of electrons wave-vectors; then this system
can be regarded as describing a K-space ( see figure
(18). At O degrees Kelvin the energy of the system 1is
minimised and the array of the wave vectors of the the
asssembly of electrons will fill a sphere of radius Ef , Known
as the Fermi radius. It can be shown from analysis of the
Fermi-Dirac statistics describing the system, that even at
room temperatures the velocities of the electrons on the edge
of the Fermi surface are not significantly different from

those postulated by the energy minimisation argument for a

material at absolute zero. The behaviour of the electrons in
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the metal can thus be described by solving Shrodingers
equation for the system using the necessary boundary

conditions to confine the electrons within the sample.

Despite the improved understanding of this modified
theory, some basic fundamental properties of materials remain
unexplained. One major problem is the lack of an explanation
of the observed differences between the resistivities of
metals, semi-metals, semi-conductors and insulators; even
though all of these materials contain electrons. Thus for a
more complete description, the effect of the periodic lattice
of the crystal must be considered; from which the additional
concepts of eleptron bands and effective mass are derived. Up
until this point the electrons have been considered to be
moving freely in a potential well having infinitely high
sides, but with no other boundary conditions being required.
Now a regular series of potential wells must be included
within the potential well model, as shown in figure (19). As
a result of this modification the description of the
allowable electron wave-functions becomes a much more
difficult problem. For example, it now becomes possible for
electrons ‘within the well, to be not only internally
reflected from the walls of the well, but also by the nuclei
in the crystal lattice. Due to the periodie nature of the
lattice, and the quantum nature of the electrons; it is found
that there are substantial regions in the energy spectrum of
the electrons for which no solution of the electron

wave-equation exist. These regions are termed the energy (or
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Figure 19
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Schematic dlagram showing an Infinite potential well, and
the same well with the crystal ion cores added, used to
calculate the band structure of conducting materials
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band) gaps, and are fundamental in determining the

resistivities of solids.

For any material there will be a fixed number of energy
bands dependent on the crystal structure of the material. At
absolute zero these bands will be filled progressively, with
the top of the 1last band defining the Fermi surface for that
material. If electrons are to flow in the material as a
result of an applied <electrical potential gradient, then
there must be empty states having a higher energy for them to
to be transferred into. This is due to the Pauli exclusion
principle not allowing electrons to be scattered to a
position within the Fermi surface, as two electrons are not
allowed occupy the same quantum states. In a metal the top of
the Fermi distribution occurs within an allowed band, and
sufficient energy can be gained by an electron for it to
easily move up into one of the empty states existing in the
higher energy states in the band. If however, the top of the
band and the Fermi surface coincide, then the only available
free states into which an <electron can move are in the next
higher energy band. For an electron to obtain sufficient
energy for such a transition to occur an enormous electric
-field would have to be applied, and hence such materials are
insulators. Although simplistic, this argument works well for
most substances, providing other effects, such as the
broadening and overlaping of adjacent bands due to the

electrons having extended wave-functions, are also

considered.
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In addition to the introduetion of the concept of
allowed electron bands within a solid comes the concept of
an effective mass tensor. This concept is one result of the
quantum partical nature of electrons. In one direction the

effective mass of an electron is defined by the relation :-

Where h 1is Plancks constant, E is the electrons energy and k
is the k-vector of the electron. Thus the response of an
electron travelling in the y~-direction to'a force (F ) applied
in the x-direction would be :-

dv 2 2

For any combination of directions of force and direction of
*
response 1/m becomes a tensor with components :-
2 2

______ T T G XD

where k and kK are a pair of cartesian coordinates of k.
i J

For the transition elements, such as Nickel and Iron,

the band structure is very complex, especially the energy

bands corresponding to d-electron states. In copper the 3d

band is completely filled and there is one electron in the 4s

band, and the material is thus a good conductor. For both
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Nickel and Iron however, the 3d band which is capable of
holding up to 10 electrons is not completely filled; and is
additionally rather narrow resulting in electrons in this
band having a large effective mass tensor which limits their
mobility. Overlapping this band is g3 broad 4s band containing
electrons having very different properties (Fermi velocity
and effective mass) to those in the 3d band. It is assumed
[6] that most of the current is carried by these, with the
interband transitions needed for current to flow dominating
the resistivity. This explains not only the relatively high
resistivity of these materials, but also, if it is assumed
that the d bands are split when they are magnetised with the
majority spin bands now below the Fermi level; the decrease

in resistivity upon ferromagnetic ordering.

Despite the success of the band theory in describing
the more general electronic properties observed
experimentally, such a description has still to be modified
if it is to predict the ordinary and anisotropic
magnetresistance. - If a spherical surface, and constant
relaxation time are assumed, then it can be shown that no
ordinary magnetoresistance effect can be derived [7]. The
origin of the ordinary magnetoresistance effect can therefore
only be understood by considering either two spherical
overlapping bands each having different numbers of electrons,
constant relaxation times and effective masses, or by
assuming that the bands are non-spherical. However, it 1is

still not possible to derive a theoretical description of the
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ébserved anisotropic magnetoresistance without the
introduction of some additional concepts to this modified
theory. For instance, it has been assumed that the solutions
to Shrodingers equation for the electrons moving in the
potential due to the 1lattice are stationary states, which
results in a theoretical infinite conductivity. To overcome
this it is assumed that the electrons are scattered between
states by a variety of processes such as lattice vibrations (
phonons ), impurities, and grain boundaries. Additionally
it 1is postulated that a relativistic interaction is possible
between the spin and the orbital motion of an electron which
can, in certain cases, have a marked effect on the band

structure of the material, and hence its electrical

properties.

The calculation of the anisotropic magnetoresistance
now proceeds using the Two-Band or two current model
described 1in the previous paragraph, which specifically
recognises that a distribution of relaxation times 1is
possible over the Fermi surface. If the s-d scattering is
indeed the predominant effect in the resistivity of these
materials, then it seems reasonable to assume that an
anisotropy in this scattering mechanism would result in the
observed anisotropy in the magnetoresistance. At present the
accepted mechanism for this anisotropy is the spin-orbit
interaction, in which the d-orbit electrons have their spins
coupled to their orbital moticn. Due to the interaction

of these d-orbit electrons with the internal magnetisation,
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the band structure of the material is now altered to that
shown in figure (20). Those electrons having their spins
parallel to the direction of the magnetisation ( spin up ),
will form an s-band and a d-band, with the d-band having a
high density of states at the Fermi 1level; whilst those
having their spins aligned anti-parallel to the magnetisation
( spin down ) will form an equivalent band structure, but
with the top of the d-band below the Fermi level. As the spin
up electrons have the higher density of states at the Fermi
level, there will be 2 greater probability of their being
scattered than the spin down <electrons ( assuming that spin

direction is conserved in the scattering process ).

The final step in the mathematical description of
the anisotropic magnetoresistance is somewhat involved, with
two main schemes being used. In the earliest theory Smit [1]
treated the spin-orbit interaction operator as a small
perturbation, and considered 1its action only on the
parallel spin states. By using first order .perturbation
theory, he found that <electrons moving parallel to the
direction of magnetisation are more easily trapped than those
moving transverse to it; which accounts for the observed
resistance anisotropy. In an improved analysis by Potter [8],
in which both parallel and anti-parallel scattering processes
are considered, it is shown that, if the anisotropy is due to
spin up electron scattering, then the resistivity parallel to
the magnetisation should be less than that transverse to it.

This is in variance to Smit's theory, suggesting that the
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anisotropy is due to the scattering of the spin-down
electrons. In addition to the two theoretical descriptions
given here, other work particularly that of Kondo (9], who
assumed the effect to be due to the sScattering of s electrons

by the remaining orbital magnetic moment of the 3d electrons;

should be mentioned as producing alternative viewpoints.

Although providing an insight into the dominant
electron transport processes which result in the anisotropic
magnetoresistance of ferromagnetic materials, calculations
using these models can only provide order of magnitude
results and for device applications the well known
phenomenological equation (1) will suffice. The
justification for this equation 1is found using symmetry
arguments, similar to those wused in the description of
magnetostriction and is described by McGuire and Potter [3].
The difference in resistivity for the current flow parallel
to the magnetisation direction, compared with the current
flow perpendicular to that direction results in a tensor
resistivity in Ohms law. The electric fields associated
Wwith the symmetric and antisymmetric parts of this tensor are
associated with the magnetoresistance and Hall effects
respectively. By analysing the magnetoresistivity tensor for
a single crystal magnetised along one of its crystal axes the
form of the resistivity along that axis can be found. To
extend the theory to poly-crystalline samples the resistivity
is integrated over a large number of randomly orientated

crystallites by choosing a unit vector lying within a cone
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about an arbitrary current direction. This has been done by

Birss [10] for saturation magnetostriction producing the

result given in equation (1).
4,2) Device calculations applied to single sensors.

Given the expression in equation (1), Hunt [11] was the
first to show that it was possible to rewrite this equation
for thin film magnetoresistive elements as:-

2 2

P = po + AP(C 1 - (Hy) /(Ho )).evuua. (1),
where Hy is the total vertical field in the element, and Ho
is the effective field acting to restrain the magnetisation
along the element length. P is the measured resistivity, P
the resistivity in the abscense of an applied field, andigP
the anisotropic magnetoresistance change. To obtain such an
expression the sensor configuration shown in figure (21) was
adopted, and it was assumed that the sensor had an elliptical
cross-section to make the de-magnetising field uniform whilst
rendering the x-components of the field ineffective.
Additionally an anisotropy field Hk was taken as being
parallel to the current vector direction. By minimising the

free energy of the system it can be shown that:-

-Hycos(8) + Hosin(8)cos(8) = O
where Ho = Hk + NMs , N being the ratio of the thickness to

depth of the sensor, and Ms the spontaneous magnetisation

moment. From this equation it can be seen that:-
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Figure 21

Sinusoidal Tape Field

Dlagram of the configuration used to calculate the
per formance of a single magnetoresistive element
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sin(8) = (Hy/Ho)

hence the variation in resistivity given in equation (11) is

obtained.

To linearise the Sénsor output the vertical component of
the field in the element (Hy) must be composed of s tape

field Ht, together with a2 bias field Hb. The resistivity then

becomes: -

2 2 2 2 2
P=P + AP(1 - (Hb /Ho ) - (2HbHt/Ho ) - (Ht /Ho ) (12)
o

This equation can be integrated over the device dimensions to

obtain a signal voltage V.

The constant and quadratic terms from equation (12) are
ignored, Ro is the element bulk resistance, L. and W are
respectively the element length and width. By then allowing
this equation to operate on the expression derived by
Wallace [12] for the vertical component of the magnetic
field above a sinusoidally recorded magnetic tape, the
frequency response for a device having certain fixed

dimensions is obtained:-

AP 4piMrHb (-kd) (-kt) (1 - ¢ )
V= IRO —=-m —mmmee- e (1 =& ) mmmmmmmm——n (1)
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where Mr is the tape remnant magnetisation, d the head to
tape separation, t the tape coating thickness and k the

recorded wave vector (2pi/Y), where Y is recorded wavelength.

Although this analysis compared very favourably with
experiments Hunt made on an unshielded permanent magnet
biased sensor, a more rigorous analysis of the sensors
performance taking into account anisotropy, shape,
demagnetising, exchange, and bias field contributions, has
been made Dby Anderson et. al. [13]. In this method an
equation for the total torque density acting on Ms is
obtained and solved using an iterative relaxation
technique. First the equation for the demagnetising field is
numerically solved for an initial angle 6(x). The torque is
then calculated, and the numerical calculation to compute the
angle iteratively relaxed according to a fixed formula until
the torque reaches a negligible value. The final result for
8(x) for which the torque is taken to be zero is then used to

compute the resistance change given by the equation:-

This equation follows from the phenomenological expression

given in equation (1) and is solved using Simpsons rule.

The results predicted by this set of equations were then

compared with results taken from experiments using a uniform
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field excitation, and an isolated line charge transition to

model the response to, and resolution in, an actual recording

process. The uniform field experiments showed 3 very good

agreement, and the isolated line charge experiments showed
reasonably close agreement with the theoretical predictions.
More recently these equations have been extended by Casselman
and Hanka [14] to predict various design parameters used to

improve the performance of magnetoresistive sensors.

Despite the fact that these results are not particularly
suited to describing the reading of magnetic tape fields due
to the decay of the tape field across the width of the
sensor; they do emphasise the overly optimistic theoretical
results produced by assuming a uniform demagnetising field,
particularly for sensors having a thickness to width ratio as
low as 1 x 10-4 . The more realistic picture of the
demagnetising field within an the element described by these
analyses, is produced by considering the effect of rotating
the sensors magnetisation vector as a result of applying a
linearising bias field. At a given angle to the current
density, magnetic charges of opposite polarity are formed at
the top and bottom of the element. These charges generate
demagnetising fields that oppose the applied field; but due
to their non-uniformity across the element width have the
greatest effect on the bias angle at the sensors edges.
Except in the case of a very high applied field, in which

case the body of the film will be driven into saturation; the

bias angle between the magnetisation direction, and current
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vector direction close to the Sensors edge tends to zero

resulting in a "Dead-Zone" at the sensors edges.

Even though these more rigorous theoretical
descriptions show thét Hunts originai equation describing the
performance of a single unbiased, unshielded magnetoresistive
sensor, contains some unrealistic assumptions, its ease in
use, together with the good correlation it produces between
experiment and theory make its use in describing practical

devices valid to the present day.
4.3) Theory for two-element devices.

Various models ~for' two element magnetoresistive read
heads have been proposed. These vary from the relatively
simple, in which a non-magnetic bias conductor is deposited
on top of the sensor [15]; to the more complex, in which the
combination of an electrically insulated, <centrally placed,
non-magnetic, bias conductor and an anisotropy axis canted at
an angle to the front edge of the sensors provide the bias
field [16]. Two overall strategies have been developed to
decribe such heads depending on whether or not a shield
structure has been used to improve the short wavelength
resolution. In the first, due to flux 1leakage from the
sensors to the shields a transmission line model 1is used to
describe the magnetic inductions for the bias and signal
fields in the element, whilst in the second the free energy

of the wvarious layers 1is minimised to provide the optimum
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magnetisation rotation. For the device described in this
thesis the minimisation model is most appropriate, but a

brief description of the transmission line model is given.

The first use of a two-element differentially sensed
sensor was given by Shelledy and Brock [17]. In this design
the sensor was placed asymmetrically between the shields with
a non-magnetic conductor adjacent to it, through which a
portion of the sense current flowed. This current provided
part of the bias field required, with the remainder being
provided by the magnetic coupling between the sensor and the
shield nearest to it. Following the work of Paton [18], and
Thompson [19], two independent paths are chosen to describe
the magnetic circuit, from which differential equations are
derived to describe the fluxes and potentials in the
structure. These are then solved to give the flux in the
sensor. The fluxes at the media surface are calculated using
a method similar to Potters [20]; and this together with the
solution for the flux in the sensor and the standard
magnetoresistive equation modified to apply to the
differential structure, providés the analytical model of the
head. This configuration hés been further analysed more
recently by O'Conner et. al. [21], providing a more accurate

mathematical model.

Although of interest from the point of view of
completeness this approach has not been adopted for elements

without shields. O'Day proposed a design having a central
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non-magnetic conductor with a magnetoresistive sensor on

either side of it [22], but little theoretical description of
such a structure has been found. The first practical analysis
of this type of sensor was by Jeffers [16], who considered
two elements which have their anisotropy axes canted at an
angle to their lengths and are biased by a non-magnetic
conductor Dbetween, and electrically insulated from them. An
expression for the free energy of the two magnetic layers was
derived and then minimised to provide the angles of rotation
of the magnetisation vectors in each of the sensors. These
can then be substituted in the standard equaticn for the
differential detected signal voltage, and the Wallace
equation for the tape field used to provide an equation for
the dynamic head response. To overcome the "gap loss" factor
introduced by the two elements being differentially sensed
and separated spatially, the resultant dynamic performance
equation is multiplied by an expression which takes account

of the frequency dependence of this effect.

Using a method similar to this Van Ooyen et. al. [23]
have described the response of a laminated NiFe/Mo/NiFe
sandwich to uniform applied magnetic fields. The Anisotropy,
Field and Demagnetising energies are calculated for the
angles of magnetisation rotation in each of the two layers to
give the total free energy of the system, which is then
minimised. From these -equations direct substitution of
actual experimental values for the element thicknesses and

separations gives the change in resistivity for this system
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as a function of applied field. This theory provides a very
good description of experimentally observed maghetoresistive
changes in laminated elements, showing the increased
sensitivity resulting from the decrease in the demagnetising

fields due to the strong magnetostatic coupling between

layers.

An extention of this theory has recently been given by
Pohm et. al. [24], in which double 1layer magnetoresistive
sensors are described. A one dimensional model is considered
in which the drive field is assumed to originate from the
field around a wide uniform current sheet. Equations are then
derived which describe the rotation of the magnetisation
moment in terms of the torque acting on it. Calculations of
the angle of rotation of the magnetisation for extremely
small sensors‘ (typically 1-2 microns wide, 300 angstroms
thick, with a 100 angstrom separation layer), show how
important the inclusion of exchange terms is for this size of
element. This model is particularly useful in the
theoretical analysis of the multiple-layer head, in that it
has allowed the demagnetising and average magnetoresistive

responses of the coupled films to be calculated.

Although not directly related to the muliple-film self
biased structure a head in which the bias is supplied by a
soft magnetic layer adjacent to the sensor has recently been
described using an analysis very similar to Van Ooyen. In

this head based on a device described by Beaulieu and Nepala
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[25]1, Jeffers et. al. [26] placed a second NiFe element on
top of the sensor. This element has no current passing
through it, and serves only to bias the sensor via its
magnetostatic field, once it is magnetised by the field
produced by the sense current 1in the detector. By making
the separation between the NiFe layers zero, -equations for
the normalised -energy density -can be expressed in terms of
the energy of the soft adjacent 1layer, the magnetoresistive
sensor, and the coupling field. The field in the coupled
element due to the sense current is taken to be that produced
by an infinite current shee as used by both Van Ooyen and
Pohm. The energy was then minimised by solving these
equations numerically for all cases except where the externél
applied field, and the easy axes of both NiFe elements are
along the cﬁrrent direction; in which case an analytical

solution is possible as shown by Van Ooyen.

4.4) Analysis of the bias field produced by the sense

current.

To obtain the average drive field in a sensor due to the
current in an identical element adjacent to, but spatially
and electrically separated from it a mathematical analysis of
the problem has been carried out. In previous work [23,2U4,26]
the field had been assumed to be the same as that produced by
an infinite current sheet, thus neglecting edge effects in

both elements. It was felt that Wwith the sense current bias
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Figure 22
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field playing suéh an important role 1in the dynamic
performance of the head, unlike in various other bias methods
in which the sense current simply scales the head output
voltage; a more rigorous description was necessary. This
produced an expression for the average field in one element
which was dependent on the dimensions of that element and the
current carrying element, their separation distance, and the
current flowing to produce the field. The resulting theory
together with certain predicted results produced by it was

published in the paper shown in appendix (V).

A diagram of the configuration and symbols used is given
in figure (22). Two realistic, simplifying assumptions were

made about the system to aid the analysis.

1) The elements were infinite in length, thus overcoming
end (as opposed to edge) effects. This is reasonable given
the fact that the sensors are typically 5-10 times longer
than they are wide, and 300 times longer than the separation

between them.

2) The current is uniformly diétributed throughout the
current carrying element. Again reasonable considering the
dimensions, together with the fact that both elements are
R.F. sputtered from 99.99% pure targets onto a clean

substrate surface.

Given an element of current dI flowing in conductor (1)
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at point 0, then from the Biot-Savat law the field at an

arbitrary point P in conductor (2) is given by:- -

2pi( x +y )
and acts in a direction perpendicular to the line joining the

two points. The vertical component of this field at P jis:-

H :HCOS(G) ® ® 0 00 0000000
\

where (8) is the angle between the field and the Y-axis. From

the geometry given:-

COS(08) = —mmmme (18)

By substituting equations (16) and (17) into (18) the

vertical field at P is obtained: -

dI X
H s e . L (19)
v 2 2 1/2 2 2 1/2
2pi( x +y ) (x +y )
This equation can now be integrated over the

cross-sectional areas of both elements to obtain the average
field in conductor (2) due to all the current elements in

conductor (1). Thus:-

(h-y') (2t+s-x"')

(-y") (t+s-x")

This integral can be expanded to account for all
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possible variations in geometry for the Sénsors and their

positions relative to each other by re-defining the limits of

integration:-

t h (s+t =-x'+t ) (k-y'+h )

ﬁ 1 o1 2 2
I X
ittt N N S dydxdy'dx"
a 2pit h t h 2 2 d ’
112 2 5 (x +y )

x'=0  y'=0 x=(s+t =x') ~ y=(k-y')
1

For the first case in which the elements have the same
physical dimensions, and there 1is no y-separation between
them the integration was performed analytically. The solution
of the integration is extremely long; but produced accurate
results when checked against measurements taken using a large
scale experiment. However for the more involved case in which
all possible variations in element width and Separation are

considered the simpler solution shown below was produced :-

I
H =2 cecmmcaceee [ J(s+t ,s+t+t ,k+h -h ,k+h )
a 2pit h t h 2 2 1 2 1 2
1122

+ J(s,s+t ,k=h ,k) - J(s+t ,s+t +t ,k-h ,k)
1 1 2 2 1 1

- J(s,s+t ,k+h =h ,k+h ) ] ........ (20)
1 2 1 2
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where

5 2 2 1 3 -1 -1
J(A,B,C,D) = - (A-B)(D - C ) + - C [tan (A/C)-tan (B/C)]
3
1 3 -1 -1 2 -1 1

+ g D [tan (B/D)-tan (A/D)] + A [Ctan (C/A)-Dtan_ (D/A)]

2 -1 -1 1 2 2 2 2
+ B [Dtan (D/B)-Ctan (C/B)] + - B (3D - B )In(B + D )
6
1 2 2 2 2 1 2 2 2 2
+ g A (A -3D)In(A +D ) + =A (3C = A)In(A + C )
6
1 2 2 2 2
+ - B (B - 3C )In(B + C ).
6
The result has been checked both by numerical

integration and also by differentiation.

The experimental wvalidity of the result was checked
using a large scale experiment. A large conducting plate
measuring 50 m.m. high by 0.025 m.m. thick and 300 m.m. long
was supplied with a constant current of 40 amps. The vertical
component of the resulting field in consecutive planes
adjacent to the plate was measured wusing a Hall Probe the
active area of which was 0.2 X 0.25 m.m. The probe was
scanned across the conductor at a fixed separation with
measurements being taken at regular intervals and the
averaged to provide the average field for a given
displacement of conductor. The results are given in figure
(23) together with the theoretical predictions of the
mathemétical model. As can be seen in this figure good

agreement is obtained between the theoretically predicted and
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Graph of the theoretical, and experimentally measured,
average blas field produced by the adjacent conductor
carrying a current I.
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~experimentally measured fields. This is clearly demonstrated
bf both the prediction and observation of the unexpected
cross-over point, at which the same average bias field is
produced by a conductor width to offset Sseparation ratio of
0.78; regardless of the separation distance between the
sensor and conductor. Once experimental and mathematical
validation of the theoretical result had been acheived, its
use 1in predicting the effect of other variations in the

design and manafucture of multiple-film sensors on the

average bias field became possible.

In figures (24), (25) and (26) three possible
variations have been considered. Firstly the average field
variation due to the separation and thickness of the elements
is considered. From this diagram it can be seen how, for
.realistic thicknesses of sensor, +the average bias field
diverges from that predicted using the infinite current sheet
model. Secondly the result of sensor mismatch, due for
instance to misalignment during photolithography, on the
average field is evaluated. In this case it an be seen that
horizontal variations in sensor alignment of less than 10%
are tolerable. However in the final figure it can be seen how
critical the etching of each of the elements in the structure
becomes. The peak predicted average field occurs when the
bias conductor is some 25% wider than the sensor which 1is
impossible to achieve in the six-element multiple film
configuration. For the more practical case 1iIn which the

conductor and sensor are the same width, or in which the
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Graph showing the effect on the average bias field of
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Graph showing the reduction in average bias field as a
function of element offsets
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conductor has been over-etched making it narrower than the
sensor, a rapid loss 1in average bias field is predicted to
occur, making accurate etching of the sense elements

essential. For each of these figures the current density was

kept constant, and typical <element dimensions as used in

practical devices were evaluated.

4.5) Theory describing the response of the six-element,

mutiple-film device.

Although as has been described earlier 1in the text,
there are several obvious advantages associated with the use
of a multiple-film head in reading the information stored on
standard audio frequency cassette tapes; the derivation of a
theoretical expression for the performance of these devices
proves to be rather difficult. Firstly, the wuse of the
differential sensing mechanism for sensing the
magnetoresistance of the two sets of three elements used in
this head configuration; results in cancellation of the
signal voltages as the recorded wavelength "~ decreases.
Secondly, as described in the previous section,'assemblies of
magnetoresistive elements can have radically different
responses to externally applied fields from those of simple
single element sensors. The solution to each of these

problems is now described separately, with the complete

solution given at the end of the section.
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It has been shown that the quadratic component of the
sensors . magnetoresistive response gives rise to an
undesirable second harmonic distortion [(171. By
differentially sensing the voltage changes in the two
magnetoresistive elements, this component can be eliminated,
making the sensor output linear with respect to the signal.
In order that differential sensing of the sensor array is
possible, it has to be biased as shown in figure (27), with
the two arms of the array having their magnetisation vectors
rotated by the same ammount, but in opposite directions. This
is achievedA by folding together two 1long magnetoresitive
elements, . and electrically inter-connecting them as described

in Chapter Three.

As all of the sensors making up the array are
fabricated 1in an identical fashion, the assumption 1is made
that for equal current densities in each of the arms, both
sets of elements are biased to the same degree. Although this
is not strictly true, as the sensors on either side of the
array have only a single neighbouring sensor to supply their
bias fields; it is assumed to be reasonable due to the other
coupling effects operating in the head. Thus, for an applied
field acting on the whole head, the resistance of one arm
of the array will be decreased, whilst that of the other arm
will be increased. It is additionally assumed that by biasing
"each of the arms onto the most 1linear part of the reponse
curve, the resistance changes in each arm will be equal. If a

current constant is supplied to the sensors, then the
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resulting voltage changes in the arms can be differentially

sensed using a simple bridge network.

Although this method of obtaining a signal voltage
works well for the case in which each of the elements in the
array is acted upon by the same external field; a degree of
signal cancellation due to the differential sensing mechanism
will occur if the elements are sensing magnetic fields of
differing magnitudes or directions. For instance, if the
elements in one arm of the array sense a magnetic field which
is equal 1in magnitude, but opposite in direction to that
sensed by the sensors in the other arm of the array, then no
signal voltage will occur. As each of the elements 1is
physically separated from 1its neighbours by the insulation
layer between them, this is exactly the case when the device
is being wused to read short recorded wavelengths. It Iis
therefore important to establish the extent to which this
effect 1limits the high frequency response of the head, and
include the result in the theoretical description of the

device.

In the analysis of this part of the problem, no
allowance is made for the various frequency dependent losses
associated with the magnetoresitive reading of information
stored on magnetic tape. This allows a clearer assessment of
the losses due solely to the cancellation effect to be made.
It is therefore assumed that a single sensor would produce a

maximum signal voltage of unity, which 1is frequency

Page 142



independent. Then, for a particular recorded wavelength (Y)
’

the signal voltage produced by the sensors in the array

separated by a fixed distance D is shown to be

6
\ 2pi
V = Sin | ==eao N + X i, (21)
2w ()
N=1
Where S = (Y/D), and X is the distance between the first

element in the array, and the tape field null, and the moment
the voltage is measured. To obtain the maximum voltage that
can be obtained from the head at a variety of recorded
wavelengths and sensor separations, a computer programme was
written. This programme calculated the maximum output for
each particular frequency, by placing the first element in
the array coincident with the field null on the tape, and
performing the summation for each of the sensor voltages. X
was then incremented in small steps across the full recorded
wavelength, with the head signal voltage being recorded for
each step. A variety of sensor separations were used to model
the head response across a wide range of wavelengths, and the

predicted results are shown in figure (28).

As can be seen from this diagram, the head performance
at long wavelengths is significantly better than that of a
single sensor. However, for realistic separation thicknesses,
assuming the Silicon Dioxide layer between the sensors is to
provide the necessary electrical insulation; the response to
shorter recorded wavelengths is not as great an improvement.

Despite these difficulties it is predicted by this model that
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Figure 28
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the head will perform better than a single magnetoresistive
sensor for recorded wavelengths in the audio range; provided
that the insulation layers between the films can be kept to

thicknesses of no more than 3-4 microns.

The extent to which the magnetostatic coupling between
the sensors in the Six~element head will affect its
performance is a somewhat more complicated problem. Each of
the sensors in one arm of the array are electrically and
magnetically connected together. The two arms are then folded
together as shown in figure (4), with the sense current
flowing through each of the arms providing the bias field
required by the opposite arm of the array to linearise its
response. It <can thus be seen that this structure is
magnetically very complicated indeed, and to derive an
expression for the tape-field response it is necessary to

somewhat simplify the problem.

~ To do this it has been assumed that the structure can
be unfolded, with the three sensors in each of the arms being
treated as a single sensor separated by a fixed distance from
a second identical sensor. The justification for this is that
as all of the elements in one arm are magnetically connected
at their ends; the coupling across the separation
insulation between two sensors from the same arm, which are
adjacent to each other in the sensor array, will have only a
very limited affect on the magnetic behaviour of the total

arm; and can therefore be ignored. However, the coupling
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between the sensors making up opposite arms of the array

remains; and must be included in the analysis of the

=

structure. Thus the problem is reduced to one in which two

long magnetoresistive elements are separated spatially from

each other, but are magnetostatically coupled across this

separation distance.

As a result of this assumption it becomes possible to

describe the performance of the head using the equation:-

- + P 1 - \ ----- N ¢-F-)
o max. ¢ \ H |
- ° /

Where P is the sum of the resistivities in each of the arms
of the array, P is the isotropic part of the resistivity,
and P is theomagnetoresistive change. H 1is the bias field
and Hmaihe field required to saturate bthe sensor. This
equatgon is derived from Hunts original expression for the
response of magnetoresistive elements to applied fields which
is given in equation (11). It describes the field dependence
of two magnetoresistive sensors which are biased in opposite
directions, and are differentially sensed. It now becomes
straight-forward to obtain an expression for the signal
voltage, providing H and H can be evaluated for the

o) b
multiple-film head.

A model has recently been derived which allows the

angle between the magnetisation and the easy-axis to be
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calculated for magnetoresistive elements separated by a

non-magnetic, electrically insulating material [24]. This
angle is shown to vary across the width of the elements, but
can be calculated at a particular displacement (x) from the

centre of the sensors using the equation :-

H y
6 (x) t cosh(Bx)
X S === 1 T TEemesmmm—- L A A A AR I (23)
H cosh(Bh)
k .
where
1/2
M H
k
N
2 ' 1
2piM TS + 2A|1 = mcooooooo. + 2A
cosh(rT/2)
and
1/2
2
UpiM
r = \ ——cceeo
2A

In these equations M is the saturation magnetisation, H the
anisotropy field, A the exchange constant, T the sgnsor
thickness, S the separation between the sensors, and h the
sensor half-height. H is the drive field and has been
obtained in this analysgs from the equation for the magnetic

field at a point above an infinite current sheet.

Although this -equation 1is specifically intended to
provide the sensors magnetisation distribution across its
width,it has proved to be very wuseful in the analysis of the
multiple-film head, as it has allowed values for H and H

(o) b
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to be obtained. To achieve this tpe equation has been

integrated within the limits of the sensor height, to provide

the average angle of the magnetisation across the sensor

width :-

H
t tanh(bh) i

6 - T o mmmmmeee o L (24)
(average) H Bh

k

The demagnetising field can then be calculated by assuming
that when 6=(pi/2), the sensor is magnetically saturated.
Therefore the demagnetising field will simply be equal to the
drive field when 8 is set to (pi/2). Additionally, the
optimum bias field should occur when 6=(pi/l), and the
sensors are operating on the most 1linear part of the
magnetoresitance response curve. The values for the bias
field, and demagnetising field can thus be obtained by
substituting for these values of (68) in equation (24), and
solving for H . The dynamic tape-field reponse of the

t
multiple-film head can then be calculated.

For two differentially sensed sensors it has been shown

that [17]:-

P H
¥ max b
e = ¢ = IR ccmeeee- 2 —mm———- P (25)
1 2 * H *# H signal
P o o]
where e and e are the sensor voltages. I 1is the sense

1 * 2 .
current, and R is the sum of the sensor resistances. The

other terms in the equation are the same as those used 1In
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equation (22). From. the values for the bias fielq

and
saturation field obtained using (24), it can be shown that :.
H
b (1 - (1/Bh)tanh(Bh)
-------- =TT mmmmmmmeemeeeeeo Z f (h)
i o1t (26)
o 0 k

By now letting equation (25) operate on the equation for the
field above a Sinusoidally recorded tape given by Wallace
[12], 1in the same fashion as described by Hunt [11], an

expression for the head output is obtained.

P (kh)
* max (-kd) (-kt ) (1 - e )
V= IR —eeeeeo 8piM ( f (h) ) e (1 - ¢ ) -
P r kh
*
The terms I, R, P. , P, and h have been defined earlier in
max
the text. 4piM is the tape remnant flux density in Gauss, d
r

is the head to tape separation, t the tape coating thickness,
k is equal to (2pi/Y), where Y is the recorded wavelength;
and (f (h) ) is the result derived from equation (26).

This equation, which defines the tape-field response of
the multiple-film head has now to be connected to equation
(21), which defines the 1losses associated with the
differential sensing mechanism. To do this it is specifically
recognised that equation (21) was derived for the case in
which the head output was taken to be recorded wavelength
independent. Thus, to obtain a complete expression for the
head performance the equation for the tape-field performance

has to be multiplied by equation (21). To do this the signal
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voltage for a particular wavelength is calculated using the

tape field equation. The reduction in  the maximum signal

obtainable is then found for this wavelength using equation

(21), and the two are multiplied to produce a valye for the

theoretical head signal voltage. 1In this fashion an

approximate analysis of the head performance has been

completed.
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5.0) Experimental results.

5.1) Experimental methods used to evaluate the heads

performance

To evaluate the performance of the finished heads a
variety of tests were performed on devices ranging from a
simple two-element configuration, to the most complicated
six-element multiple-film heads. In order to test the biasing
capability of the structure a simple electro-magnet supplied
from a mains transformer was used. This arrangement was
capable of providing fields of more than sufficient in
magnitude to magnetically saturate the sensors. The use of
this system to examine the biasing characteristics of the
heads, as opposed to testing them directly using standard
cassette tapes, means that distortion of the results due to
the the losses associated with the sensing of the tape signal
can be discounted. By comparing the amplitude of the
magnetoresistive signals waveform at the fundamental (50 Hz)
frequency with that of the second harmonic, the extent to
which the biasing arrangement is operating correctly can

also be determined.

An additicnal advantage associated with this
evaluation method 1is the fact that the sensors have only to

be wire bonded to the flexible lead-out pattern to test them.

Page 154



This overcomes the need to fully assemble the heads complete

with cover slip and ceramic side cheeks, package them, and
then lap the front face to provide the required tape to

element separation. Thus the maximum percentage
magnetoresistive change of the sensors can be quickly and
easily evaluated by measuring the sensor resistance and the
constant current supplied to it; and then magnetically
saturating the device with the electro-magnet and measuring
the resulting magnetoresistive Signal voltage. This allows

defective heads to be rejected without having to needlessly

fully assemble them, which is a very laborious process.

To test the response of the finished devices to
variations 1in wavelength recorded on magnetic tape, standard
cassette tapes and tape transport mechanisms were used. The
tapes used were B.A.S.F. standard Audio cassette tapes type
4,75 (Fe), which are recorded to D.I.N standard 45513/6. They
have a reference signal section of wavelength 142.64 microns
recorded on them at a standard flux density of 250 nWb/m,
after which there are two additional sections which are
recorded at the same wavelength and also a wavelength of 4.75
microns, but 20 dB below the reference level. These provide
both head alignment and tone reference levels for ‘testing
standard inductive heads. Following these sections there are
a variéty of other wavelengths recorded on the tape ranging
from 1,509 microns to 6.75 microns, these are also
recorded at the reduced level. Therefore the wuse of these

standard tapes allows the head performance at a variety of
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wavelengths to be evaluated accurately using the

specifiction for the tape supplied by the manufacturer.

The tape transport mechanism used to test the heads

with the standard tape consisted of a basiec chassis

containing the drive motor, and its controls, but little
else. To enable the heads azimuth to be adjusted they were
first mounted onto a positioning plate which had the same
dimensions as that which would have held the conventional
inductive head in place. This was then attached to the
mechanism using the pre-drilled holes in the chassis, with
two long screws and return springs. To alter the angle of the
sensors relative to the tape, these screws could be
tightened, or released as required. As the standard tape is
reéorded across the full width of the tape, no additional
vertical adjustment was included 1in the head alignment
mechanism. However, it was found that by tightening or
releasing both of the retaining screws by the same amount,
it was possible to align the sensor with one of the tracks

recorded on a standard music cassette relatively easily.
5.2) Results from two-element device.

Due to the <complicated nature of the multiple-film
head, and the difficulties encountered in its fabrication; a
substrate containing simple two-element self biased
structures was fabricated first to aid the understanding of

: o
the fabrication processes. The sensors which  are
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manufactured using this reduced scheme are very similar to

devices which have been described previously [1], in most
respects; but have the same Sensor and  conductor
configurations, as the multiple-film six-element structure,

They require the same type of film depositon and
photolithographiec processing as the more complicated
multiple-film device, but fewer steps are needed to
complete them. A head was constructed, as described in
chapter three, from one of the sets of sensors on this
substrate and used to evaluate the success of the fabrication

process and biasing scheme.

When tested in the uniform field provided by the
electro-magnet it was found that this configuration biased
well with very little distortion for a wide range of sense
currents and applied fields. To obtain a wvalue for the
optimum current required to correctly bias the device, the
sense current was increased in steps, and at each point the
asymmetry in the waveform measured. A graph of the results is
given in figure (29). By extrapolatidn from the readings
taken to the point at which the asymmetry would have zero
amplitude, and hence the sensor performance would be at
its most linear; the optimum sensor current was found to be
21 (mA). The result could only be obtained by this method,
due to the difficulty in measuring the waveform asymmetry as

the sense current was increased and the waveform tended

towards a pure sine wave.
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Using the measured sensor dimensions, the valuye
extrapolated for the optimum sense current, and the measured
sensor separation; the optimum bias field provided by the
sense current for this device was calculated to be 4,95
Oe, using the theoretical expression derived in section b.4,
and given 1in equation (20). This value was then compared
directly with the value for the optimum bias field obtained
using equation (24) which was derived in section 4.5. By
substituting the value of 6=(pi/4), together with the sensors
measured dimensions, and separation the bias field obtained
using this equation was found to be 5.35 Oe. The correlation
between these results implies that the use of equation (26)
to obtain the values for the sensors bias and demagnetising
fields is Jjustified. Additionally, the ability to linearise
the output using the sense current indicated that the biasing

scheme worked as intended.
5.3) Results taken from the six-element head.

A six-element multiple-film was then fabricated and
tested. Due to the increased number of layers used in this
sensor compared with the two-element device ( fifteen as
opposed to five ), this proved to be a very arduous task
indeed. Eventually however, a substrate was successfully
completed, from which several sets of sensors were made
into full working replay heads. These were tested using
both the uniform field supplied by the electro-magnet, and

the standard cassette test tapes. As each of the devices
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completed was from the same substrate, no variation in the

head performance as a function of sensor Separation or

thickness could be investigated. It was however possible to

examine the effect variation of the widths of the elements

had on the devices sensitivity to uniform applied fields, and

tape signal fields.

Three heads were manufactured, having sensor widths of
15, 30, and 50 microns respectively. The thickness of each of
the sensors in the array was measured during the substrate
fabrication, and found to be 540 Angstroms; with the
separation between them due to the thickness of the
insulation layer being measured as 4400 Angstroms. The value
for the anisotropy field for this thickness of material was
found to be 6 Oe, and the percentage anisotropic
magnhetoresistive change 2%. Additionally, the measured
decrease 1in the sensor resistances for each of the heads was
consistent with the increase in element width for all of the

devices completed.

When tested in the wuniform field all of these devices
showed negligible distortion of the output waveform for a
wide range of sensor currents, and applied fields. Indeed no
investigation of the type performed using the two-element
structure could be carried out, due to the high degree of
signal linearity of the heads, even at very small sensor
currents. However the linearity of the current scaling factor

could be checked using this apparatus; with the assumption
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~that non-linear bias effects would result in distortions in
the response of the sensors for varying current densitijes.
In figure (30) the results of this investigation are plotted
graphically, with the current density being used in
preference to the sensor current, in order to normalise the
signal output voltages for the various widths of sensor. As
can be seen from these results the sensor sensitivity

appears to be a function of the element width, with

increased sensitivity as the width is increased.

To evaluate any distortion due to non-linear biasing
not apparent from these results, the peak-to-peak output of
the different sensors was divided by the sense current used
to take each reading and plotted against the current density.
In this fashion it was hoped that a more realistic appraisal
of the relative head performances could be obtained. These
results are also shown in figufe (30), and would appear to
demonstrate a non-linearity in the biasing of the wider
elements; in addition to their improved sensitivity. This
improvement in sensitivity to wuniform fields of the wider
sensors is consistent with the theoretical analysis given
in section 4.5, if the demagnetising field averaged
across the sensor width is compared with the demagnetising
field calculated at the centre of the sensor. Using equation
(24), these values have been calculated for the device
widths measured and provided earlier in thg text; they are

given in Oersteds:-
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Figure 31
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Sensor Width H (centre) H (average)

(microns) o 0
15 15.51 22.40
30 10.28 13.75
50 9.52 11.62

The values obtained show that the ratio of the
demagnetising field calculated for the centre of the sensor
to that averaged over the sensors width, is 0.69 for the 15
micron sensor, 0.75 for the 30 micron sensor; and 0.82 for
the 50 micron sensor. This ratio is directly related to a
sensors sensitivity to applied fields, in that for an ideal
film the magnetisation across the full width of the sensor
would rotate coherently. In a2 real magnetoresistive
element however, the large demagnetising fields found at the
elements edges, reduce - its sensitivity to applied
fields. Thus the smaller this ratio becomes, due to the
increasing effect of the demagnetising fields at the sensors
edges, the less sensitive the element. Hence this theoretical
result would appear to explain the reduction in sensitivity

as the sensor width is decreased.

Figure (31) shows graphically the results taken when
the field was varied from O to 15 Oe. The current density
was kept constant for all readings, and the field values were
obtained using a calibrated Hall probe. As can be seen from
this graph the predicted increase in drive field required to
saturate the sensors, as their widths are decreased 1is

observed. However readings were not taken up to
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Figure 32
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values required to fully saturate the heads, and hence an

exact correlation with the theory is not possible.

The dynamic performance of the heads was then tested

using the standard cassette mechanism. For all tests the

2

current density was held constant at 5.5 A/m , in order to

produce a realistic comparison between the output signals
produced by sensors of different widths. A complete set of
results was produced for an estimated sensor to tape spacing
(D) of 3 microns for all three heads. This distance was
evaluated by examining the front edge of the finished head
using an optical microscope. By tilting the head towards the
objective 1lense of the microscope, the sensors could be
easily seen through the substfate and cover-slip sandwich. As
the element width 1is Kknown from the photolithographic
measurements, the distance of the un-lapped substrate
remaining could be estimated, thus providing the

tape-to-sensor separation.

From the results taken at this separation distance it
was found that the 50 micron wide sensor performed better
than either the 30 or 15 micron wide sensors, producing a
larger output across the full range of recorded wavelengths
available. Due to the theoretically predicted loss of short
wavelength reponse, with increased separation distance, it
was decided to continue the lapping process for one of the
heads in an attempt to improve its performance. The limiting

factor in this procedure had bDbeen found from previous
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experiments to be the thin 1layer of glue between the

substrate and chip. Even wusing the smallest glue-layer
possible to hold the glass pieces together; particles from
the lapping compound could still become embedded in the glue,
fatally damaging the sensor array. Thus the lapping process
continued in small stages, with the head having its dynamic
performance and tape-to-sensor distance remeasured at every
stage. Eventually the head failed, with the 1last complete

set of results being obtained at an estimated

separation of 1.6 microns.

The complete set of results, for each of the heads at
the initial separation distance; in ‘addition to those
obtained from the head lapped to provide the reduced
sensor-to-tape spacing are shown graphically in figure (32).
The sensor outputs are plotted wusing the output of the 30
micron wide sensor lapped to the reduced separation distance
and reading a wavelength of 142.64 microns as reference. This
figure «clearly demonstrates the improvement in the head
performance possible by reducing the separation between the
sensors and the tape. Also shown in the figure are results
produced using the previously described theoretical output
from a single element due to Hunt [2]. The dimensions used in
the calculations are the same as the reference elements, and
an output is predicted which is typically some 15 dB's
below that produced by the experimental head. This indicates
that the increased signal voltages available from the

multiple-film configuration, for which these heads were



designed and fabricated; can be realised in practice

An attempt was then made to fit the head output
predicted using the expression derived in section 4.5 to the
results measured using the experimental head with the reduced
tape-to-sensor separation. The result of this exercise is
shown graphically in figure (33), with the relative sensor
outputs piotted, using the same reference level as used in
figuré (32). The data on the tape field is taken from the
information provided by the manufacturer, and for the
magnhetic properties of the sensors the values are taken to be
'an anisotropy constant of 6 Oe, a saturation magnetisation of
10 * Gauss and an exchange constant of 10-6 erg/cm. The
dimensions for the insulation thickness, sensor height, and
tape to sensor separation, are 4400 Angstroms, 30 microns,
and 1.6 microns respectively. These results are plotted on

the graph wusing the squares, and as can be seen from the

figure the fit to the experimental results is not good.

It was therefore posfulated that as even small
variations in any of the distances used can have a marked
effect on the relative performance of the head, particularly
at short recorded wavelengths; a better fit to the
experimental data might be possible using slightly different
values. Additionally, if an improved fit were possible using
lengths that were not too dissimilar to those measured, an

insight into the relative importance of each 1length and 1ts

measurement accuracy might be also obtained. Such a fit was
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indeed possible for an insulation thickness of 3000

Angstroms, a tape to sensor distance of 1.4 microns, and a
’

sensor height of 28 microns. These results are plotted as the

crosses in figure (33).

The use of these values may be Justified for the sensor
to tape spacing; as this is only estimated as described
previously, and the sensor width; due to a combination of
reduced sensitivity at the sensor edges resulting
from demagnetising effects, and over-etching during the
device fabrication. However, the value for the separation
between the sensors 1is measured wusing a stylus instrument
during the fabrication of the device. The improvement in
the fit of the theoretical results to the experimental data
obtained wusing the reduced insulation thickness would thus
appear to imply that the decrease in the head output at short
wavelengths due to the cancellation effect described in
section 4.5, plays a lesser part in the performance of the

device than accounted for in the theoretical description.
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6.0) Discussion.

In the introduction to this thesis the benefits of using
the anisotropic magnetoresistance effect observed in thin
ferromagnetic films to read information stored on
magnhetic tapes was discussed. It was pointed out that sensors
utilising the effect have certain advantages over

conventional inductive replay heads, not the 1least of these

being the ability to fabricate, using standard
photolithographic processes, extremely small sensing
elements. As these elements are capable of producing

comparitively good signal to noise ratios, due to their
outputs being scaled by the sense current; the trackwidth
recorded on the tape can be decreased. Thus it becomes
possible to improve significantly the storage capacity of
existing tape formats without altering the width of the tape

or its transport mechanism in any way.

Although the access time of compact cassettes 1is
prohibitivly 1long for them to be used competitively in
either personal or buisness computers; for the storage of
speech or music they remain ideal. Thus the ability to
increase the number of tracks available on a particular
width of tape, whilst maintaining the quality of the signal
on playback make this method of information retrieval very
attractive. To this end the aim of the research presented in

this thesis was to design, optimise, fabricate and evaluate
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the performance of a magnetoresistive replay head having a

novel sensor configuration. The design of the head was such

that it would offer an increase in output over existing

magnetoresistive heads, particularly when reading recorded

wavelengths in the audio range.

To acheive this goal, experiments have been performed
to determine the preparation conditions required to provide
thin films of NiFe in which the percentage magnetoresisitive
change is maximised. These experiments have involved the
design and construction of two pieces of apparatus, which
enable various galvano-magnetic properties of the films
deposited to be measured. As a result of the data produced, a
method of film production has been derived which allows the
routine deposition of films having 1large anisotropic
magntoresistances. Such films <c¢an then be patterned into
sensors using similar photolithographic techniques to those
commonly wused in the manufacture of micro-chips. By
optimising the mask design necessary to produce the sensor
configuration required, it has been possible to provide a
range of heads on a single substrate, each consisting of an

array of sixteen sensors.

Several heads having a variety of sensor widths have
been fabricated and tested. From the results of tests
performed using these heads it was concluded that the
configuration chosen does indeed offer an improvement in

output' over previousley described magnetoresitive heads.

Page 173



However, when the experimental results are compared with the

theoretical description of the head which has been derived

several points emerge. The first of these is that tpe
anticipated losses due to signal cancellation within the head
do not appear to have as great an effect as postulated. To
overcome this problem it would be necessary to extend the
theory describing the cancellation effect to incorporate the
thicknesses of the elements making up the sensor array. In
addition to this, the output of these novel heads appears to
be extremely 1linear even for very small sense currents.
Although the theoretical expression for the head performance
specifically includes the magnetostatic coupling between the
elements in the calculation of the sensors demagnetising
field, some simplifying assumptions have been made in its
derivation. Thus it is anticipated that more research would

also be necessary to completely describe the interaction in

order to explain the heads linearity.
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10

29

39

44

S

&8

74

8

of

160
116
120
139
148
1358
169
170
180
199
290
218
220
239
240
230
260
279
2889
290
360
310
329
330
349
339
369
379
380
399
489
410
429
439
440
459
440
479

PRINT
PRINT
PRINT
P=4s(A
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
X=(20
Yi=SQ
S=Y1/
Al=AT
At=At
T=Y1/
A2=AT
A2=A2
PRINT

PRINT
PRINT

"PLEASE TYPE IN THE FOLLOWING INFORMATION . "

TNC1))

"LENGTH OF FIRST Y-DIMENSION"
YA

"LENGTH OF FIRST X-DIMENSION"
XA

“OVERALL LENGTH OF PATTERN®

Y

"FIRST CONDUCTOR WIDTH®

c

"FIRST GAP WIDTH®

6

*C)+(19%B)+(G/2)
R(X)®SQR(X+1A)

X .

N(S)

*(188/P)

(X+XA)

NCT)
w«(188/F)

RO=14E-8

T1=2.
G1=Cw

$E-7
S

G2=6«S

G63=(X
G4a=(X
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

+XA)*C/X

+XA)#G/X
"VAILLIE O0F Y1 =";TAK(13); 11
"ANGLE ALPHA ="3TAE(13);A1
"ANGLE BETA =" TAB(12);A2

"sTARB(19) 5 (X#2)

i

“TOTAL TRACK WIDTH -
“HALF TRACK WIDTH (X) ="3;TAR(22):X

" CNDR(1) GAP(1)"

c,G ,

" CNDR(2) GAP(2) CNDR(3) GAP(3)"
61,62,63,64

" RESTNCE";TAR(11);"Y1";TAR(21);"X1";TAB(31);"Y2";TAB(41);

sTAB(S1);"X2";TAB(61);"Y4"

489
490
500
510
520
S38
540
3550
D69
579
588

FOR J
YB=(Y
XB=(X
C3=(Y
C2=(Y
B=YA

B1=XA
B2=C2
B3=YR
BA=XR
B5=C3

=1 TO 26 STEP 1
-YA-(Cx*S))
A+C-G3)
A+(C=*8))

-YA)

Al.1



618 N2=INT(C2)

628 N3=INT(YE)

4638 NA=INT(XR)

648 N5=INT(C3)

650 F=YA-N

668 F1=XA-N1

670 F2=C2-N2

680 F3=YB-N3

4698 FA=XB-N4

700 FS=C3-NS

718 IF F>8.5 GOTO 899 ELSE 774
226 1IF F1>8.5 GOTO 910 ELSE 790
736 1F F2>8.5 GOTO 930 ELSE 810
746 IF F3>8.5 GOTO 950 ELSE 83§
756 1F FA>8.5 GOTO 970 ELSE 150
768 IF F5>8.5 GOTO 998 ELSE 870
778 YA=INT(YA)

788 GOTO 729

798 XA=INT(XA)

348 GOTO 738

816 C2=INT(C2)

826 GOTO 748

838 YB=INT(YR)

846 GOTO 750

856 XB=INT(XD)

B840 GOTO 742

878 C3=INT(C3)

380 GOTO 1010

898 YA=1+N

988 GOTO 726

918 XA=1+N1

928 GOTO 738

938 C2=1+N2

949 GOTO 740

958 YB=1+N3

948 GOTO 758

978 XB=1+N4

988 GOTOD 740

998 C3=1+NS

1989 GOTO 1618

1818 R1=(RO/T1)*{YAs1.6E~6)/(Cs1.0E~$)
1828 R2=(RO/T1)2((XA+CI*1.BE-4)/((CeS)s1.0E-4)
1838 R3=(RO/T1)*((Y-YA-(C*S))#1.BE~§)/(G3x1.0E-64)
1048 R=R1+R2+R3

1:59 PRINT R:TAB(18);YA;TAB(28);XA;TAB(38);C2;TAR(4G) ; YE; TAK(SS) ;XI
69)3C3

1968 YA=B

1878 XA=B1

1988 C2=B2

1998 YB=B3

1169 XB=B4

1118 C3=BS

1128 YA=(YA+(C*S)+(G*S))

1138 XA=(XA+(C+G)-(GI+G4))

1148 NEXT J

1158 END

>READY
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CONDUCTOR PATTERN OPTIMISATION IN THIN-FILM HEADS
D.J. Mapps and M.L. Watson

Plymouth Polytechnic England

As areal packing densities rise (1) there is a tendency for
decreasing track-width, especially for high=capacity digital
storage . This can easily be achieved by thin=film heads but
when track width falls, problems can arise if the impedance
contribution of the lead-out conductor pattern is significant
when compared with the impedance of the sensor element (2).

Resistance Equalisation

Figure | shows part-diagrams of a lead-out pattern for a 16-
track M-R sensed digital audio cassette head. The M~-R sensors
have a resistance of about 202 and lead-out resistances of
about 15Q. Lead out resistances must be equalised so that all
tracks produce equal outputs. Figure 1(b) shows part of a
single lead-out conductor in the array of figure 1(a). The
total resistance of any conductor in the array ABCD is

Tan 3
R = ﬂ? y, = ); Ta;ﬂ + X(Tano() - x+ xTar;B] (1)
Tang "

x, and x., are fixed by the cassette tape width and the
standard compact cassette head package dimensions but y, is
variable.

Substituting values for Tanet and Tan 8 in equatlon (1) and

differentiating for a minimum with respect to X gives
q

= (2)
7 X%
as the critical condition for equal resistances in all
conductors. Also, since Tantx Tan 3 = 1 for this conditionm,

3 and & must be ) and < 45° respectively.

A2.1



Capacitance and Inductance

Lead-out capacitance and inductance are important at high
repetition frequencies. The implications of equalising resis-
tances as defined by equation (2) means that capacitances and
inductances will vary. For fields obeying Laplace's equation,
capacitances and inductances are unaltered if dimensional
proportionality is maintained as implied in figure 1(a). The
maximum per-unit error in these quantities in the region ABCD
is therefore easily evaluated as = Tan 3 - Tane . The
magnitudes of capacitance and inductance per unit conductor
length are calculated by an iteration method and shown in
figure 2.

= CpF)
R ('HI

-

rJ
b

H

-

‘racctence
jw Tan &

b

A

.

18
~

o

Fig.1.Conductor pattern design for Fig.2. Conductor capaci-
a l16-track compact cassette tance and 1induct-
thin=-film head. ance as a function
of mark/space ratio

o
d.
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A

2120

00109 INEUG ST1,
00110:POLY(5)5,0,01130,90, -19,-2, -110,2,-10,-99,
@0111:ENDG;

@8112:NEUG 5T,
#0113:POLY(515,9,01130.90,-10,-62,-110,10,110,20,-110,
80114: 10,110,270, 110,2,-10, 90;
00116:EMDG;

P0116:NEUG ST3;

@01171POLY(515.0,0:170,90,-10,-52, 110,10,110,20, -110,
00118 10,110,10,-110,2, -10, -90;

00119 :ENDG;

00120 :NEUG SACT;

©0121:DITTO GROUP 5T1,90,-90;

CUIGLE 720,90,
"o1273: 1350, -90;
89124 2400, -90;
8125 1030, 99,
00126 DITTO GROUP ST, 300, -90;
0127 939,-90;
00128 1770, -9@;
20109: 2190, 90;
na1)e: 2820, -90;
0@131:DITT6 GROUP &T3,%10, 99;
2017)2: 1140,-90;
90112 1560,-99;
001734: 1980, 90;
00115 2610, -990;

90136t NDG;

@RI 17:NHUG K4,

AQIIRIPNLY(I314,0,0:310,180,-50, -40,40,-90, 125,40,
U ARER -40, 40, -125,90,40,40,-50,-180;
VA140:FNDG;

OA141:NUG KIB;
VOLAC:IPOLY1)5,0,0:310,180, -50, -40,40,-100, - 125, 40,
09147 -40, 40, 125,100, 40,40, -50,-180;
V01 44:ENDG;

Q8145 :NHUG K
AAL4CIPOLY(D)5,¥,0:310,180,-50,-40,40, -110,-125, 40,
9147 40, -40,-125,110,40,40, 50,-180;
V01 48ENDG;

NA140:NEUGL K3D;
WO1S:POLY1 315,0,0: 310,180, -50,-40,40, 115, 125,
velst: 40, 40, 46,-125.11%,40,40,. 50,-18B0;
WeISPENDG;

YOLL3NFUG K3t ;

NACaPNLYINIC A 9710, 180, S0, 40,40, 120, 125,40,
(. AR 40,-40, -125.120, 40,40, -4.0, 180;
MO GIENDG

AELET NI UG X 3F

VOIS :POLYI3'5,0,0:310,180,-50, 40,40, -125, 125,40, -40,
G159, -40,-125,125,40,40,-50, -180;
W('1hOIENDG;

00161 INEUG TR,

0016.:GROUP K3A,0,0, XX, X, B, 420;

Wele 11ENDG;

QOIG4INEUC T8,

CCtBS  uPOLIP X39,0,0, XX, X, 8,420;

JOlentE NDG

QOI67IHLUG TIC

AG1681CROUP X3(,0,0,XX,X,8,420,

VO1GYIENDG;

WO1TOINEUG TID;

PO171GROUP KID,0,0, XX, X, 8,420,

Q0172 ENDG;

00173:NEUG THE;

001 74:GROUP KIE,9,0,XX,X,8,420;

008175 :ENDG;

Q0176 :NENG THF,

001 77:GROUP K3F ,0,0,XX,X, 8,420,

001 /8:ENDG;

00179

PO1BOINEUG M1 ;

001H11POLY(L)5,0,0:100,05, -10,-10, BO,10,.-10,-25;
OR1B2:ENDG;

00183:NLUC M2,
001841POLY(5)5,0,0:100,30, 10,-10, -80,10,-10, 10
90185:ENDG;

00186:NEUG M3;

00187:POLY(5)5,0,0:100,35, 10,-10,-80,10,-10, - 3%,
Q018BIENDG;

QO1HIINFUG M4,

00190:POLY(5)5,0,0:100,40, 12,-19,-8¢,1¢, 1e, 49
00191 1ENDG;

001921 REUG NS
00193:1P0LY(515,0,0:100,50,-10,-10, -80,108, 19, -%¢;
001941ENDG;

BO195SINEUG M6 3
00196tPOLY(5)5,0,0:100,60,-10, - 10, -80,10, - 10, -69;
001971ENDG;

00198 INEUG SR ;

00109:GROUP N1 ,0,0, XX, X,16,210;

0O200I1ENDG,

00201 INEUG SA2;

80202

0028J1GROUP N2,0,0,XX,X,16,218;

002041ENDG;

BO2O5SINEUG SM];

00206 IGROUP NI,0,0 XX, X,16,210;

00207:ENDG;

002081 NEUC SA4;

00COHIGROUP M4,0,0,XX,X,156,210;

BO2101ENDG;

0021 1 INEUG SNS,;

0P212IGROUP M5,0,0, XX, X,16,2180;

808213:ENDGy

G021 4:NENG SM6;

00215:GROUP M6,0,0, XX, X, 16,210;

00216 :ENDG;

0021 7INEUWG St ;

P0218IRECT(1)-2,-2:104,1)2;

00219:ENDG;

00220 :NLUG BSI;

00221 :GROUP S51,0,0, XX, X,16,210;

00222 1EMDG,

80221 INFUWG 52,

PO224:POLY(2)G, -4,-4:108,136,-10, -60, 48,.50,48,10,
00225 -78, -136;

002261 ENDG;

00227 INEWGC BS2;

Q0208 :GROUP S2,0,0,XX,X,16,210;

)

.
’



€ eV

2120

002281GROUP S2,0,0,.XX,X,16,210;

902291ENDG,

Q0230:1NEWG 53
09231:POLY(4)S5,-2,-2:104,62,- 80,1490, -24,-202;

00232 1POLY(4)5,208,-21104,202,-24,-140, -80, -62;
90233 :ENDG;

00234:NEUG BST,

0023S:GROUP S3,0,0,XX,X,8,420;

90236:ENDG;

90217:NEUG T1,

99238:POLY(6)5,0,15:10,165,-9,170, -28,-198,27,-137;
00239:POLY(6)5,20,145:65,205, -28, -175,-37, -30;
002490:POLY(6)5,90,15110,3%,40,-30,30,30,40,-35,10,65,
00241: -51,270,-28,-270,-51,-65;
00242:POLY(6)5,22%,145:65,30,-37,175, -28, -205;
9024):POLYV(6)5,300,15:10,137,27,198,-28,-170,-9,-165;
00244 :ENDG;

00245 :NEUG TSt ,;

0OC46:GROUP T1,0,0,XX,X,8,420;

00247 ENDG;

Q0248 :NEUG T2;

20249:POLY(5)5,0,20310,160,-9,178, 28, 198,27,-132;
00250 :POLY(6)5,20,145:65,005,-28, -175,-37,-39;

V0251 :POLY(615,90,20110,35, 40, -30,30,30, 40, 135,10,
99292 65, -51,265, - 28, -265, S1, ‘65;
A02S 11 POLYL6)S, 3¢S, 145:65,30, -37,1°75, - 28, -205;
90254:POLY(6£15,100,20:10,1132.27,198,-28,-170,-9, - 160;
VAISSIENDG;

00256 :NEUG TS2;

00247:GROUP T2,0,0,XX,X,8,420;

PO2SR:ILENDG;

PNCSI NEUG T3,

00260:POl Y(615,0,05:10,155,-9,179,-28, -198,27,-127;
90261 :POLY (R)S, 20, 145:65,2085, -28B, 175, 17, -30;
PAC6POLY(615,90,25:10,35,40, 10,30, 10,48, 15,10,65,
0026 3 51,260, -2B, -260, -51,-65;
AOCH4:POLYI6)5,225,145:65,30, 37,175, -28,-205;

0O2HS :PULY(615,300,2%:10,127,27.,198,-28,-170, -9,-155;
0026k :ENDG;

20267 :NEWG TS53;

002ARB:GROUP T73,0,0,XX,X,8,420;

Pe2EUIENDG;

00270 :INLUG T4;

¥2T1:iFOLY(6)5,90.130:10,150,-9,170, 28,-198,27,-122;
VW2 2:POLY16)5,20,145:65,205,-28,-175,-37,-30;

AAD Y RN Y(R1S,90,70:10, 35,40, -30, 30,390,406, 35,10,65,
o027 4: -51,255,-28, 255.-51,-65;

Q02 75:POLY(6)5,225,145:65,30,-37,175, 28, -205;
PEDCHOLYI6 15,100, 30:10,122,27,198,-28, 170, 9.-150;
98277 ENDG;

QOZ 7B INEUG TS4;

OV "G:IGROUP T4,0.0,XX,X,B,420;

98:B@:ENDG;

WOCB1INEWG T5,

QVCB2:POLY1615,0,40110,140,-9,170, 28, 198,27.-112,
AacB I:POLY16)5,20,145165,205,-28,-175,-37,-30;
VUCB4:POLY(615,90,40118,35,40,-30,30,30,49, -35,10,65.
QQ28S: ‘51,245,-28,-245, -S1,-65;
We2B61POLY 16)Y,225,145:65,309,-37,175, -28, -205,
Q02RTIPOLY(615,300,40:10,112,27,198,-28,-170, 9,-140;
00288 1LNDG,

@B ;NEUG TS5,

00290:1GROUP T75,0,0,XX,X,8,420;

Q0291 1ENDGy

0029 tNLUG T6;

90291:POLY(6)5,90,50:10,130, -9,170,-28,-198,27, -102;
00294:POLY (615,20, 145:65, 205, - 8, 175,-37,-30;

90295 tPOLY(6)5,90,50:10,35, 40, - 36,30, 10,40, - 15,10,

002961 65, 51,275, 28, 245, -51, 65;
00297:POLY (615,225, 145:65,3@, 37,175, 28, -205;
00298:POLY(6)5,300,50:10,102,27,198, 28,-17@,-9,-130"
00299:ENDG;

00300:NEUG TS6; -

00301 :GROUP T6,0,08,XX,X,8, 420,

9@302:LNDG;

@0303:NEUC K2R, .
00304:P0L(10)5,-40,0:35,5, -25,25%5, 31,90, -28,-30, -11,-2379,
00305:POLV (10)5,-15,10:10, 180,90, 160, -28,-150,-72, -199;
06306: P01V (18)5. 315,10:10,199,-77,150,-28, -160,9@, -180;
@03071PDL> (10)5 315,0:35,270,-13,80, -28, - 90,31, -255,-85,-5;
80308 : ENDL

90309 :NEUG K cAT;

90@310:GROUP KPA,0,0,XX, X, 8,420;

08311:ENDG,

00312:NEWr k2P

80313:POLY (19)S,-40,0:135,8,-25,252,31,90, -28, -80, -1, -270;
0031 4:P0LY(10) S -15,13:10,177,90,160, -28,-159,-72, 187;
00315:1P0LY(10)S,315,13:10,187, 72,150, -28, 169,90, -177;
003161PCIY(IM)5,315,0:1%,270, 11,80, 28, 96,31,-252, -2,
00317 M.

00318 INEUG K2BT;

00J19I1GROUP K2D,0,0,.XX,X,B, 420;

083201ENDG -

00321 tNEVG Kre¢

00322:P01. ¥10). 490,0135,10, 25,250,31,90, -28,-80, 11,-270;
003231P0LY(10)S,-15,15:10,175,90,160,-28, 150, -72,-185;
00324:POLY(10)¢,315,15:18,185,-72,150, -28, 160,90, -175;
003251P0(Y11€)5,315,0135,270, 13,80, ¢B8,-90,31, 250, 4%, 19;
003261t NDu

00327 1MEUC K2CT;

00328:GROUP K2C.,0,0,%XX,x,8,420;

00329:ENDG;

00138 1ME}V ,

083311POLY (10)5.-46,0135,13,-25,247,31,90,-28, -8, -13, -279;
903321P014(10) ¢, -15,18110,172,90, 150, -28,-150,-72, 182,
00337:1POLY(10)5,315,18:10,182.-72,150,-28, -160,98, - 172;
903341P0LN(10)5.315,0135,270,-13,80, 2B, -90,31, 247.-25%, -13;
0033S1END

00336 : M UG A2DT;

003371GROUP K2D,0,0,XX,X, 8,420,

00138 1ENDO;

00339: MLV /14 Y2E
00340:P0LY(10)S,-40,06:35,18,-25,242,11,99, -8, 80, 13, -270;
00141:POLY (1015, 15,23110,167,90,168, 28, 150, 72, 177;
80342:P01 /110)5,315,23110,177,-72,150, - 2H, -160,90, -167;
00J34131P0LNM(10)¢,315,01]35,270,-13,80, -28, 90,31, -24¢2,-25,-18;
00144 1ENL

00345 INMEUG ~2ET;

00346:GROUP K2€,0,0,XX, X,8,420;

9034731ENDG;

H;



VAR

P6o

99146 :1GROUP K>C.0,0,XX,X,8, 420,
90347 tENDG,

@048 INEWG KIF

90349'P0[Y(\0‘S;“40,0135,23,-25.237,3!.90.'88.'80.-
003503P01Y(IO)S.-15.28!10.162.90.|60.-28.‘ISO.~7E."
©03511P0) 110)S, 315,28110,172, 72,1%0, -28, - 160,90,

20352: PO Y(10)S5,315,0135,27e,-13,80, -28, 90,31, -237, -&%, -23;

@0 ISIEN.G,

@015 4:INE LN Y Ty

09355 1GRULD X2F,0,0,XX,X,8,420;
00356 ENDG;

20357 1NEUG ke

13,-2790;
172;
162

Qa358:POLY \\Q)SIIOS.OZIO.QO,RO. 99,109,100, -36,250, - 28, -250, - 36, ‘100,

?0)59:ENDG,

@0 J6OINEUL KT,

@4161:GROUP K2,9,9,XX,X,8, 426;
P62 ENDG;

00363:NEUG SACD;

00 364:DITTO GROUP SD1,9@, -90,

eVI65: 720, -90;

001661 1350, -90,
@0 157! <400, 90,
@036B: 3030, 90;
0R169:DITTO GROUP $D2, 300, -99,

90 37e: 930, 9e;

00371: 1770, -90;
R 1721 2190, -90;
#0373 2820, 90,
@0174:DITTO GROUP $D3,510, -90;

001376 1140,-90,
00376 1560, 99;
001771 1980, - 90,
A0 417R: 2610, -90.;

PQR/UIENDG,;
0¢ 3BO:NEUG DB1;

»e 181 :POLYI2)S, 15,10115.>IO.IIS.S,"IS.IO,-llS.—Sg

OVIHS IENDG;
@028 J:NEUG DB,

00384!P0LV12)S.—15,13215,'13.115.8.-15,13.-115,'8;

OR38S:ENDG,
W@ IB6NEWG DB 4,

90387!POLV\8\9,-IS.lS:lS.~IS.l|5.10,-15.15.-llS,-lO,

00 IBE:ENDG;

#0 J891NEUG DB4;

WAJ9BPOLY (275, -15,1811%, -18,115,13, -15, 18,
ARG ENNG,;

W 192 TNEUG DBY;

MUY POL YIS -1, 23118, "23.115,18,-14%, 23,
CORET RIS T TP

VO 195 :NEUG DB6;

115,-13;

115, -18;

09196:POLY(2‘S.'lS.eﬂllS,’28.\15.23,'IS.ZS.-lIS,-EJ;

PO I197:ENDG;

@@ 19BINEUC TDBY;

0@ J39: GROYP Dll.o.o.xx,x,ls.alo.
PR400:ENDG,

€401 1NEUC TDBZ;

00402: GROUP D'e.o.‘,xx,x,lﬁ,e‘o,
Q40 11ENDG;

@PeQ4INEUG TDBI,

90 40S : CROUP D’J..,O,XX,X,IG,?!O}
L ]
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00405 : GROUP DBB.O.&,XX,X,IG.EIG,

00406 :ENDG,

00407: 1t U TDB4;

004981 GROUP on4,o,o,xx,x,16,aleg

B0409:1ENDG,

00410:MEUG TDES,

00411 :GROUP Das,o,o.xx,x,ns.a|o;

@6412:ENDG;

00413 INEUG TDBG,

0041 4:GROUP D86,0,9,%X,X,16,210:

QO41CIENDG;

00416 :NEWG DAL ;

00417:POLV(1,7)5,-15,0:1|S.10,15.5, 115, -10,-15,-5;
BO418ENDG;

00419:NEWG DAL;
00420:POLY(1,7)S,-15,0:115,13,15,8.-315.-13.—!5,—8;
V421 (ENDG;

00422 :NLVUG DAY;
00423=POLY(1,7)6,»lS.O:IlS.IS,!5.10.-1!5.-1S.-15.-10;
Q424 ENDG;

00425 :N[UG Dn4;
004261P01V(l.7)5.vlS.O:lis.lB.tS.IS,-llS.—lB.-lS.—lJ,
00427 1 1NDG;
B042H:NEUG DAY,
PA429:POL Y(L,7)S
00430: HDG,;
OV431 :NEUG DAb;
HO4I2:IPNLYIL, 7)S, 15,0:115,28,15,23, 115, 28, -15,-23;
00413:FNDG;

004 14:NFWG TDAL;

o4 )4 LROUP DAt,9,0.XX,X,16,210;

004161 ENDG;

WA4)7:INLUG TDALO,

Q04 48 LROUP DAL, 0,0,XX,X,16,210;

OB419:ENDG;

WO440:NHUG TDA 3,

00441 : GROUP DAl,0,0,.XX,X,16,210;

P44 ENDG

Q044 1:N UG TDA4;

0B 444:GROUP Dad,e,o,xx,x.IG,EIO;

BO44C L NDG,;

Q0446 N[ UG TDARS;

04471 GROUP DS, 0,0, XX, X, 16,218;

AMV445ENDG;

PY44U:NEUG TDAG;

90459 : GROUP DAE.0,0,.XX,x.16,218;

VOAL L ENDG;

OV4CCNEWG A7,

P45 11 POI YIS, g, 7:l44.29,—5,-la,~l5,5,l$.7.-!39,
PO 4T 4: 17.20,-5,-15.5, &, 12,
004457 1 FNDG;

WO 4Gy, I NLUG [AB;
00457:POLV(6)S.-ea,'7t144,29.—144,—l7.20.v5,-15,5,
9a458: -5,-12;

¢R4S9:ENDG;

COALA:INE WG (A9,
00461lPOLV(R)S.-ée,-TI|44,5,-EO,?.IS,—7,5,24,-144,
PIAR e -29)

@046 ENDG;

Q04641 MCUG 1AL19;
oooss:POLv«S)S,~de,'7n144.29.~S,ﬂ12.-lS,S,lS,7.-139.
00466 ! -29)

9046 1ENDG;

o 15,0:115,23,15,18, 115, 23,15, 18;

Y0468 :NEUG TAll,

08469:P0LY(S)5, 22, 71144,29,-139,-5,15, 7,-15,12,-6,

00470
00471 :ENDG;
00472:NEUG 1B7;

-29;

©00473:P0LY(3)5,-22,-7:144,35, 5, 15, -15,8,1%,7, -139,

00474
BO4A7SIENDG;
00476:NEUG IBE;

-20,20,-8,-15,8,-5,-16;

004772POLV(6)S,‘22,—7ll44.35,7144.*20,20,-8,‘15.8.-5.

00478
00479:1ENDG;
00480 INEUG 1BY;

-15;

0048]tPOLV(BDS,-BE,-7=l44.§.-20,10.15,-10,5,30,“144.

004821
804BI:ENDG;
004B4:NEUG 1B10;

-35;

00485:P0LY(9)S.'22,'71144.35.'5,-15.-15,8.15,7.-139,

90486
004B71ENDG;
0O48H:INEUG IBIL;

@@48I1POLY(5)5,-22,-7:144,35, 139, 5.15,-19, 15,15, 5

004901
00491 1FNDG;
00492 IHELG 1C7;

-35;

’

-35;

08493:1POLY(3)S, 22, 7:144,39, 5,-17, 14,10,15,7, 1499,

004094

604951 ENDG;

08406 INLUG ICH;
00497:1POLY(6)15,-22
004981

BO4091ENDG;

80500 NEUG 1CH,
00501:POLY(81S, -22
005021

00503:ENDG;

@054 INEUG ICI10;
005S051POLY(B)S, -22
005061

805071 ENDC;
Q0SeBINEUG ICH1;
00509:POLY(S)S, -22
005101

0051 11FMDGy
@05 12 INEUG TD7;

-22,20,-10, -15,10,-5,-17;

$7:144.39,-144,-22,20, -10,-15, 19, -5,
-17;

,-7'144,5,*20,12,15,‘la.5.34.‘14‘.
-39,

~T71144,39,-5,-17,-15,10,15,7,-139
- 39,

,~7:144,39, 139, 5.15,-12,-15,17, -5,
-39;

OOSIJIPOLY(]’S.‘ZE,-71144,45.‘S.-EO,'IS.IJ,15,7.-1]9,

0051 41
0051S:UNDG;
00516INEUG 1D8;

25,20,’13,~15,13,-5.*20;

Q05171POLY(6)5,-22,-71144, 45, 144, 25,20,-13,-15,13,

0est8s
005191EMDG;
00520 INEUC 1D9;

S, -20;

0052!IPOLY(B)S,-Z&,-?:ll‘,s.—ao.IS.IS.-lS.S,QO.<l44,

005221

00523 ENDG,
00524:MEUC ID10;
s

-45;
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@0643:1RECT(1)-910,370140, 40;
Q0644 1RECT(2)-840, 10140, 49,
QOE4SIRECT(1)-779,30140, 49;
90646 :RECT(5)-630.30140, 40,
@d6471RECT(6)-560,30140, 40,
P06 48:RECT(1)3420,30:40. 40,
00649:RFCT(213490, 30140, 40;
90650 :RECT(3)3560. 30: 40, 40,
80651 :RECT (413630, 30: 4@, 40,
08652:PECT(5)3700, 301 40,40
096531RECT(6)3770, 30140, 49;
@065 4:RECT (1)B55, 7400 40, 40;
@655 RECT (211005, 7400:40,40;
PO6SHIRECT(3)1155,7400: 40, 40,
BORG7IRECT(4)-700, 30140, 40;
OWESBIRECT(4)1305,7400140,40;
@659 RECT(5)1455,7400: 40, 490;
00660:RECT (611605, 74001 40, 40
A9661 1ENDG ;

00662 :NEUG SARSIV;
AR663:DITTO GROIIP R1, -219, 40030;

wo66Aa: -280, 40070 ;

(LI X -350, 40030 ;

20666t -420,40030;

00667 4120,40030;
00bu8: 4050, 10030
AORKI ! 1980, 400730 ;
0067R: 3910, 400790,
00671 2365,47400,
w067 2005, 47400,
Q0K /J: 2055,47400;
NG 4 1905, 47400;

BOL/SIENDG;
Vet ?HINEUGL SQRS4;
@367 DITTO GROUP Ri, c18,30030;

APBTH: -2890, 3J0030;
20679 4170, 30030;
PenBe: 4050 ,300130;
Qe681: 2355, 37400;
e0682: 2205, 37400;

QO6GE 1IENDG;
J0684:NEUG SORSES;
@068.:DITTO CROUP R1, 210,20030;

Qeb6HL ¢ -420,200730;
WorL871 4120,20030;
R YIITI XN 1910,20030;
CLIY 3K £355,.27409,;
20r90: 1965,27400;

S EHDG
VO6SCNEWG SARS1;
O06YI:DITTO GROUP Ri,-280,10039;

VI6G4: -350,10019,;
00655 4050,100390,
LN S 31980.100810;
"ORY T 2295, 17400,
dUHLI9B . 2055, 17408,
26991 NDG;

eVTO0 INEUG SURSE;
@0.01:DITTO GROUF R1, 3%0,10,

we et 420,39,
00701: 3986, 30;
007041 3910.00;

097051 2055 ,7400,

00706: 1905, 7400,
0707 ENDG;

BB/ OB:NFUG 5GRSS

00709:D1TTO GROUP R1,765@,30;

00719: 75,108,710,
0n711: 11980, 90;
00712 11540, 39,
89713 10055, 7400
oar14: 955, 7409,
20715 1FNDG;

GO716:NEUG SORS1 ;
007)17:DITTO GROUP R1,7770, 18010,

007181 75H0, 100730
001719: 1,10, 10030 ;
907201 11910, 10010;
007211 12650, 10010;
00122 11840, 19030;
00723: 10205, 174060;
09724 990, 17400,
007251 9755, 17400
00726 1ENDG;

007271 UG 50RS17;
00728:DITTO GROUP R1,7790, 20030,

007291 7510,20030;
00730 12170,20030
007011 11840, .20030:;
0071321 10355,274@0;
00733 9755,27409;
007341 ENDG,

8073SINEUG 5ORS2)D,
00736:DITTO GROUP R1, 7790, 30030,

00737: 7650, 30070,
00718: 7580, 10030
007391 7518, 1800,
90740 12120,30020;
007411 11980, 30030
00742: 11910, 30030;
007431 11840, 10030,
807441 10355, 37400;
007451 10055, 17400
007461 9905, 17400 ;
007471 9755,37400;
00748 1ENDG, :

00740 1 NEUG SQRS29;
007501 DITTO GROUP R1, 7790, 400)0;

007511 7120, 40030 ;
007521 7650. 49030,
9075 7510, 40030,
007541 12120, 400386
00755 12050, 40030
007561 11980, 40030
007571 1184@, 490039,
007581 10355, 47400
00 /591 10205, 47400,
007601 10855, 47409
00761 9755, 47400,
00762 1ENDG;

s
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QOS24 I1NEVWS 1D10;

00525 :1POLYI(915, -22,-71144,45,-5,-20,-15,13,15,7.-1139,
20526 -45,

00527 1ENDG;

Q0528 :NEVG D11,
805291POLY(5)5,-22,-71144,45,-139,-5,15,-10,-15,15,-5,
00530 -45;,

90531 :1ENDG,

Q0532 NLUG 1E7;
90S331P0OLY(3)5,-22,-71144,55,-5,-25,-15,18,15,7,-139,
00534: -36,20,-18,-15,18, -5, -25;

Q0535 :ENDG)

00536 INEVUG 1E8;

VOS5 37:POLY(6)G,-22,-72144,55,-144, 30,20,-18,-15,18,
@904 181 -5,-8%;

@0539:ENDG;

QNSS40 :NEUG 1E9;

00L411POLY(B)IS, -22,- 7:144,5, 20,20,15, -20,5,50,-144,
L1 15X P L5;

005411 ENDG;

B0L44:NEUG (K16

Q0545:1P0LVI9)S5, 22, T71144,5%,-5,-25, 15,18,15,7,-139,
0046 -5%;

00547 I NDG;

QUSABINEUG TETL;

PAS49:POLY(5)S, -22.-7:144,55,~-139, -5,15,-20,-15,25,
00%50: -5,-5%;

00551 1 ENLG;

P02 INEUG (F7;

AAGL 1iPOLY IS, 28, 7:144,65,-5,-30,-15,23,15,7,-139,-35,
QACL 4 20, -2, -15,23,-5,-30;

00 .55 LI NDG

WALLETNEWG T H;,

POLL I POLYL6)S, 22, /:144,65,-144,  175,20,-23,-15,23,-5,
QOSLK -39;

OALGGIENDG,

00LAR:NEWG 1F9;

VHS61:POLYLHS, 22, -7:144,5, -20,25,15,-25,5,60, -144,
QOLAE: -65;

0L 6H VIENDG;

AOCKE 4 NEUC TF19;

AALET IPOLY ()G, -&2, - 71144,65,-5,-30, 15,23,15,7,-1239,

HOlbb: €5,

VLK TIENDG

POSEBINEUG THIL;

ST IEOLNYUG)5, 22, 7:144,65,-139, '5,15,-25,-15,30,-5,
VoL 791 -65;

@0 71 1 ENDG;

vl ia.HEdu TAZ;

QNS TJ:GROUP 1A7,0,0,XX,X,16.210;

Q0', /41IGROUP AR, 0,0, XX ,X,16,210;

00L7SICROUP 1R9,0,0,XX X, 16,210,

QUS76:IGROUP [A10,0,0,XX,.X,16,210)
WOL T71ICROUP 1A11.,0,0.X0,X,16,210,
WAL TR NDG

VST INEVG TR,

WOLERIGROUP [B7,0,0,XX X, 16,210

VOO R1IGROUP (BB, 0,0, XX X, 16,218;

*OLHIGROUP [D9,0,0,XX,X,16,210;

O H JICROUP 1D010,9,0,XX X,16,210,
PALH4I1UROUP TR11,0,0, XX, X,16,219;
00485 1ENDG,

0OS 86 INEUC TC7,

AALB7:GROVP JCT,0,0,%xX,X,16,.10;
00%88:GRNUI’ 1C8,0,0,4XX,X,16,210;
VOSRIIGROIF 1CD,0,0, XX, X, 16,210
00%90:GROUP 1C10,0,0,%xX,X,16,2108;
90591:GPOUP IC11,0,0,XX,X.106,210;
004L92:{ NDG;

@0593:NEUG TD?;

90594 :GROUP ID7,0,08,XX,X,16,210;
00595 :GROUP 1D8,0,0,XX,X,16,2190;
00596 :GROUP 1D9,0,8,.XX,X,16,210;
00597 :GROUP 1D10,0,0,XX,X,16,2190;
00598:GROUP 1D11,90,0,XX,X,16,210;
995991 NDG ; .
00600 :MEUG TE?;

00601 1GROUP 1£7,0,0, XX, X,16,210;
006021GROUP 1£8,0,0,XX,X,16,210;
00603:GROUP ]E9,0,0,XX,X,16,210;
00604:GROUP 1E10,0,0,XX,X,16,210;
00605 1GROUP TE11,0,0,XX,X,16,210;
00606 :ENDG;

00607 INEUG TF7;

00608 :GROUP 1F7,0,0,XX, X, 16,210,
00609:GROUP 1F8,0,0 XX, X,16,210;
00610:3CROUP 1F9,0,0,XX,X,16,210;
00611 tGROUP 1F10,0,0, XX, X.16,210;
006121GROUP 1F11,0,0,XX,X,16,210;
006131ENDG;

POG14INEUG C1 g
006151POLY(5)5,-930,.10:780,80,-10,-70,-60,60,60,10,

906161 -70,-70,-60,60,60,10, - 70, - 70, -60,
006171 60,60,10,-70,-70, -60,60,60,190, 70,
00618 -70, 60,60.60,10,-70, 70, 60.60,
906101 69,10,-70,-70,-60,60.68,10, 70,
006201 -70,-60,60,60,10,-79,-70, Ko,
00621 £0,60,10, 70, 70,-60,60,60,10,
00622 ~70,-70,-60,60,60,10,-70, 80,
00621:POLY(S 15,3400, 10: 780,80,-10, -78, -60,60,60, 19,
006241 -70,-70,-60.60,60,10,-70, 70,

006251 -60.60,60,10,-10, -70, -60, 60,60,

00626 10, -79,-70,-60,608,60,10, -70, - 70,

906271 -60.60,60.10,-70,-70. -60,60,60,

006281 1e,-70, -70,-69,60,60,10, - 70,

006291 -70, 60,60,60,18,-706,-70, - 60,

006301 60,60,10,-70,-79,-60,60,60,10,

9086311 -70,-80;

006321POLY(S )L, -1475,-5301300,0, - 159,500, 150,500, - 100,
00631 9,150,-580, -150, -500;
00634:POLY(5)L,4725,-5301300,0,- 150,500, 150,500, 150,

00635 : 590,-300.9,158, -500, -150, -500;

00616:POLY (5L, 705, 74001 40,30, -40, 30,0, -60;
080637:POLY(S)1L,2505,7400:48, -30,0.60, - 40, - 39;
006381ENDG

@0639:MEUG R

0640 IRECT(510,0140, 40;

Q0641 1ENDG;

00642 1M UG R,

00641:RECT(1)-010, 30140, 40,

s
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QUI44: 41765 ,47400;
@08811 36050, 200130; 00945 42205, 47400,
00882: 35980, 20030, 00946 42755, 47400;
008831 35910, 20030, 08947 1ENDG K
208841 34205 ,27400; 00948:NEUG REC; !
09985 34055, 27400, 00949:POLY(1)5,0,0:32,32, &, 27,-22,22.22,5%. ©7,-32; O
00886 33905, 27400; 00950:POLY(6)5,-48,8: 32, 12, -5, -7, - 22, v, 2.5, 27, 32;
Q0887 1ENDG;

Q0951 :RELCT(2)6,6:20,20;

BOILCIRECT11)-42,6:20,20;
809511POLY(2)5,0,52:132,132,-5, 27, -22.2i¢,82,%,-87,-32;
00P954:POLY(2)S, -48,52: 32,32, 5, °7,-22,282.22,5. &7,-132;
0095%L:RICT(3)6,58:20,20;

Q0956 :RICT(5)- 42,58:20,20;
00957:P0LY())5,0,104132.,32,-5, 27,-22,22,22.5, 727, - 12;
Q09SB:RECT(4)6,110:20,00;

00888 :NEUG SQRSE;

@0889:DITTO GROUP R1,31720,10070;
00890: 16050, 10030 ;
008911 34205, 17400
PARI2 (ENDG;

#0893:NEUG SQRSZ;

008G94:DITTO GROUP R1,31580,30;

L3 R 35910,130; 00959:POLY(415,0,1%6: 13,702, 4,-27, 22.22,d¢2,%, 27, 2,
098Y6: 33905, 7400; BO960IRECT(5)6,162120,20;
00897:ENDG,

00961:POLY(5)5,0,208: 132,132, -5, -27,-22,22,22,%, ¢7,-32;
P0I62IRECT(6)6,214:20,C0;
00963:P0LY(6)5,0,260:132,32,-5,-27,-22,22,22,5, -¢V. 1¢;
B09641RECT(7)6,266:20,20;
009651POLY(7)5,0,312:32,22, 5, -&7,-22,a¢.22,5,-27, 3,
00P6HIRECT(B)6,318B120,20;
00967:POLY(815,0,364:132,32,-5,-27,-22,&2,22,5, &7, -3¢,
BOIGBIRECT(9)6,370:20,20,

Q0898 :NEUG SARSI;

00899:DITTO GROUP R1,39518,30;
eavee: 43840, 30;
00901 : 41755,7400;
00902 :ENDG;

PA9BIINEUG SORG7;

809A41DITTO GROUP R1,1951@,10030,;

2090s : 39580, 10030; 809691POLY(9)5,0,416: 32, 42, -5, -7, -22.ad.8a,%, -7, -32;
20996 39656, 10030 ; 00970 IRICT (1816, 422120,20;

vo9a: 43R40, 10030, 80971 :POLY(10)5,0,468:32,32, -5,-27,-22,22.2,5, -27,- 3!
00908: 43910,100)0; P0972:RECT(11)6,474:120,20;

ARA909: 43980, 10070 009731POLY (315, -48,104:02,42, S5, 27, 22.¢a,22,5%, &0, W
voyile: 41755,17400; 00D 741RECT(S)-42,110120,20;

.U NN 41905, 17400; 00D 7SIENDG;

@91 420%%, 17400, 80976 I1NEWG D15,

QOO ATENDG
AAUL 4 NEWG SORSY3;
09915 DITTO GROUP R1,39%10,20010

909771CROUP K1,0,0;
909781 GROUP SACD.0,0;
007D :GROUP TDA1,0,0;

20916 319650, 20030 ; 009801 GROP TDB1,0,8;
TR 19720,20030; 98981 1IGROUP TA7.0,0;
00918 43840, 20030; 90982:GROUP K2T7,0,0,
@AY19: 43980, 20030; 00983 1GROUP K2AT,0.0;
wey2e: 44050, 20030 @@OH4:CROUP C1,0,0;
0091 : 41755 ,27400; 00985 1GROUP R2.0,0;

N RRERE 42055, 27400, 009861 ENDG

09z 3: 42205, 27400; Q0987 IN[UC DPO;

03924 :(NDG;

GORBRBIGROLF X1,0.,0,;
009891 GROUP SACD,0,0;
00990 CROUP K2T7,0,0;

Q3925 NEWG SORS19,
ANy T PITTO GROUP RY, 19516, 10030;

AT 00991 IGROUP K28T,0.0;
VA9 R: 39580, 10030; Q09921 CROUP C1,0,0;
[AIGRR PR 39790, 30010; 00993 1GROUP R2,0.,0;
BLACRTH 43840, 30010; 909U 1CROUP TDR2,0.0;
ey st 41910..10030; 80995 1CKROVFP TDBZ2,8,0,
(IS I PRI 44120,39030; 009V6 IGROUP T87,0.0,
OB EH 41755, 17400, PRUV7IENDG,

CRg 14 41905, 17400 20998 :8f WG D25

RN TR L 42005, 17400, @9999: GROLIP K1.0,0;
WG ENDG . Q10MO:GROLIP SACD.0.0,
WY INE UG SORS2S; [ ]

JeQJHIDITTO GROUP R1, 179510, 40030;

PYIRDE 19729, 40030 ;

KRUrrY 19790, 40039,

YR 43840, 40030,

WG 43 44050, 40019;

TRLEEY] 44129, 490309,
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0100Q:GROUP SACD,0,0;
Q1081 :,PCUP TDAR3,0,0;
A10Q2:1GROUP TDBI,0,9;
01023:1GROUP TC7,0,0;
01004:GROUP ¥2T7,0,0;
B108S:GROUYP K2CT,0,0;
01906:GPOUP C1,0,0;
Q1007 :CROUP R2,0,0;
@100881TNDG;
01009Y:NEUG ND3O;
01010:GROUP K1,0,0;
101 1:GROIIP GSACD,0,0;
8112 GPOUP TDAR4,0.9;
M1e13:GROUP TYUR4.0.9;
wid14:GROUP TD7,0,0;
C1@15 :GROUIP K2T,9,0;
MV IGROUP kDT, 0,0,
01017:GROUP C1,0,0;
@1Q18:ROUP R2,0,0;
A1019:ENDG;

Q1020 :NEUG D40;
Q1021:GROUP K1,0.0;
N1022:GRGUP SACD,0,0;
181 GROUP TDARY 0,0,
@10 4:GRNOUF TDPS,0,9;
Q1025 :GROLP TE?,0,0;
C1e26:GROLIF X 2T,0,0,
A1027:GRVVP K2(T,0,0;
Q1BPRIGROUP C1,0,9;
Q1029:GROUP RE,0.90;
W00 ENDG,;

@IV INEUG DSO:

W1 IO GROLP Ky ,0,0;
4101 UGRCUE SACD, 9,0,
Q1Y 14:GROUP TDAEK . 9,0
21015 :GROVP TDB6.0,0;
Q1A InGPOLIFE TF7,0,0;
1O TIGROLP, K(T,0.0;
WOHIGROUP K2FT.0,0;
Q1P YIGROUP C1,0,0;
QLA40 : GRMIP RE,0,0;
41041 :E NDG;;
V14 iHE UG REGH
WI04):LROLIE REG, -2J91
Q10441 NDG;

CYvdG N, TS,
AIOAFINOUIP K1,0,0;
W4T ROLF TSy ,0,0;
N AT ROt GACT, 8, 0;
WIQ4YILNOUP TIA, 0,0
Q01QLAILROUF <MY ,0,0;
GRS GROLIP B51.,0,0,
w1052 GROUP BS2,0,0;
G118 JIGROUP R2,0,0;
W10 4 CROUP 85),0,0;,;
w15 T GROUP C1,0,0;,

G AL tENDG,
VIOSTINEUL Tl

e1058 :GROLIF K1,0,0,
01059 IGROLP T152,0.9,;
w1860 :CROUP 5