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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 can 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 using 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 

If The anisotropic magnetoresitance effect observed in thin 

ferromagnetic films, and its use in magnetic recording " 
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1.0 Introduction. 

1.1 Historical background to Research In Magnetoresistance. 

In 1856 Professor W. Thompson [1J began a series of 

experiments on "the electro-dynamic qualities of metals" 

which was to lay the foundations for a vast area of research 

and development that continues to this day. Follovling his 

initial results In which he described the variation in 

electrical resistance of several different metals, a second 

paper was published the following year [2J giving the first 

description of Anisotropic Magnetoresistance. In this paper 

it was shown that the electrical resistivities of Iron and 

Nickel are increased when these materials are magnetised. 

Between 1857 and 1930 research into the phenomena 

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 [3J 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; and gave results 

s how i n g t hat the Ion g i t u din aIr e sis t i v i t Y 0 f 1': i c k el and 

Permalloy are approximately functions of magnetic mo~ent 
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orientation only, and do not necessarily depend on whether a 

given orientation is produced by the application of a 

magnetic field or by elastic stress. 

Building on this investigation Bozorth in 1946 [4J 

extended the domain theory of Doring [5J with measurements of 

the longitudinal and transverse resistivities 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%Ni/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 favourable cases would the application of 

an external applied magnetic field restore the samples 

resistivity to the unstressed value. 

With the growth in research during the late 1940's a 

clearer picture of the electronic and magnetic behaviour of 

ferro-magnetic materials began to emerge. In 1949 Snoek [7] 
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pOinted out that the mean saturation-magnetostriction of r:iFe 

and NiCo alloys vanish when the number of Bohr magnetons per 

atom becomes equal to one. Another coincidence noted was t h 0 ,. -
occurrence of a maximum in the magnetoresist2nce 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 Smitts paper it was shown that the behaviour of pure 

metals was essentially different from that of the alloys 

investigated. At low temperatures the predicted maximum in 

the magnetoresistance of the alloys having one Bohr magneton 

per atom was observed. An explanation of the difference 

between the longitudinal and transverse resistance was also 

given involving spin-orbit interaction. The later paper of 

Van Elst gave data on some 40 different nickel alloys, and 

discussed the results in the light of several theoretical 

suggestions. His conclusion being that the essential factor 

in the anisotropy of the magnetoresistance was the density of 

energy states at the surface of the fermi distribution of the 

electrons. 

There have been several studies published since these 

papers in Hhich 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 

t·a t c hell e t • a 1 . in 1964 [10J. For this investigation glass 

Pa0"e 4 o 



substrates were used heated to 300 degrees, and the vacuum 
-6 

he 1 d a t 1 0 To' r r .d uri n g e v a po rat ion. The e v a po rat ion rat e 

was given as 2000 Angstroms/min. To align the easy axis a 

constant 20 Oe magnetic field was applied oriented in the 

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 each value taken, supposedly to allow for 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 \vas given as a "magnetic thickness", taken from 

the vertical opening of the hysteresis loop 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 sGuared 

variation was postulated. Additional results were published 
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in 1968 by Williams [13] which followed closely the earlier 

work of Mitchell, with a nea r 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 1973. 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 led 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 were reported as being:- a) a substrate temperature of 

250 degrees centigrade; b) an alloy composition of 18-19% 
-6 

Iron; c) a vacuum of better than 2x10 Torr and d) the 

application of a constant 60 Oe magnetic field in the plane 

of the film to define the easy axis. Additional work on the 

annealing of the films was reported by Krongelb and others 

[15] later that year. In this it was shown that fil~s could 

be depOSited at the lower substrate temperature, in order tc 

reduce the high coercivity problem; and then annealed under a 
-8 

vacuum of 5xl0 Torr in an orienting field of 500 De, tnus 
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substantially improving their performance. This increase in 

performance was attributed to a growth in particle size, and 

grain size within the film. 

Prior to this work Chen et. ale had in 1971 [16J studied 

the geometrical size effect in single crystal and poly 

crystalline Nickel films, by measuring their transverse 

magnetoresistivity anisotropy at room, 1 iq uid ni trogen, and 

liquid helium 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 than 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 became 

possible. In 1961 Middelhoek [17J 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 filrr. 

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 [18J an examination he had made of the 

variation in magnetoresistance and coercivity of NiFe 

el ements, 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, using glass substrates heated to 250 

degrees, and an aligning field of 40 Oe. From 

measurements of the transverse magnetoresistance and 

coercivity, it was found that the geometry of the elements 

had a marked effect on both of these properties. If the 

demagnetising field of the film was small the 

magnetoresistive response was governed by the films 

dispersion; 

field in 

r eq u iring 

the reverse 

the application of a small tr2nsverse 

field direction to restore the 

magnetisation direction to its original state, once the film 

had been saturated by an applied transverse field. However, 

it was recognised that other processes were involved to do 

with the propagation of domain walls; resulting in donains 
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being formed having opposite directions of M. For films 

having a large demagnetising field the anisotropy of the 

strip was governed by an anisotropy constant associated Vlith 

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 large dispersion (>10 degrees) the magnetisation 

vector relaxed back to its undisturbed 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 et.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 insulating spacer. In the same year they published the 

results of an investigation into this reduction, using 

Lorentz 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 patt2rns 

formed in both types of element at remnance, and with an 

increasing reverse field. It was postulated that fer the 
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single layers having a low coercivity, the formation of 

charged walls retarded switching under application of a 

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 across 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 in their magnetoresistive 

response was modified by Van Ooyen et. al., in. work reported 

in 1982 [22], in which a conducting non-magnetic inter-layer 

9f Molybdenum was used. The thickness of the inter-layer was 

varied from 40-4000 Angstroms, whilst the NiFe layers 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 behaviour deviated from that cf a 

single layer element, 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 homogeneous magnetisation in 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, tte anisotro~y, 
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field, and demagnetising energies were considered. The 

calculated results were found to be in good agreement with 

the measured behaviour. This configuration was further 

analysed by Pohm et. ale [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 for 

calculating the average demagnetising effects and 

magnetoresistive response for such elements. 

In addition to reduced sensitivity due to the higher 

coercivities associated with small width elements, it had 

been noted that the magnetoresistive response became 

characterised by numerous irreversible jumps. T~ese jumps are 

magnetic in origin, and are related to "Barkhausen Noise". 

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 response was 

governed by the nucleation and expansion of reversed polarity 

Neel walls. Although detailed correlation between these 

effects and the elements magnetoresistance was not possible, 

in this work published in 1 980; the following year the 

simultaneous observation of the domain structure in the 

film, and its magnetoresistive response was described by 

the same authors [25J. 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 easy-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. 

This research continued, and in 1982 a systematic 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 [26J. It was revealed that the geometry 

dependent longitudinal demagnetising energy constitutes the 

primary factor in the creation of domains in typical 

transverse reversals. For elements having a length to width 

ratio close to unity, dispersion effects in the uni-axial 

anisotropy combined with· this effect to produce high wall 

populations which vJere postulated to be both geometry and 

material dependent. Edge effects were also found to be 

important in the elements magnetoresistive response, in that 
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they determined the resultant buckling pattern geometries; 

and any fluctuations in these edge states could produce long 

term fluctuations in the geometry of the domain patterns. 

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 [27J 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 Ozimek and 

Paul [28J presented the results of an investigation they had 

made of the magnetisation dynamics of micron size thin HiFe 

films both with and without an under layer of Titaniu~. They 

postulated that the lack of motion of domain walls minimised 

the Barkhausen noise and this minimisation could be acheived 

by decreasing the length 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 2 higher aspect ratio had a greater 

effect on the domain properties of the elements than did the 
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thickness. The use of a Titanium under layer 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 research has been done to improve the 

understanding of the transverse magnetoresistive effect in 

the 100 years since it was first discovered. In 

particular it can be seen how extensive research into the 

magnetic and electrical properties of small elements of 

magnetoresistive material has made the fabrication of 

practical devices for use in 

possible. It must be pointed 

one small part of the 

wide range of applications 

out however that this is only 

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 in 1970 [29] and 1974 [30J, 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 [32J, who 

described the film dependence of various magnetic properties 

other than the anisotropic 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 to the 

research into the anisotropic transverse magnetoresistive 

effect with respect to its optimisation for use in pr2ctical 

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 1 975, t-1cGuire and Potter [34] treated the theoretical 

problem both from symmetry conSiderations, and microscopic 
2 

theory. In the first case the experimentally observed cos 

dependance of the materials resistivity as a function of 

applied field is 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 

o"focts rospoct1'voly Tl11'S l'S then extended to the more -... I .... -... -... ~. [ 

practical case for device fabrication, using polycrystalline 
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samples, by integrating the resistivity tensor over the 

volume of a cone pOinting in an arbitrary curr~nt vector 

direction within the sample. The result is given in equation 

( 1 ) • 

r 
(poly) 

r 
(0) 

+ 
2 

r COS (9) 
( 1 ) 

• • • • • • • • • • • ( 1 ) 

This expression gives the variation of the resistivity of a 

polycrystalline sample as a function of the transverse 

resistivity reO), the anisotropic magnetoresistance r(1), and 

(~), 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 to applied field is required. In 

order to obtain such a response from the field dependence 

given in 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 limitation 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 large 

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 thin fflm memories \-Jere created 

using uni-axial permalloy films. The information was then 

stored using linear arrays of elements strung along a 

conductor, and determining in which of the two possible easy 

axis directions the film element was magnetised. HOl.-leVer, 

despite the advantages of such an information retrieval 

sy stem, th e increase 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 use of the effect in practical devices has 

not waned, and today it is used 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 Magnetoresistance in magnetic 

recording. 

The first 

magnetoresistive 

use of the 

effect to read 

transverse 

information 

anisotropic 

stored on 

magnetic tape was proposed in 1971 by R.P. Hunt [37J. Two 

configurations were considered, one in which the detection 

element was placed parallel to the tape, and the second in 

which it was transverse. Due to considerations of wear, and 

ease 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 in 
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eq ua tion ( 1 ) an expression was developed for the 

by Wallace [38J 

signal 

voltage. The equations 

horizontal and vertical 

derived 

components of 

for the 

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 a 

measure of the success of Hunts equations that even though 

more rigorous expressions for the head response have been 

developed, 

published 

the 

since 

bulk of 

1 971 , 

descriptions 

still refer 

of \vorking 

to his 

devices 

original 

description. 

Despite the good agreement between the 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 increase 

the short recorded wavelength response, particularly for 

high denSity digital storage applications; and the requirment 

that the output is linearised to avoid distortion introduced 

by the non-linear dependence of the magnetoresisitance on 

applied field. Huch 

difficulties, although 

yet to be realised. A 

work has been done to overcome these 

a satisfactory production device has 

brief outline of the research into 

these problems that has been reported is given in the next 

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

In order that the response of the magnetoresistive 

elements should not have an 

sensitivity, a method has to be 

of the performance. In his 

unrealistic short wavelengtt 

found to improve this aspect 

review of digital magnetic 

recording theory R.I. Potter proposed placing the element 

between two magnetic shields [39]. These acted to shield the 

element from the approaching transition until the last 

possible moment. A detailed analysis of the theoretical 

response was given in this paper, and improved upon by R.B. 

Cole et. ale the same year [40]. The first practical device 

was described by Shelledy and Brock [41J the following year 

and the theoretical analysis extended to include the case 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 [42J, 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 J ; comparisons between the calculated and actual short 

wavelength response [44J, and other modelling experiments 

using resistive paper [45, 46J. An improved mathematical 

model, describing the design proposed by Shelledy and Broc~ 

was recently published [47J in which the complexity of the 
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design parameters for such a head was examined analytically, 

and compared with experiment. In recent years however the 

emphasis has tended to shift away from shielded elements due 

to the complexity of the design 

difficulties in the fabrication due 

parameters, the extra 

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 extent 

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 is to include Flux Guides in the 

design either with or without an 

in order that the tape flux is 

sensitive region of the element. 

have reported such a head with the 

associated shield structure 

shunted up to the most 

W. F. Druyvesteyn et. ale 

magnetoresisitive element 

pOSitioned in the gap of a magnetic cicruit comprising of a 

ferrite substrate and a magnetic yoke [49]. A second more 

drastic but easily fabricated method is 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 gave 

an excellent output and signal to noise ratio [48J. One major 

drawback with this configuration is the fact that even 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 shot-In in section 1.2 the quadratic 

dependence of the magnetoresistive response on external 

applied field requires the linearisation of the output. This 

is particularly 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 various schemes proposed to linearise the response 

of magnetoresistive replay heads can be grouped into two main 

areas a) Those in which the elements magnetisation vector is 

rotated relative to the current 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 direction 

during fabrication. 
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To achieve the first, the earliest attempts were ~ade 

using permanent magnetic chips placed behind the array of 

sensing elements at sufficient distance to linearise tr.e 

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 provide 

the optimum bias for each head produced. Additionally this 

bias scheme is unsuitable for heads having shields as the 

magnet-chips cannot be made small enough to fit within the 

shield structure, and are obviously ineffective if placed 

outside it. 

In 1975 Bajorek and Thompson reported experiments using 

permanent magnet films to bias the elements [50J. 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 be 

technically feasible; although the problem of providing the 

necessary insulation limited the useful separation available 

for its utilisation in shielded heads. The problem of the 

thickness limitation imposed by the shield separation was 

tackled by H. Uchida et. ale [51J 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, ttus increasing the short 

wavelength resolution by reducing the separation loss. This 

does however lower the signal to noise ratio, in that ~ith 
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only the edge of 

drop across the 

the sensor operating linearly the voltage 

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. ale In this design a high permeability 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 layer, which in turn 

generates a magnetostatic field large enough to correctly 

bias the element. This design like that of Uchida requires no 

shield structure to obtain its short wavelength resolution. 

Due to the requirement that any form of permanent magnet 

film or chip bias be individually tailored to suit each 

particular element, and 

altering the bias once 

the degree of difficulty faced in 

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 magnetoresistive stripe and in 

intimate electrical 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 is an 
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obvious loss in sensitivity due to the reduced 

magnetoresistive change as a proportion of the total 

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 NiFe 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 [53J and extended by G. V. Kelley et. ale to 

include the case in which the bias element is also a 

magetoresistive sense element [54]; the sense current in each 

stripe thus providing the field necessary to 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 

elements is used [56J; and a combination of magnetostatic 

coupling and internally generated bias field linearises tte 

response [57]. 

Despite the ease of control the use of an active element 

to supply the bias allows, its applicatidn 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 li~its, a passive 

biasing scheme was proposed by v ~ ... \. . ~ . Kujik et . al . in 1 975 
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[58]. The pre-determined angle between the current vector 2nc 

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 use this form of construction in 

shielded heads. 

Extensive use of this configuration has been made in 

replay heads, with it being incorporated with an inductive 

write head [59], and used in 32 track parallel digital 

compact cassette storage [60]. However there are several 

disadvantages with the design, not the least being the loss 

of useful response due to a percentage of the element being 

covered by the conducting overlay. In cases where the 

trackwidth is very small the noise caused by domain wall 

movement can be very large, which limits the mininum 

trackwidth possible before the Signal to noise ratio becoQes 

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 respcns2 

by patterning the stripes such that there is an angle of 45 
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degrees between the easy axis and the current direction has 

also been investigated and a head using this configuraticn 

reported [61]. This would appear at first sight to be 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 case described by F.J. Jeffers [62J in which the 

elements are patterned such that the films easy axis is 

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 between the 

elements making the device response independent of sense 

current. Another hybrid is the use of a barber pole structure 

in conjunction with an exchange induced uniaxial anisotropy 

from NiFe/FeMn exchange coupled films as reported by C.Tsang 

and R.E. Fontana [63J. 

1.4 The multiple-film approach to improve sensor performance. 

As has been in the previous sections 

magnetoresistive replay heads have several advantages OV2r 
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conventional rl'ng hoad D ... s. ue 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 audio 

recording cassette industry. Additionally for digital 

applications the reduced trackwidth enables the data-rate to 

be increased without increasing the tape spee~. 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 in 

which the sensor is folded over several times increasing the 

Signal available considerably whilst maintaining the 

reduction in 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 by the 

sensor adjacent to it, in order to linearise its output. A 

schematic diagram of the head configuration is shown in 

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 fliFe Thin 

Films. 

2.1) Film preparation. 

All of the thin films used in the production 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 tte target 

material .. To this end a pI a sma is fo rm ed in the chamber 

consisting of high energy ions and electrons Hhich then 

bombard the target, agitating the surface atoms to such an 

extent that some are knocked free. These are then able tc 

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 by 

ionisation due to electron impact; R.F. sputtering can be 

used to produce thin-films of insulating as 'v-Jell as 

conducting materials. If an attempt was made to sputter 

material from an insulating target in a D.C. sputtering 
, 

s y stem, 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 voltage 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 matchin9 

network between the power supply and the discharge chamber, 

which allows the impedance of the plasma and associated 

potentials to be matched to the generator impedance, 

increasing the power.dissipation in the plasma and protecting 

the generator. 

To understand the asymmetrical electrical 

configuration required by a R.F. sputtering system in order 

that material is sputtered from the target only, the 

variation between the ion and electron currents must be 

considered. Due to the much smaller mass of the electrons 

compared with the ions, their velocities will be greater for 

a particular electric field; and hence the electron current 

will be greater than the ion current. With the introduction 

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 it is 

positively charged than when its negatively charged. Thus 

for the circuit shown In figure (5), the alternating target 

voltage will stabilise around a D.C. offset potential 

resulting in the target being almost continuously bombardec 

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

material the introduction of this capacitor is theoretically 
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not r eq u ired, but its use removes any uncertainties 

introduced by leakage through or around the target in the 

plasma. 

The targets used in the depositions were 99.999% pure 

as supplied by the manafacturer, and high purity gases were 

used whilst sputtering and for exhausting the vacuum chamber 

after sputtering. A photograph of one the two sputtering 

plants used 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 is backed by a 

rotary pump which also serves to "rough out" the chamber to a 

sufficiently high vacuum for the diffusion pumps to operate 

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 pressures attainable. A schematic diagram 

applicable to both systems is shown in figure (6). The vacuum 

gauges used to measure the roughing and backing line 

pressures are a Hastings EVT-5 meter with DV-23 gauge heads 

for the Nordiko system; and a Norton N.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 M.R.C. systems 

respectively. 

Once the chamber pressure had been lowered to the 

required value, high purity Argon was leaked into the cha~ber 
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in a controlled fashion using a micro-flow valve. The baffle 

valve was then partially closed to throttle 

diffusion pump, causing it to operate at its most efficient 

point. The chamber pressure resulting from the through-put of 

Argon was measured using an Hastings EVT-5 gauge and VH5 

meter on the Nordiko system, and M.R.C. SEN 8632 meter and 

gauge on the M.R.C. system. This pr~ssure was then 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 and the impedance matching 

network tuned to give a predetermined forHard power, and 

either a very small or ideally zero reverse 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 monitoring 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 

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 the 

systems manufacturer provided an quick additional check. In 

chapter three the actual parameters and timings used to 

sputter each layer are given. 



2.2) Characterisation of ferromagnetic magnetoresistive 

films. 

As previously described R.F. sputtering provides a 

reliable means of producing high quality magnetoresistive 

NiFe films for use in the fabrication of sensors. The very 

low base pressures attainable with commercially available 

sputtering systems, together with the more acivanced 

sputtering techniques described in chapter three; make the 

reproducability of such films magnetic and electrical 

parameters relatively straight forward. However, in order 

that the sensors produced from such films are able to provide 

the highest possible magnetoresistive response sever2l of 

their fundamental galvanomagnetic properties have to be 

optimised. 

i) The values of the films coercivities and anisotropy 

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. 

ii) The resistivity and magnetoresistivity of t~e 

complete film have to be measured so that the naximuQ 

magnetoresistive response of the sensors can be 

calculated. Additionally plots of the chsnge in resistan22 

versus applied field, resultins fro r:1 the anisotropic 
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magnetoresistance of the whole film, provides qualitative 

information on the dispersion. 

As well as these basic parameters other geometrical 

measurements are required particularly the thicknesses of the 

various layers used to make up the multiple-film structure; 

in addition to which the lengths and widths of features on 

the device have to be measured to supply information on 

fabrication parameters such as photolithographic resolution 

and etch control. Other microscopic measurements can also 

be made on specially prepared samples providing information 

about the film's grain size. Finally the finished 

heads have to be tested dynamically using standard compact 

cassette tapes to provide information about their frequency 

response and signal to noise ratio. 

2.3 Coercivity and Anisotropy Field Measurements 

It has been shown that these properties, 

together with the anisotropy dispersion are instrumental in 

determining the magnetic behaviour of thin ferromagnetic 

films [1]. It is therefore obvious that in any practical 

device that uses an aspect of the magnetic behaviour of such 

films for its sensing mechanism, these properties have to be 

carefully optimised. To do this films have to be produced 

using a variety of deposition conditions, and have their 

coercivities and anisotropy fields accuratley measured. To 

provide such measurements previous workers have useG 



inductive loop plotters [2], or torque magnetometers [3]; but 

these instruments have the disadvantage of only supplying 

information about the whole film. Due to sever21 complete 

heads, each incorporating sixteen separate sensors, being 

fabricated from a single 2" X 2" film; with comparisons being 

made between elements patterned frem different parts of 

that film; small scale determination of the coercivity 

and anisotropy field is 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 

this effect the 

utilises the magneto-optic Kerr Effect. In 

reflection coefficient of a ferromagnetic 

surface; for obliquely incident light with its electric 

vector vibrating parallel to the plane of inCidence, is found 

to be a function of the angle between the magnetisation 

vector and the plane of incidence. Several categories of Kerr 

effect exist, depending on the relative orientations of the 

magnetisation direction of the specimen, and the plane of 

polarisation of the incident light. They are, those in which 

the magnetisation is normal to the surface; those 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 tte 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 

fig u r e (7). :'1 u c h H 0 r k h 3 S bee n don eon the t c: eo ret i c :3 1 

description of th2 effect [4,5,6J, and its use 
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examination of 
, 

the hysteresis loops of thin ferrcmagn2tic 

films has become common. 

In the instrument constructed for use in this 

investigation a simple slide projecter bulb is lit using a 

standard car battery 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 .... nal eo 
CI 0 -

is chosen to maximise the intensity of the reflected light, 

and is typically 80 degrees. The beam is then re-collimated 

and focussed onto a photodetector. Due to the effect being 

small in the optical part of the electromagnetic spectruo, an 

Infra-Red detector is used and its output amplified before 

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 

connected across a standard resistance in series with the 

field coils magnetising the film. To overcome phase 

differences between this voltage and the magneto-optic signal 

a simple phase shifting network is used in this circuit tc 

linearise the response. The field coils are arr2nged in a 

Helr71holtz pair and have turns on each coil. They wer2 

calibrated using a standard Hall probe placed centrc.lly 
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between them, and this calibration was checked using a search 

c 0 i 1. Too v e r com e dis tor t ion 0 f the res u 1 tin g r-~ - H 1 0 0 P due t c 

the vertical component of the earths magnetic field, a secone 

set of coils wound onto the main magnetisation coils is 

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 2" 

film to be examined. As the substrate is mounted on a 

rotating goniometer stage, values for the coercivity and 

anisotropy field have been obtained 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 field can be ascertained in order 

that the response of the various elements patterned from it 

can be normalised. A schematic diagram of the optical 

arrangement is given in figure (8) and two photographs of the 

eq u i pm en tin pIa t e s (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 anisotropic 

magnetoresistance of the film fron sensors are 

fabricated, accur2te measurement of this parc~et2r is 

necessary. Addition31ly it has been shown that 
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resistivity of a particular film compared with the bul~ 

resistivity of that material, is a good indication of its 

crystallinity (or poly-crystallinity) [7]. One comDon method 

for obtaining these parameters is the use of a four contact 

potentiometric circui t [8,9,10]. In this method a constant 

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 used to 

measure the voltage dropped across a portion of film in 

between these outer contacts. Simple calculations provide 

the resistance of that portion of film, from which its 

resistivity can be calculated after the film thickness and 

inner contact separation hav ~ '0· ~~n nlaasurad - __ I.... ..... 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 section 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 [cam 

rubber, as can be seen in plate (4). The potentiometric 

circuit shown in figure (9) is then used to measure the 

change in resistance of the specimen due to an external 

applied field. In this circuit two identical current sources 

supply currents to the outer pair of contact strips on the 

~l . . 't and a standard resistance box. To acco2odate .I. eXl-C1CUl , 
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large variations In film resistance due to 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 rnA), or 10 times smaller. Thus for the 
thinner films having high resistances a balance pOint can 

still be found using reasonable values for the standard 

resistance. To find the film resistance between the inner 

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 be applied to it to 

rotate its magnetisation mo~ent 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 the magnetisation moment is 

rotated by this field, the resistivity of the film changes 

due to the anisotropic magnetoresistance, and the resultant 

output from the bridge is fed to the vertical terminals of an 

X-Y plotter. A voltage proportional to the current in the 

field coils is fed to the horizontal terminals of the 

plotter, allowing permanant records of the magnetoresistiv2 

change of different films to be produced. Once the field has 

been cycled several times and the resulting plots drawn, ~he 
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change in resistivity due to the magnetoresistance can be 

determined by reducing the external field to zero, and 

altering the value of .... ho t., '- standard resist2nce box in fixed 

standard increments to obtain the same change in bridge 

output as that produced by the magnetoresistive change of the 

film. From measurements taken directly from the plot 

produced, the transverse anisotropic magnetoresistance 

can then be easily obtained. Two photographs 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 second 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 field has been removed. This 

produces a "Double-Peak" magnetoresistive response, with the 

separation between the peaks being a qualitative measure of 

the dispersion [11,12J. By applying a second field 

perpendicular to the saturating field, a Hell defined 

direction is supplied for the films magnetisation to relax 

to, thus pulling the magnetoresistance peaks together. This 

field also has the effect of providing the maximum possible 

magnetoresistive change by simultaneously aligning all the 

magnetisation along the easy axis prior to rotating the 

magnetisation. Typical R-H plots are shown in figure (10) 

without the easy axis aligning field applied. 
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2.5 Grain Size Measurements. 

As has been 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. 

S -

K f D 
s 1 

-----------
1/2 

n 

• • • • • • • • • • • • • • ( 2 ) 

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

the standard deviation of a trigonometric function determined 

by the symmetry of the crystallites, D is 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 

the published values are 

for single crystals, 
3 

4 X 10 erg/cm and 

for which 
-6 

9 X 10 

respectively; and the intrinsic isotropic stress. Hence tr.e 
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value of the structure constant could be obtained. 

Additionally it has been found by other workers [16J tr.at 
for deposition substrate temperatures over 300 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 magnetic 

behaviour. 

The grain size measurements were taken from specially 

prepared very thin ( 200 Angstrom) NiFe films using 

transmission electron 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 the electron beam. The films to be measured were 

sputtered onto freshly cleaved mica substrates, onto which 

2,500 Angstroms of carbon had been coated. Included in each 

deposition to provide a sample for grain size determination, 

~va s a standard substrate providing a control for 

electrical and magnetic properties. Despite the fact that the 

corning 7059 borosilicate substrates have amorphous surfaces, 

and the mica is monoclinically crystalline, little difference 

was found in the magnetic or electrical properties of the 

films. The reason for this is felt to be the smoothinG out of 

the mica's crystallinity by the thick carbon layer. Thus it 
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IS feasible to assume that the measured grain size is the 

same as of the films prepared on the standard 

substrates, although the extrapolation of the results to the 

that 

film thicknesses used to produce sensors remains conject~re. 

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 water to separate 

the film from its substrate along the carbon interlayer. 

Sections \.Jere then carefully lifted out onto (Told o 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 do not affect grain size deter~ination. 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 measured directly from these electron 

micrographs, after allowance had been made fer the print 

enlargement. 

F.or the films produced for this experiment, an average 

grain diameter of 300 angstroms was obtained, comparing well 

\-J i t h t hat f 0 u n d by other workers for vacuum evaperated 

films, [16,17,18]. Additionally this grain size is 

significantly below that found in films which would be 

unsuitable for use In magneteresistive sensors [16J. Thus, 

although such films are not typical, in either tb.ickness or 
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sUbstrate material when compared with the films used in 

device production; it can be assumed from the micrographs of 

their grain structure, that there is no fundamental 

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 a particular sensors dynamic performance 

its 1 ength, width and thickness must be known. The 

measurments in the plane of the device were taken using an 

Olympus BH2 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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3.0) Design and fabrication of the multiple film head. 

3 • 1 ) The use of Multiple-Film elements in magnetoresistive 

heads. 

There are many advantages associated with the use of the 

anisotropic magnetoresistance effect in the reading of 

magnetically recorded information. Firstly the 

magnetoresistive element is a parametric deVice, where the 

voltage is scaled by the applied 

is limited only by thermal 

sense 

and· 

conSiderations. This means that much 

are typically available compared 

current, which in turn 

electron migration 

larger 

\vi th 

sensor outputs 

inductive read 

elements. Secondly good linear 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 use of the effect in 

magnetic recording and of the various deSigns that have 

been proposed to most usefully exploit the phenomena has been 

given in Chapter One. However the main improvement offered by 

sensors using the effect over standar~ inductive heads; that 
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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 becoming 

unacceptably 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 magnetoresistive element. Additionally it has proved 

possible to fold together two magnetoresistive elements in 

such a fashion that the sense current in each eleoent 

provides the bias field required to linearise the response of 

the adjacent element. 

given in figure (4). 

A schematic diagram of the design is 

As can be seen from this diagram the length of available 

senSing element is three times the trackwidth, and by 

differentially senSing the element outputs a possible sixfold 

increase in signal is possible over a single sensor of the 

same length as the recorded track. Tha ability to 

differentially sense the two arms of the structure also acts 

to cancel 

quadratic 

function. 

second harmonic distortion introduced by the 

component of the magnetoresistive response 

Due to the compact nature of the sensor structure 

this use of a differential sensing mechanism has the 

additional advantage of limiting thermally induced noise. 

I-loHever a problem arises from tr1e spatial separation of the 

array required to electrically inSUlate each of the layers; 
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in that as the length of the recorded wavelength approaches 

that of the array height a reduction in signal is created as 

each element in the array starts to sense radically different 

tape fields. The differential sensing mechanism then worl(s to 

cancel the outputs from the elements as the length of the 

recorded wavelenth is progressively decreased. Indeed a point 

is reached Hhen the recorded wavelength becomes one and 

one-sixth the height of the sensor array when a null in 

signal voltage 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 for 

AUdio-Frequency recording applications. 

In addition to the improved signal to noise ratio at 

long recorded wavelengths the design has a second advantage 

over either conventional or other magnetoresistive read 

heads, in that its bias 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 

between the elements in the array, the optimum bias for each 

element can be provided by the maximum realistic sense 

current that can be used. Although to some extent this 

b ecomes - trade between the reduced high frequency response .... 1.... d .... - -

caused by the increased insulation thicknesses required 

at higher currents, and the increased output at lower 
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frequencies. As the device output is scaled linearly with t~e 

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 advantage over the mor~ 

complicated schemes that have been proposed elsewhere. 

3.2 Design of the Multiple-Film magn~toresistive head. 

Although the theory governing the response of the 

multiple-film head predicts a superior response at 

audio-frequencies than either conventional, or previously 

described magnetoresistive head s; and the ability to 

constuct an element array in which the bias requirement is 

met bv 
oJ 

an internally generated field is conceptually 

possible; the design and fabrication of actual devices 

presents several practical difficulties. The format chosen 

for 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, in that standard 

commercially available tapes anc machines can be used; but in 

the event of commercial applications proving possible, the 

design would r eq u ire 1 itt 1 e or no modification before 

manufacture. However this choice immediatly constrains the 

trackwidth available, and hence the length of each of the 

mag1 otorosl'stl'vo ~lements in the 11 1 ~..... - - array; if a sufficiently 

large guard band is to be placed between tr2cks. Addition2lly 
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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 connectors if crosstalk between tracks 

is to . be kept within acceptable limits. l'i i t h the s e 

constraints, together with the difficulties inherent in the 

interconnection of the multiple films to provide the bias 

fie 1 d r eq u ire d , and the need to keep the number of process 

steps in the device fabrication to a min inurn; m u c h 
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 assembly. 

ii) The conductor pattern. 

iii) Fabrication aids included in the design. 

E a c h 0 f the sew i 11 n 0 vI bed esc rib e d s epa rat ely • 

3.2) i) The head element 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 was 

provided by tags protruding from their sides. Althou:h one 

result of this is to reduce the available trackwidth in that 
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'Two geometrIes used to determIne the optimum connecting 
tag to element height ratios 

91 = (h-2a) 

--__ I 
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Figure 11 
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more space has to be allowed between the tracks in which to 

place each elements electrical connectors, it has several 

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 layers with Silicon 

Dioxide insulation layers, interconnection between elements 

becomes possible by etching windows through these layers only 

at the protruding taas o thus keeping the six elements 

parallel, and reducing the danger of electrically shorting 

the wrong layers together. With one set of three detectors 

being the mirror image of the other, possible geometry 

induced variation in the electrical and magnetic behaviour of 

the t\vO sets is reduced, and the differential sensing 

mechanism improved in that asymmetry in the performance of 

each set of sensors is only process dependent. 

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

considered are shoHn. In the first diagram the tag width 

shown was set at one third of the total element width for all 

widths 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 separated by a fixed 

constant distance of five microns regardless of the width of 

the el ements. Field plotting experiments showed that the 

direction of the current vector in the second case was closer 

to the idealised direction (parallel to the anisotropy 

direction of the sensor), used in the theoretical 

descriptions. As well as this advantage variations in tte 
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Figure 12 
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Diagram showing the element current directions, and bias 
fields used in the multiple-fi 1m sensor 
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current angle between sensors having different widths were 

smaller for the chosen configuration than those of the one 

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 tte 

end two elements, the bias field in each sensor is jOintly 

produced by the field of the sense currents in the elements 

immediatel y adjacent to it. This results in a smaller sense 

current being needed to linearise the response of the head 

than would be required for a two-element structure. Such a 

reduction in current density lOVlers the risk of damage to the 

sensors due to Joule heating, and allows relatively large 

thicknesses of silicon dioxide to be used to electrically 

insulate the elements, reducing the possibility of element 

interconnection elsewhere on the sensors than tte connecting 

tags. 

3.2) ii) The conductor pattern. 

With each of the sixteen sets of sensors requiring 

three electrical connections to be made to them tc supply the 

sense/bias current a total of forty-eight connections must be 

made. As the overall chip size is limited to a width of seven 

millimeters by the constraint that it fit into a stancarc 

cOQpact cassette head package; it can be seen that eit:1er a 
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Figure 13 
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Schematic diagram used to calculate the conductor 
dimensions required to optimise the lead resistances 
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reduction has to be made in the number of connections, or 

their width has to be reduced. If the lead out width is 

reduced its electrical resistance is raised, and if it is 

large compared with the element resistances; then the 

magnetoresistive Signal is made unrealistically 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 lead-out resistance can still be 

comparable with the element resistance for thin lead-out 

connectors. As the design calls for the capability for all 

sixteen tracks to be read simul taneously , any variation in 

the lead resistance across th~ width of the head will create 

an undesirable apparent variation in 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 connectors from an arbitrary point on the 

connector pattern are chosen, as shoHn in figure (13), the 

resistance of one connector IS found to be:-

y - Xtanp .( X ( tan ~/ t a nO'..) - X ) Xtanp 
P 1 

R - -------------- + - ------------------ + ( 3 ) 
t VI ( t a n()j tan p ) H t a no;.,. T. T I, 

where all of the X measurements are from the centre of the 

connector pattern, and Y is from the arbitrary point "0". R 

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

from which it is made, t its thickness and the re:~aining 
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Figure 14 
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dimensions 
are taken from the figure.If the resistances for 

the two adjacent connectors are to be equal then:--'. 

Tan (0.) = ( Y 1 I X 2 ) and 

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

equalised resistance for each resistance is obtained. 

Y ( 1- (X IX ) ) X«X IX ) -1 ) 
P 1 1 2 1 

R - ---- --------------- + X(Y I ( 4) - -------------- + \-It ( X I X ) ( y I X ) 1 
1 2 1 2 

By differentiating this result with respect to X, and 

putting the resulting equation equal to zerc; the variation 

of Y with chanSing X and X can be found. 
1 2 

(y • X ) X Y 
'0 P 1 2 2 1 01\ 

- 0 - 0 - ----------- + -- ( (X IX ) -1 ) + --- -
dX \:J t (X . X ) Y 2 1 X 

( 5 ) 

1 1 1 1 

from which it can be shown that:-

2 
Y - ex * X ) •••••••••••••••• (6) 
112 

if 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 connector pattern based on the lengths fixed by the head 

width ~onstraints. In addition to 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 

given in appendix (I). 

program is 

To evaluate the inductance and capacitance between the 

leads, a series of field plotting experiments were performed 

in which the equipotential lines between the leads were 

plotted. From these plots calculations could be made to 

supply the values required and based on this the paper given 

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 in successive layers onto 

Corning 7059 Borosilicate glass substrates, and patterned 

into the shapes required using Photolithographic techniques; 

it becomes possible to fabricate a large number of sixteen 

track heads at one time. This reduces the possibility of 

introducing depositon or fabrication variations in the 

electrical and magnetic characteristics of different widths 

of sensor when tested. To facilitate this, several novel 

features were included in the mask design allowing easy 

recognition of each type of head, its dimensions and 

construction history. Additionally various other feat~res 

were included to enable easy assembly of the finished chips 

into testable devices; thus reducing t t-- 0 1 ... _ possibility of 

damage in the final stages of construction. 1 .. : i t han 0 v era 11 
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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 is 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 I~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 using 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-cheeks, 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 is placed two microns 

from the front edge of the sixteen elements, and the edges of 

the ceramic side-cheeks are aligned using these centres. Once 

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 lapping 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 lapping 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 is removed these 
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Plate 11 

A finished sixteen-track magnetoreslstlve 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 

eq ual ise the erosion rate. Once the front edges of the 

sensors and the head assembly are parallel and the rate of 

removal has been eq ual is ed 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 its maximum, careful lapping 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 elements 
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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, lines, 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 is written onto the original mask plate using 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, 

two 

with the long electrical 

sections. This allows 

connectors being broken into 

low resistance 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 use 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 low resistivity leads 

provided by the use of a thick gold layer 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 etch - 100 mI. Drtophosphoric Acid, 100 mI. 

Nitric Acid, 50 ml.Nickel Nitrate 

solution and 500 mI. Delonised water. 

Etch temperature 30 degrees 

centigrade. Etch rate 1000 

Angstroms/minute 

2) SiD etch - Countdown high yield system. Iso -

2 Electronic grade, Iso-form Silicon­

Dioxide etch. Available from Micro -

3) Au etch 

4) Cr etch 

Image Technology 

temperature 20 degrees 

Etch rate 1000 2000 

Ltd. Etch 

centigrade. 

Angstroms / 

minute, depending on impurities. 

500 g. Potassium Iodide, 100 g. 

Iodine and 400 mI. Delonised water. 

Etch temperature 20 degrees 

centigrade. Etch rate 2000 Angstroms 

/ minute. 

25 g. Am m 0 n i u m C e ric Nit rat e, 15m 1 . 

Nitric Acid and 85 mI. Delonised 

water. Etch temperature 20 degrees 

centigrade. Etch rate 1000 Angstroms 

/ minute. 

Page 94 



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, 0 watts reverse. Substrate etch 

cleaned for 5 minutes at 200 watts forward, 0 

watts reverse NiFe sputtered for 3 minutes at 

400 watts forward 0 watts reverse. Bias voltage 

set to 60 volts. 
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b) SiO 

2 

c) Au 

d) Cr 

- Target pre-cleaned for 10 minutes at 400 watts. 

No pre-clean of substrate. Material sputtered 

for 30 minutes at 400 watts forward, 0 watts 

reverse. 

- Target pre-cleaned for 10 minutes at 400 watts 

then Gold sputtered for 30 minutes at 400 watts 

forward, 0 watts reverse. No substrate pre _ 

clean. 

- Target pre-cleaned for 5 minutes only, at 200 

watts forward 0 watts reverse. Magnetron 

sputtering used on this target. 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 
-7 

pumped down to a base pressure of better than 2 x 10 mBar. 

To align the easy axis of the magnetores~stive 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 less 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 DeIonised water and force drying in an oxygen 

free nitrogen jet. 

3.4) Optimisation 

effect. 

of the anisotropic magnetoresistance 

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 magnetic 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) Th e 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 
-10 

vacuum (better than 10 mBar), the use of bias sputtering 

to reduce the contaminant gases in the films becomes a 

necessity. However the increase in bias voltage can result in 

other performance 1 imi ting 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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were performed in which several subst at tt d r es were spu ere 

at bias voltages from o 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 

pumped down to a fixed and easily obtainable pressure of 1 x 
-5 

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 tempera tur e under vacuum, th e 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 
-5 

their magnetic behaviour. Above 5 x 10 Torr large 

coercivities were found ()15 De), together with large 

anisotropy fields ()20 De) and virtually no detectable 

anisotropic magnetoresistance. As 

decreased, and especially below base 

the base pressure is 
-5 

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 
-6 

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 bias 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 is 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 phenomenon discussed it in terms 

of spin-orbit coupling [1J 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 [2J revealed certain 

inconsistencies between this theory and experimental results, 

and an additional mechanism in 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 [3J 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 phenomenological equation:-

2 
R - R + ~R cos (6) •••••••.•. (7). 

o 

Where R is the resistance measured, R the resistance of the 
o 

sample in the absence of an applied field, and S the angle 

between the current d~sity vector and magnetisation direction 

in the sample. Despite the viability ( 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 
32 

10 is found to be intimately tied to the behav iour of 

electrons in solids, an understanding of which leads 

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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statistics; in which, 
. 

between collisions, 

for an electron travelling freely 

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 

perturbation 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 limitations 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 

Schematic diagram showing the Fer~; su~face 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 ph enom ena, 

several new parameters, such as the Fermi surface, are 

in"troduced 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 large 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 0 degrees Kelvin the energy of the system is 

minimised and the array of the wave vectors of the the 

asssembly of electrons will fill a sphere of radius E , known 
f 

as the Fermi radius. It can be shown from anal ysis 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 electron bands and effective mass are derived. Up 

until this point the electrons have been conside·red 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 periodic 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 

Infinitely Deep Potential Well 

Pdt~rttial Irt~ltidingCrystal Structure 

Schematic diagram showing an Infinite potential wei I, and 
the same wei I with the crystal Jon 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 S9lids. 

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 last 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, 

broadening and 

electrons 

considered. 

having 

providing other effects, such as the 

overlaping of adjacent bands due to the 

extended wav e- fu n ction s, are also 
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In addition to the introduction 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 :_ 

* m = 

2 
h 

----------------- (8) • • • • • • • • • • • • • 
222 

4 pi d E/dk 

Where h is 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 
y 

= F 
dt x 

2 
4 pi 

-------
2 

h 

2 
d E 

----------
dk dk 

x Y 

x 

· · · · · · · · · · · · · · (9) 

For any combination of directions of force and direction of 
* response 11m becomes a tensor with components :-

2 2 
1 4 pi d E 

------ = -------- ----------- .•...•...•.•.... ( 1 0) 

* m 
2 

h 
dk dk 

i j 

where k and k 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, 

holding up to 10 electrons is 

additionally rather narrow 

the 3d band which is capable of 

not completely filled; and is 

resulting in electrons in this 

band having a large effective mass tensor which limits their 

mobility. Overlapping this band is a 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 is 

still not possible to derive a theoretical description of the 
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observed anisotropic magnetoresistance without the 

introduction of some additional concepts to this modified 

theory. For instance, it has been assumed that the solutions 

to Shrodlngers equation for the electrons moving in the 

potential due to the lattice 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 is 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 

recognises 

in the 

that a 

previous paragraph, which specifically 

distribution of relaxation times is 

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 motion. Due to the interaction 

of these d-orbit electrons with the internal magnetisation, 

Page 115 



Figure 20 

N(E) 

d-band 

sp-band 

~--~~----~------L-L-~E 

N(E)' 
d-band 

sp- band 

~----~----------~--4---~~E 

Graph showing the band-spliting of Ni due to spin-orbit coupling 
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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 level; 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 a 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 

perturba tion, and considered its 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 

electrons. In addition 

given here, other work 

the scattering of the spin-down 

to the two theoretical descriptions 

particularly that of Kondo [9], who 

assumed the effect to be due to the scattering of s electrons 

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

should be mentioned as producing alternative viewpoints. 

Although providing an insig~t 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 

phenomenological 

device 

equation 

justification for this 

applications the well known 

( 1 ) will suffice. The 

equation is found using symmetry 

arguments, similar to those used 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 

with 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 = p + AP ( 1 - (H Y ) / ( H 0 ))........ ( 1 1 ) , 

o 

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 
o 

the resistivity in the abscense of an applied field, and ~P 

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(S) + Hosin(S)cos(S) = 0 

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 2 ·1 

Sinusoidal Tape Field 

Diagram of the configuration used to calculate the 
performance of a single magnetoresistive element 
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sineS) = (Hy/Ho) 

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

obtained. 

To linearise the sensor output the vertical component of 

the field in the element (Hy) must be composed of a tape 

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

becomes:-

2 2 
p = p + ~(1 - (Hb IHo ) 

o 

2 
(2HbHt/Ho ) 

2 2 
(Ht IHo ) ( 12) 

This equation can be integrated over the device dimensions to 

obtain a signal voltage V. 

1» t& 

i~P Hb dy dz 
V = 2IRo ---- Ht(y,z) ---- ----

P 2 W L 
• • • • • • • • • • • ( 1 3 ) 

Ho 

The constant and quadratic terms from equation (12) are 

ignored, Ro is the element bulk resistance, Land Ware 

respectively the element length and width. By then allowing 

this equation to operate on the expression derived by 

Wallace [12J for the vertical component of the magnetic 

field above a sinusoidally recorded magnetic tape, the 

freq uency response for a device having certain fixed 

dimensions is obtained:-

(-kh) 
~P 4piMrHb (-kd) ( -kt) (1 - e ) 

V - IRo ---- ------- e (1 - e ) ------------ ( 14) 
P 2 kh 

Ho 
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where Mr is the tape remnant ~agnetisation, 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 by Anderson et. ale [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 Sex). The torque is 

then calculated, and the num~rical calculation to compute the 

angle iteratively relaxed according to a fixed formula until 

the torque reaches a negligible value. The final result for 

Sex) for which the torque is taken to be zero is then used to 

compute the resistance change given by the equation:-

R 1 
----- = dx •............. (1 5) 

R w 
max 

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 a 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 
-4 

low as 1 x 10 • 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 that Hunts original 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 leakage from the 

sensors to the shields a transmission line model is used to 

describe the magnetic inductions for the bias and signal 

fields in the element, whilst in the second the free energy 

of the various layers is 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, provides the analytical model of the 

head. This configuration has been further analysed more 

recently by O'Conner et. ale [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 between, 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 equation 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 Doyen et. ale [23J 

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 magnetoresistive 

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. ale [24], in which double layer" 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], Jeffers et. ale [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 in 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 layer, 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 sheet as used by both Van Ooyen and 

Pohm. The energy was then minimised by solving these 

equations numerically for all cases except where the external 

applied field, and the easy axes of both NiFe elements are 

along the current 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 [23,24,26] 

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 with the sense current bias 
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Figure 22 
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s 
Diagram showing the geometry used to calculate the 

average field produced by an adjacent current carrying 
conductor 
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field playing such an important role in 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 distributed throughout the 

t ' 1 nt Agal'n reasonable considering the curren carryIng e erne • 

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:- . 

dl 
H = ------------------- • • • • • • • • • • · • • • ( 16) 2 2 1/2 

2pi (x + y ) 

and acts in a direction perpendicular to the line joining the 

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

H = H cos(S) ••••.••..•.•.••.•.•..•. (17) 
v 

where (9) is the angle between the field and the Y-axis. From 

the geometry given:-

x 
cosCO) - ---------------- • • • • • • • • •••• ( 1 8) 

2 2 1/2 
C x + y ) 

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

vertical field at P is obtained:-

dl x 
H - ------------------- --------------- • . · · .. ( 1 9) -

v 2 2 1/2 2 2 1/2 
2pi( x + y ) C x + y ) 

This eq ua tion 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:-

Ch-y') C2t+s-x') 

dl 1 1 x 
H - ------------- dx dy C 21 ) - -----

av 2pi t h 2 2 
C x + y ) 

(-y' ) Ct+s-xt) 

this integral can be expanded to account for all 
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Possible variations in geometry for the sensors and their 

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

integration:-

H = 
a 

t h (s+t -xt+t ) (k-y'+h ) 
1 1 2 2 

I x ------------
2pit h t h 

1 1 2 2 

------------ dydxdy'dx' 
2 2 

(x + y ) 

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

For the first case in which the elements have the same 

physical dimensions, and there is 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 = ------------ [ J(s+t ,s+t+t ,k+h -h ,k+h ) 

a 2pit h t h 22121 2 
1 1 2 2 

+ 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 
J(A,B,C,D) = (A-B)(D - C ) 

1 3 
+ - C 

3 

-1 -1 
[tan (A/C)-tan (B/C)] 

1 
+ -

3 

+ 

6 

3 -1 -1 2-1 
D [tan (B/D)-tan (AID)] + A [Ctan 

-1 
(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 + 0 ) 
6 

1 2 2 2 2 1 2 2 2 2 
+ - A (A - 3D )In(A + D ) + - A (3C - A )In(A + C ) 

6 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 validity 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 using 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 

mathematical model. As can be seen in this figure good 

agreement is obtained between the theoretically predicted and 
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experimentally measured fields. This is clearly demonstrated 

by 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 separation 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 in 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 is 

impossible to achieve in the six-element multiple film 

configuration. For the more practical case in which the 

conductor and sensor are the same width, or in which the 
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conductor has been over-etched making it narrower than the 

sensor, a rapid loss in 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 in the text, 

there are several obvious advantages associated witb 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 use 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 appl i ed 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 

distortion 

rise to an 
undesirable second harmonic [ 17] . 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 achieved by folding together two long magnetoresitive 

elements,. and electrically inter-connecting them as described 

in Chapter Three. 

As all of the sensors making up the array are 

fabricated in an identical fashion, the assumption is 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 sen~or 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 

of the array will 

will be increased. 

the whole head, the resistance of one arm 

be decreased, whilst that of the other arm 

It is additionally assumed that by biasing 

each of the arms onto the most linear 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 in 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 is 

physically separated from its neighbours by the insulation 

layer between them, this is exactly the case when the device 

is being used to read short recorded wavelengths. It is 

therefore important to establish the extent to which this 

effect limits 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 is frequency 
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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 

V = ~ sin (-=;=) N 

N=1 

+ X •••••••• (21) 

Where S = (y ID) , 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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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 mor.e 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 oppo 't 
Sl e 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 = P + P 1 

\-H:--; 
•••••••• ( 22) 

0 max. 

'L 

* Where P is the sum of the resistivities in each of the arms 

of the array, P is the isotropic part of the resistivity, 
o 

and P is the magnetoresistive change. H is the bias field 
max b 

and H the field required to saturate the sensor. This 
o 

equation 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 

vol tage, providing H and H can be evaluated for the 
0 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 :_ 

B( x) = 

where 

B = 

and 

r = 

H 
t cosh(Bx) 

H 
k 

1 - • • • • • • • • • • • • • ( 23) ----------
cosh(Bh) 

M H 
k 

------------------------------------
2 .~ 1 ] 2piM TS + 2A 1 - ------------ + 2A 

cosh(rT/2) 

1/2 
2 

4piM 

2A 

1/2 

In these eq ua tions M is the saturation magnetisation, H the 
k 

anisotropy field, A the exchange constant, T the sensor 

thickness, S the separation between the sensors, and h the 

sensor half-height. H is the drive field and has been 
t 

obtained in this analysis from the equation for the magnetic 

field at a point above an infinite current sheet. 

Although this equation is specifically intended to 

provide the sensors magnetisation distribution across its 

width,it has proved to be very useful in the analysis of the 

multi~le-film head, as it has allowed values for , H 
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to be obtained. To achl·eve thl·S th e equation has been 

integrated within the limits of the sensor heigh~, to provide 

the average angle of the magnetisation across the sensor 

width :-

6 = 
(average) 

H 
t 

H 
k 

1 -
tanh(bh) 

---------- • • • • • • • • •• ( 24) 
Bh 

The demagnetising field can then be calculated by assuming 

that when 9=(pi/2), the sensor is magnetically saturated. 

Therefore the demagnetising field will simply be equal to the 

drive field when S is set to (pi/2). Additionally, the 

optimum bias field should occur when 9=(pi/4), and the 

sensors are operating on the most linear 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 (6) 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 - e IR --------- 2 ------- H •••••••• ( 25) 

1 2 * H * H signal 
P 0 0 

where e and e are the sensor voltages. I is 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 in 
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eq uation (22). From. the values for th b e ias field and 

saturation field obtained using (24), it can be shown that :_ 

H 
b 

--------
H * H 

o 0 

= 

By now letting 

field above a 

(1 - (1/Bh)tanh(Bh) 
--------------------- - f(h) 

eq ua tion 

piH 
k 

(25) 

sinusoidally 

operate on the 

recorded tape 

· · · · ... (26) 

eq ua tion for the 

given by Wallace 
[ 12] , in the same fashion as deScribed by Hunt [ 11 ] , an 
expression for the head output is obtained. 

* 
V - IR 

P 
max 

--------
P 

* 

BpiM ( f (h) 
r 

(-kd) 
) e ( 1 

(-kt ) 
- e ) 

(kh) 
(1 - e ) 

-----------
kh 

The terms I, R , P. , 
max 

is the 

P , and h have been defined earl ier in 

the text. 4piM 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 ) ) i s the res u 1 t d e r i v e d fro m eq u a t ion (2 6) • 

This equation, which defines the tape-field response of 

the multiple-film head has now to be connected to equation 

( 21 ) , which defines the losses 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 

( 21 ), and th e 

then found for this wavelength using equation 

two are multiplied to produce a value for the 

head signal voltage. In this fashion an 

analysis of the head performance has been 

theoretical 

approximate 

completed. 
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5.0) Experimental results. 

5.1) Experimental methods 

performance 

used to evaluate the heads 

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 harmonie, the extent to 

which the biasing arrangement is operating correctly can 

also be determined. 

An additional advantage associated with this 

evaluation method is the fact that the sensors have only to 

be wire bonded to the flexible lead-out pattern to test them. 
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This overcomes the need to fully assemble the heads complete 

with cover slip and ceramic side cheeks k , pac age 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 in 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 variety of other wavelengths recorded on the tape ranging 

from 1,509 microns to 6.75 microns, these are also 

d d t th d d 1 01 Th~r~for~ the use of these recor e a e re uce ev..... - - -

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 basic 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 

recorded across the full width of the tape, no additional 

vertical adjustment was included in 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 

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 

photolithographic 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 value 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 extrapolation 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 (rnA). 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 value 

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 

De, using the theoretical expression derived in section 4.4, 

and given in 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 S=(pi/4), together with the sensors 

measured dimensions, and separation the bias field obtained 

using this equation was found to be 5.35 De. The correlation 

between these results implies that the use of equation (26) 

to obtain the values for the sensors bias and demagnetising 

fields is justified. 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 

opposed to five ), this 

the two-element device ( fifteen as 

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 

magnetoresistive change 2%. Additionally, the measured 

decrease in 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 uniform 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 ir 

the response of the sensors for varying current "densities. 

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 figure (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 uniform 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 the text; they are 

given in Oersteds:-
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Sensor Width H (centre) H ·(average) 
(microns) 0 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 coherentl y. In a real magnetoresistive 

element however, the large demagnetising fields found at the 

elements edges, reduce its se~sitivity 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 0 to 15 De. 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 is 

b d H d · t taken up to the field o serve. owever rea Ings were no 
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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 Aim , 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 lense of the microscope, the sensors could be 

easily seen through the substrate and cover-slip sandwich. As 

the element width is known 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 

1 th 'th I'ncreaspd separation distance, it wave eng reponse, WI ~ 

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 been found from previous 
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experiments to 

substrate and 

be 

chip. 

the thin layer of glue between the 

Even using 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 last complete 

set of results being obtained at an estimated 

separation of 1.6 microns. 

The complete set of resul ts, 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 using 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 

It ' I f'l f' t' for Whl'ch these heads were mu IP e- I m con 19ura lon, 



designed and fabricated; can be realised in practice. 

An attempt was then made to flOt 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 plotted, using the same reference level as used in 

figure (32). The data on the tape field is taken from the 

information provided by the manufacturer, and for the 

magnetic properties of the sensors the values are taken to be 

an anisotropy constant of 6 Oe, a saturation magnetisation of 
4 -6 

10 Gauss and an exchange constant of 10 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 using the squares, and as can be seen from the 

figure the fit to the experimental results is not good. 

It was therefore postulated 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 

o 0 t f pach length and its Insight into the relative lmpor ance 0 -

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 mic'r'ons, 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 is measured using a stylus instrument 

during the fabrication of the device. The improvement in 

the fit of the theoretical results to the experimental data 

obtained using 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 stor ed on 

magnetic tapes was discussed. It was pointed out that sensors 

utilising the effect have certain advantages over 

conventional inductive replay heads, not the least of these 

being the ability to fabr ica te, using standard 

photolithographic proc esses, extremel y small sensing 

el ements. As these elements are capable of producing 

compari tively 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 is 

prohibitivly long 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 magnetoresi ti s ve replay head having a 

novel sensor configuration. The design of the head was such 

that it would offer an increa ' se 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 

design 

enable 

is maximised. These experiments have involved the 

and construction of two pJeces of apparatus, which 

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 large anisotropic 

magntoresistances. Such films can then be patterned into 

sensors using similar photolithographic techniques to those 

commonly used 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 

been fabricated and tested. 

performed using these heads 

a variety of sensor widths have 

From the results of tests 

it was concluded that the 

configuration chosen does indeed offer an improvement in 

t ' 1 descrl'bed magnetoresitive heads. ou put· over prevIous ey 
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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 the 

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 linear 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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,,, PRINT "PLEASE TYPE IN THE FOLLOUING INFORMATION II 21 PRINT ....•.. 
3' PRINT 
4' P=~.(ATN(1» 
5' PRINT "LENGTH OF FIRST Y-DIMENSIONII 6' INPUT YA 
7. P R I NT" LEN G THO F FIR S T X ,-D I ME • S ION II 
8. INPUT XA 
9' PRINT "OVERALL LENGTH OF PATTERN-1'" INPUT Y 
111 PRINT "FIRST CONDUCTOR WIDTH­
'12' INPUT C 
131 PRINT "FIRST GAP WIDTH­
"41 INPUT G 
151 X=(21*C)+(19*6)+(G/2) 
161 Y1=SQR(X).SQR(X+IA) 
171 S=Y1/X . 
18. A1=ATN(S~ 
1" A1=A1.(1B0/P) 
2 •• T=Y1/CX+XA) 
2 ,. A 2 = A,T N ( T ) 
22. A2=A2*CI8'/P) 
23. PRINT 
24. PRINT 
251 PRINT 
:~61 RO=14E-8 
271 T1=2.'E-7 
281 G1=C*S 
291 02= GltlS 
3.1 G3=(X+XA)*C/X 
311 G4=(X+XA)*G/X 
321 PRINT "VALUE OF Y1 =1I;TAl(13);Y1 
331 PRINT 
34" P R I NT" AN 0 LEA L P H A ="; TAft( 1 3 ) ; A 1 
35. PRINT 
:16. PRINT "ANGLE BETA =";TAB(12) ;A2 
371 PRINT 
:3 8 I P R I NT" TOT A L T R A C K WID T H := a ; TAB ( 1 9) ; ( X :t: 2 ) 
391 PRINT 
4.1 PRINT "HALF TRACK UIDTH (X) ~·;TAB(22):X 
411 PRINT 
421 PRINT 
43. PRINT 
44" PRINT 
45" PRINT 
46. PRINT 

" CNDR ( 1 ) 
C,O 
" CNDR(2) 
01,G2,G3,G4 

GAP(2) CNDR(3) GAP(3)" 

47. P R I NT " RES T N C E " ; TAB ( 1 1 ) ; " Y 1 II ; TAB (21 ) ; II X 1 .. ; TAB (31 ) ; II Y 2 It ; TAB (41 ) ; 
;TAB(51); "X2" ;TAB(61); IY4" 
48. FOR J=1 TO 2. STEP 1 
49. YB=(Y-YA-(C*S» 
5 •• XB=(XA+C-G3) 
511 C3=(YA+(C*S» 
521 C2=(Y-YA) 
53. B=YA 
54. B1=XA 
5S1 B2-C2 
561 B3=YB 
~571 B4=XB 
581 B5=C3 
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610 N2=INT(C2) 
628 N3-INT(YEt) 
63. N-4==INT(XB) 
648 N5=INT(C3) 
6S8 FaYA-N 
66. F1==XA-NI 
67. F2-C2-N2 
68. F3-YB-N3 
69. F-4-XB-N4 
7.8 FS-C3-N:5 
718 IF F)'.5 GOTO 89' ELSE 77. 
728 IF F1)'.S GOTO 91~ ELSE 79~ 
738 IF F2>'.S GOTO 931 ELSE 81~ 
74. IF F3>I.S GOTO 9S~ ELSE 83. 
7S8 IF F-4>'.5 GOTO 97~ ELSE 150 
76. IF F5>1.5 GOTO 99. ELSE .70 
77. YA-INT(YA) 
;'88 GOTO 721 
;'98 XA=INT('XA) B., GOTO 73. 
B1" C2==INTCC2) 
B2. GOTO ~"4' 
B3" YB=INTCYB) 
848 GOTO 750 
B5" XB=INT(X) 
86. GOTO 760 
B70 C3=INT(C3) 
B8" GOTO 101~ 
B'8 YA=1+N 
"" GOTO 72. 
910 XA=1+N1 
928 GOTO 73. 
938 C2-1+N2 
948 GO TO 740 
95. YB=1+N3 
96. GO TO 750 
978 XB-1+N4 
988 GOTO 76~ 
9" C3-=1+N5 
"' .8. GOTO 1 ~1 • ,.,8 R1=(RO/T1)*(YA*1 •• E-6)/(C., •• E-6) 
1.2. R2 a (RO/T1)*«XA+C)*1 •• E-6)/C(C*S)., •• E-6) 
1.3. R3=(RO/T1)*«Y-YA-(C*S»*'."E-6)/CG3*'.~E-6) 
,.-4. R=R1+R2+R3 
1.S1 PRINT R;TAB(11);YA;TAB(2');XA;TAB(3'>;C2;TABC40);YB;TABC50);XI 
6');C3 "' .6. YA=B 
1.71 XA=B1 
"' .88 C 2 = B 2 
1.91 YB=B3 
1101 XB=B4 
111'C3=B5 
1128 YA=(YA+(C*S)+(G*S» 
1131 XA=(XA+(C+G)-(G3+G4» 
11-48 NEXT J 
115' 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 (J) there is a tendency for 
decreasing track-width, especially for high-capacity digital 
storage. This can easily be achieved by thin-file 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 J 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 res istance of about 200 and lead-out resistances of 
about lSn. Lead out resistances must be equalised so that all 
tracks produce equal outputs. Figure l(b) shows part of a 
single lead-out conductor in the array of figure lea). The 
total resistance of any conductor in the array ABeD is 

R =IE 
t 

x Tatl3 
Tan 0( 

Tan B 

+ 
(1) 

Xl and X are fixed by the cassette tape width and the 
2 d' . b . standard compact cassette head package ~mens~ons ut Yl ~s 

variable. 

Substituting values for Tanol and Tan 8 in equation (I) and 
differentiating for a m~n~mum with respect to x g~ves 

.., .. 
= (2) 

as the critical condition for equal resistances in all 
conductors. Also, since Tag 0( Tan 3 = I for this condition, 
g and ex must be > and < 45 respectively. 

A2.l 



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 lea). The 
maximum per-unit error in these quantities in the region ~~CD 
is therefore easi 1y evaluated as = Tan S - Tan c(. The 
magnitudes of capacitance and inductance per unit conductor 
length are calculated by an iteration ~ethod and shown in 
figure 2. 

x. / 
:::~c:tCl"Ce 

c·s ;-c l·S 

Fig.I.Conductor pattern design for 
a 16-track compact cassette 

Fig.2. Conductor capac1-
tance and induct­
ance as a function 
of mark/space ratio 

thin-film head. 

w 
d. 
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Fabrication Details 6 - Element Head 

1. Sputter Ni Fe 
• 

2. Etch Ni Fe Mask One 

3. Sputter Si 02 + Ni Fe 

4. Etch Ni Fe .~ r t'fask Two 

5. Etch Si 02 CJ 
~1ask Three 

6. Sputter Cr + Au .... - .... 

7. Etch Cr + Au 

8. Sputter Si 02 ..... 

9. Etch Si 02 ~1ask Five 

10. Sputter Hi Fe 

11. Etch Ni Fe ttask Two 

12. Etch Si 02 CJ Mask Six 

13. Sputter Si 02 

14. Etch Si 02 a tlask Six 

15. Sputter Ni Fe 
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16. Etch Ni Fe l b Mask Seven 

17. Etch Si 0z 0 Mask Eight 

18. Sputter Si 0z 

19. Etch Si 0z Mask Nine 

CJ 

ZO. Sputter Ni Fe 

21. Etch Ni Fe ~1ask Seven 

22. Etch Si 0z CJ Mask Eight 

23. Sputter Si 0z 

CJ 

24. Etch Si 02 I Mask Eight 

25. Sputter Ni Fe 

26. Etch Ni Fe ~ I Mask Two 

27. Etch Si 02 0 ~1ask Six 

28. Sputter Si 02 

o 
29. Etch Si 02 ~1ask Six 

30. Etch Si 02 ~1ask Five 

c 
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31. Sputter Cr + Au 

32. Etch Cr + All 

~iask Ten 
33. Sputter Thick Cr + Au 

34. Etch Cr + Au -Mask 11 (see section 3.2 ii) 
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Asymmetric biasing fields from mismatched current-carrying overlay 
conductors on magnetoresistive replay sensors 

D. J. Mapps. M. l. Watson. and D. T. Wilton 
PlymolJth Poly",ltfl;,. Drak, ClrcuJ. PlymolJth. D,von. PL48A.A.. UfI;t,d KIngdom 

Magnetoresistive thin-film sensors used in magnetic recording applications are often Iineanzed 
uSlOg a transverse biasing field. For single-domain behavior the biasing field is computed as the 

. a\'erage planar \'alue throughout the volume of the sensor element. This paper shows how the 
correct bias field can be calculated in the general case for a nonmagnetic current-arrying overlay 
bias conductor not having the ~me dimensions as the sensor and not symmetrically positioned. 
This allows the effect of mismatching. for example due to faulty fabrication. to be predicted. The 
theoretical expressions are confirmed by experiment using a Hall probe. Various graphs are 
presented which show how the theory can be used in practical cases with typIcal sensor and 
conductor dimensions. 

• 

INTRODUCTION 

Magnetoresistive thin films are frequently used for 
f ,ing IOformation on magnetic tape. 1 The tape fields rotate 
the magnetic vector 10 a ~nsor Min· and. modulate its resIs­
tance. In the original paper by Hunt: the effect on the mag­
netIzation 10 the sensor was deduced b) averaging the tape 
field over the film dimension!- and this ga\ e good agreement 
with e"penmen l assuming the film to beha\ e as a Single mag­
netic domain. More recent work has confirmed this model as 
long as the single domair: behavior is present' and present­
day films. typICally 500 A thIck have outputs whIch are ac­
curately predicted by the a\ erage field method. 

A sinusoidally recorded tape will produce a low-amplt­
tude. double-frequency modulation in the resistance of an 
unbIased sensor film. ThIS is adequate for some high-field 
digItal applications but for low-field digital or analogue ap­
pltcatJons it is convenient to use a linearizing dc biasing field 
from a current-carrying overlay bias film. 

Bias films have typically the ~me planar dimensions as 
the Permalloy sensor films but of varying thickness. This 
i'~kes the average bias field amplitUde fairly reprodUCible 
• a given bias current but 10 some cases. where large 
numbers of devices are deposited on the ~me substrate. opu­
cal alignment deviations. or photomask imperfections can 
cause some of the overlay bias films to be mismatched with 

the sensor films underneath as shown in the photograph of 
Fig. 1. This causes the eventual bias current to produu In the 
senser film an average field of the wrong magnttu~e for ccr· 

rect biasing leading to reduced outputs with ·mcr~d hat­
monic distortion. A mathematical analy~l<' nf thIS asymme­
tric effect has not been reported so It is the purpose of thiS 
paper to present such an analysis. Thi~ allows e3rl~ deciSIons 
to be made. I.e .. at the substrate or wafer stage. about the 
acceptanu or rejection of individual chIp sensors as well as 
providing a useful tool in thm-film structure desIgn 

THEORY 
The problem IS one of deducmg the average magnetic 

field parallel to the surfa~ of the rectangular-sectioned sen­
sor film due to a uniform current Rowing In another rectan­
gular-sectioned conductor film nearby. If the conductor film 
is considered as an array of current filaments as shown In 
Fig. 2. then because the distan~ dx'. dy' are small com­
pared with the conductor length. they can be conSIdered infi­
nitely long for the purposes of calculation of magnetic field 
Ampere's circuital law can be used for a CIrcular path 
around each filament dx'dy' to evaluate the field. 
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FIG 3. The theorctlcal a~cragc'~nsor bias field predicted from E.q 171,:,'m. 
;:'3fed 'Inth u~nmcntal rcSuh~ us'"~ a Hall probe 

In Fig. 2. con!>ider the field at P due to the filame'nt 
dx·dy'. Ampere's law gives 

¢ Hdl = SI. (11 

where H is constant for a cIrcular path of length 2~r . .\" ;= I. 
and filament current = 6J. Hence 

. H=~. 
. . 2r.r i2) 

This field is tangential to the circular path so the component 
parallel to the vertical surfacesAB and DC of the film IS given 
by 

DH = M cos8= xM (3) 
"2Trr 2:71x~ + /) 

The average value of DH, in the x direction due to the' fila· 

ment dx'dy' is 

16·0 • , 
Q • 11""\1·'0, s::xes , 

r 
C! : 2. 1C A'...,' 

cl Cu' .. es 
tJ : :, 25 ~r""' 

tI 
0 12G 

-------~. I " 11 . ,. 
5 

T '-I ____ ! t1 

L 

CCf')()J:tcr -Th'ckness It, ,J~I G E-------------______________ ~ ______ __J 

, C , c:, 

fiG ~ Sh"", In, h" .. Iht Ih,,~nt"'>~ or J bl~ ronduclor II're.:U I'<r",t ~n. 
'>Or t-';L' htld, ~ \ ~nat>1r ~par Jllun d "I a nrt"'> ~nd conslant currrm tic""" 

_1_ ('bH .a\ = 
AD. 

(' . , 
t; _' •. 

The'<l\aage\alue'0fbH allo\erABCD duetothefilament 
dx'dl' I~ 

~ r .- .. -r-' .-,:( :x ,:)d:cdy i~1 
2", t:h; .. ~ •.• _. ~ • _ '. _ • X -_~ 

Subs!ltutlng for current bJ = 11 it ,h I fdxdy' and integrating 
the f unCUon of Eq, S lover the area of the bias element essen· 
ually ~ums the' effects of all the filament!> dx'dY of the total 
current 1. Hence. the a\erage \emeal field 10 the sen~ e1e· 
ment due to a current I 10 the rectangular sectioned bias 
element IS gi \ en by 

H = 1 (" C' (' . I, - ... ': (4 - ,. - It ( ,x , )dYdXdYdX 

I' 2Trllhll~h2J~-O~ .. -oJ"-J-I.-~ J) .• 4-) X"+Y-

The solution of Eq. (6) is too lengthy to be given here but the result can be summanzed as 

H,,= 1 [J (s .. r~. s + r ~ + r I' k + h ~ - hi' k ... h:) .. J Is. s ~ r l' k - hi' k \ 
4Tr1lh II~h2 
_ J Is + ' 2.5 + I: + II' k - h "k ) - J (5. S.+ r I' k + h= - hi' k - h: I]. 

where 

J(A.B,C.DJ= ~(A-BHD1-C:)+ +c 3[tan-
l
( ~)-tan-I( :)] - ~ Dl[tan- ' ( ~)-tan-I( ~)J 

... A ~[Ctan-I( ~) - Dtan-
I
( ~)] - B=[Dtan :( ~) - Ctan-

I
( ~)] 

... ..!..B(3D= - B 2 )ln(B ~ + D=\ + ..!..A (A: - 3D:llnl.-4: - D:I 
6 6 

+ ..!..A (3C: -A =)In(A: -+ C:\ -+ +B!B= - 3C:llnIB: - C:, 
6 
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The accuracy of result (7) as a mathematical derivatlon was 
confirmed by differentiation and also by using a numencal 
integration on computer. 

EXPERIMENTAL VERIFICATION 

To test the validity of this method of evaluatmg the 
average bias field. an experiment was deVised usmg a thICk. 
wide. current-carrying copper plate and a Hall probe. The 
probe was arranged so that it always measured the vertical 
field component. The probe was scanned across the plate for 
a distance equal to the relative width of the sensor and the 
field values averaged. This produced results directly compa­
tible with the mathematical predictions for the dimensions 
used. The plate measured SO mm high by 0.25 mm thick, 
making it roughly to the scale of a typical thin-film conduc­
tor. Hall probe dimensions were 0.2 X 0.25 mm. The com­
parison between theory and experiment for a plate current of 
40 A is shown in Fig. 3 where the maximum differences were 
well within experimental error. Figure 3 also shows an inter­
esting crossover where the average vertical bias field from an 
offset conductor spaced away from the magnetic thin-film 
can actually be greater than the bias field from the same 
conductor placed nearer the plane of the sensor surface. The 
crossover in Fig. 3 is confirmed in theory and practice. 

EFFECT OF ASYMMETRY ON THE BIAS FIELD 

A series of graphs has ~n plotted to show how the 
dimensional variables relate to each other and to the average 
biasing field for typical magnetoresistive sensor and bias 
conductors. The current density q is held constant at 2 X 10

9 

Aim: throughout. The graphs are shown in Figs. 4. S, and 6. 
Figure 4 shows how increasing the thickness of a centralized 
bias conductor can increase the bias field. Note that as the 
thick bias conductor approaches the sensor, so the de\<"Jation 
from the dashed initial slope line increases showing that the 

• 
3984 J Appl. Phys .. Vol 57. No " , 5 April' 985 

1 
Q/ 

o 

III 
. Q 
CD 

8·0 

6·0 

2'0 

'---
I'll: 'O~m ' Ov£'f-

etch 
II = O-{)5~".. I 

o = 2. ~CQ A/ml 

I 

I sensor height = ~ 
I c~lor height hi 
I .. 

• 

• 

O~--~----------------~-----o ',0 20 
FIG e, Sho"In~ ho .. o\~r~lChln, of a nomln,l" equal hel,:hl bla~ (('ndue. 
lor can lead 10 a Significant r~uellon In loen~r bias ft~ld 

bias field will ~ reduced from that expected by an mfinltel~ 
thm conductor Figure ~ IS Similar to Fig. 3 but thiS time .... Ith 
typical film dimensions The crosso\er of the characten~tlCS 
shows that the bias field IS Independent of separallon at the 
critical point when a mismatch of about 80"'( occurs A mis­
match of 10'7( IS seen to be tolerable for most practical ':J.5e!> 

when the bias conductor and sensor film are of equal height 
The sensor IS less tolerant of mismatch as the separation 
decreases. 

Figure 6 shows that o\eretchmg of the bias conductor 
during the microfabncatlon process has a severe effect on the 
bias field. espeCially If the bias conductor and sense element 
are close together. A t~ plcal conductor /sensor pair would be 
separated by about 0.3 ~m so the s/r~ = 6 case IS the one 
which might normall~ applj 

CONCLUSIONS 

(I) A complete analYSIS has been carried out for predict­
ing the average in-plane bias field for rectangular ~ctloned 
thin-film bias conductor~ on rectangular-sectioned thm-film 
magnetoresistive sensors 

(2) The analysis IS completely genera) so it allo .... ,5 the 
prediction of bias field for any film dimenSIOns In a symmet­
rical or asymmetrical arrangement. 

(3) Hall probe cxpenments have confirmed the accura­
cy of the theoretical predictions Within expenmenlal error 
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