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Abstract

Mathematical Analysis of Novel Magnetic Recording Heads

Hazel A. Shute

As a contribution to increasing the areal density of digital data stored on a mag-
netic recording medium, this thesis provides mathematical analyses of various mag-
netic recording heads. Each of the heads considered here is for use in a perpendicular
recording system, writing to or reading from a multi-layer medium which includes a
high magnetic permeability layer between the data storage layer and the substrate.
The exact two-dimensional analysis is performed in each case by one of two methods:
either Fourier analysis or conformal mapping. The types of heads analysed include
conventional styles but particular emphasis is placed on the effects of the novel idea of
potential grading across the pole pieces.

Exact head fieids are derived for thin film heads with both constant and linearly
varying pole potentials, single pole heads with linearly and arbitranly varying pole
potentials and shielded magnetoresistive heads, all in the presence of a magnetic un-
derlayer. These and other published solutions are used to derive output characteristics
for perpendicular replay heads, which are compared with published theoretical and
experimental results where possible.

The Fourier solutions obtained are in the form of infinite series dependent on at
least one set of coefficients which are determined by infinite systems of linear equa-
tions. Approximations to the potentials in the head face planes, independent of these
coefficients, are derived from the exact Fourier solutions. The accuracy of these approx-
imations 1s demonstrated when they are used to estimate the vertical field components
and the spectral response functions.

Heads with graded pole potentials are found to have more localised vertical field
components than the corresponding constant potential heads. They are also better
suited for use with thin media for ‘in contact’ recording.
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Chapter 1

Introduction to Magnetic

Recording

1.1 Historical Background

Magnetic materials have been known for well over 2000 years but it was not until the
nineteenth century that the major scientific discoveries were made. In 1820, Oersted
made the initial discovery that an electric current produces a magnetic field, which
stimulated other research in electromagnetisrn. Ampére found that two currents have
a mutual magnetic eflect, and 1n 1831 Faraday discovered electromagnetic induction
[1].

The first magnetic sound recording was made by Oberlin Smith in 1888 and the
first commercial magnetic recording machine, the telegraphone, was invented in 1898
by Valdemar Poulsen. This was a dictating machine which recorded onto steel wire.
By the 1920°s the steel wire had been replaced by sieel tape, then by paper tape
coated with iron particles. Plastic tape coated with gamma ferric oxide was first used

as a recording medium in 1935. Floppy disks and tapes are still made with a plastic
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substrate although alloys are commonly used as the magnetic media. Computer hard
disk technology has become very sophisticated. For many years aluminium has been
used as the substrate for these large disks but with the demand for portable computers,
smaller hard disks based on glass are in production [2]. Glass provides a rigid substrate
which can be polished to give a very smooth surface onto which the magnetic medium
1s deposited.

At first, Poulsen’s telegraphone used a single electromagnetic pole to record onto the
wire but later he found that better results were obtained using two offset poles. In the
1930’s recording with ‘ring-shaped’ heads was established. Apart from miniaturisation
and improved materials this type of head is still in use in production machines.

The early machines used analog recording. Today, both analog and digital recording
techniques are used in different applications. This thesis considers magnetic recording

and replay heads for computers which, today, store information digitally.

1.2 Longitudinal and Perpendicular Modes of

Recording

Digital information is stored on a2 magnetic medium by the direction in which the
magnetic material is magnetised. Two ideal extremes are possible, which are depicted
in Fig. 1.1. The arrows represent the magnetic vector and the magnetic poles of the
individual magnetised regions are indicated as 4 or —. If the direction of the magnetic
veclor 1s parallel to the plane of the medium, the recording is said to be longitudinal,
but if the magnetic vector is normal to the plane of the medium, the recording is per-
pendicular. By careful choice of particles and methods used in its production, a medium

can be given a particular anisotropy, ie. a preferred axis of magnetic orientation. The
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Figure 1.1: Diagram of ideal longitudinal and perpendicular magnetic recordings.

laws of magnetism state that ‘like poles repel’, therefore in a longitudinal recording
the magnetic fields due to adjacent magnetic regions of opposite polarity cause a de-
magnetising field, represented by the ellipses in the diagram. These fields due to the
individual magnetic regions have been observed in practice [3]. The demagnetising field
prevents sharp transitions between bits of opposite polarity. A mathematically conve-
nient, arctangent form is generally accepted as a good approximation to the shape of
a longitudinal transition.

In a perpendicular recording on the sort of medium used for longitudinal recording,
adjacent oppositely magnetised regions attract each other so that they form a stable low
potential energy magnetic system, therefere the amount of flux detectable outside the
medium is much less than for a longitudinal recording. This was the reason for Poulsen’s
improved replay signal when he used the two offset poles. The initial single pole
recordings were predominantly perpendicular, but the two pole system created mainly
longitudinal recordings on the unstructured media of the time. Therefore research
into perpendicular recording systems was very limited until [wasaki, Nakamura and
Quchi {4] used a medium with an in-built perpendicular anisotropy and placed a layer
of highly permeable material such as nickel-iron (NiFe) behind the recording layer.

This ‘flux sink’ increased the magnitude of the field, of each individual magnetised
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region detectable outside the medium. Using an magnetic underlayer, replay from a
perpendicular recording is of similar quality to that from a longitudinal recording. The
perpendicular medium and underlayer, commonly described as a double-layer medium,
actually consists of several layers of material deposited on the substrate. Typically,
first there is the underlayer of NiFe onto which is placed a layer of a non-magnetic
material such as gold or titanium. This gives a good surface for the promotion of a
perpendicularly oriented magnetic film. Cobalt-chromium alloy (CoCr) forms columnar
grains about 200A in diameter and was first used as a perpendicular recording medium
in 1975 [5]. The orientation of the alloy grains can be controlled so that their longest
axis is normal to the underlayer, thereby maximising the number of grains adjoining
the surface of the medium. Experiments with this type of medium have resulted in the
detection of up to 680,000 flux reversals per inch [6] which indicates that the magnetised
regions are composed of individual CoCr grains. This far exceeds the capabilities of
magneto-optic recording which is limited by the wavelength of light [7]. Clearly, higher
bit densities can be stored on a perpendicular medium than a longitudinal one of this
lype.

The transitions between bits of opposite polarity are stable in a perpendicular
recording ie. there i1s virtually no demagnetising field at the transitions. Therefore
the transitions are much sharper than in the longitudinal case and at high densities a

perfect step function is considered a good model of the true transition shape (8, 9, 10].

1.3 Recording Heads

High density recording requires recording heads with high intensity, sharply focused
magnetic fields. The strong magnetic field is needed to ensure that the medium is

saturated when a bit is written and hence retains the magnetisation. Steep magnetic
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field gradients are required to prevent adjacent bits being overwritten in error.

The conventional longitudinal recording head is the ring head which consists of two
relatively long poles of opposite polarity separated by a narrow gap. With miniaturisa-
tion of all recording systems, the poles of this type of head are becoming shorter. Heads
with very thin poles, made by vacuum deposition and photo-fabrication, are termed
thin film heads. Ring heads can also be used in perpendicular recording but in 1977
Iwasaki and Nakamura [3] proposed a single pole type head for use in perpendicular
recording which consisted of a read/write pole on the medium side of the underlayer and
a larger auxilliary pole on the other side. The double-sided nature of this head makes
it difficult to use in hard disk drives [11]. Ohtsubo [11] proposed a novel trapezoidal
perpendicular recording head. The design was refined into a laminated rectangular
head presented in [12]|. The constituents of the laminations were varied to produce a
non-uniform permeability across the head. A single-sided W-shaped head [13] has also
been proposed.

Each of the heads mentioned above, when used for reading, is inductive ie. the
changing magnetic flux as the medium passes close to the head causes an electric
current to flow through the coils which are wound around the head, obeying Faraday’s
Law. These heads are usually made of alloys of which the most commonly used are
Molybdenum Permalloy, Alfenol and Sendust [14], which have been chosen for their
high permeability and low coercivity. Therefore they are easily strongly magnetised.
In 1971 the magnetoresistive replay head was introduced by Hunt. This i1s a very thin
rectangular-shaped film made from alloys such as nickel-iron, nickel-cobalt or cobalt-
iron [14]. The resistivity of these materials varies with the magnetic field applied to
them. To prevent the field due to adjacent bits on the medium influencing the sensor,

shields have been added which also increase the sensitivity of the head [15].
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1.4 Motivation

The demand for smaller, faster machines with high storage capacities drives re-
search on information storage systems. Areal data densities have increased steadily
from the 2000 bits per square inch of the first random access hard disk, the IBM 305 of
1955 [16, 5|. Several major manufacturers are experimenting with disk drives capable
of storing 1 gigabit per square inch and it is hoped that a tenfold increase will be
achieved within the next five years by employing magnetoresistive replay heads [2].

All present production machines employ longitudinal recording on single layer me-
dia. Although some manufacturers are experimenting with vertical recording, the in-
dustry as a whole is unlikely to consider changing to this technology until a significant
advantage over longitudinal systems has been demonstrated. Perpendicular particulate
media can support very high bit densities but systems are limited by the capabilities
of the recording heads. Interference between the output voltages due to adjacent bits
and head-dependent ouput nulls restrict the range of usable bit densities. Sophisti-
cated decoding techniques, such as the partial-response maximum-likelihood concept,
are being developed to cope with a certain degree of adjacent bit interference but any
system can only operate over a limited range of output voltages. Therefore, if the areal
data density is to increase to its ultimate limit, improved recording heads are needed.

In order to evaluate the performance of any combination of head and medium in a
system for high density magnetic recording, 1t is important to know the shape of the
head field. The most common approaches for such field calculations are approximate
numerical techniques such as finite difference, finite element and boundary element
methods, Fourier analysis and conformal mapping techniques based on the Schwarz-
Christoffel transformation. Each has its merits and limitations. The numerical tech-

niques may most easily handle complicated geometries but can be computationally
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expensive, requiring artificial boundaries at distances far from the region of interest
and large numbers of nodes or elements near pole corners, and are restricted to pro-
ducing numerical output. Fourier analysis is the only approach to provide an exact
explicit analytic solution, although this is in the form of an infinite series and it is
necessary to calculate certain coeflicients and evaluate field integrals, numerically in
some cases. The expressions provided by Fourier analysis can lead to approximate
solutions, useful in practice within their ranges of validity, which may show directly
the dependence of the field upon the parameters of the problem, and can be valuable
for further calculations such as system outputs. The conformal mapping method can
be applied to more complicated geometries than Fourier analysis. It can be fast but
normally requires a numerical iterative technique to find the inverse mapping, for which
convergence may be a problem. Both of the analytic methods are used in this thesis.

Conventional heads are designed to provide a constant pole potential. Two such
heads, each in the presence of an underlayer, are analysed here for the first time: namely
the thin film head and the shielded magnetoresistive sensor. Heads with varying pole
poientials are also considered. Exact solutions for thin film heads and single pole
heads with linearly graded pole potentials and for single pole heads with arbitrary pole
potential are derived. These and other published solutions are used to derive output
characteristics and accurate approximations, for perpendicular replay heads. Further
details are given in Section 2.2.

Much of this work has either already been published or has been submitted for
publication. There have also been three conference presentations of the work. Fourier
analyses of thin film heads and single pole-type heads all in the presence of underlayers
have been published in [17, 18] and [19]. Comparison of the replay characteristics of all

the perpendicular recording heads for which analytic head fields have been obtained
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2.2 Introduction to the New Applications

Perpendicular recording has been shown to be capable of achieving optimum bit density
r—nagnetic recording both theoretically [54] and experimentally [6]. The aim of the
work presented here is to extend the knowledge of perpendicular recording systems
in particular, and therefore all of the new analyses are for heads in the presence of a
highly permeable underlayer.

In Chapter 3, the Fourier method is first applied to the conventional thin film head,
with pole pieces at constant potentials. Previous solutions for thin film heads without
underlayers have been obtained by a boundary element method [55], the finite difference
method [56] and conformal mapping [41, 36]. When an underlayer is present, a finite
difference solution has been given in [56] and the Fourier solution has been derived
independently and published almost simultanecusly in [57). Approximations to either
the magnetic potential or the field components in the head face plane at y = 0, from
which approximate integral solutions can be obtained, have been suggested by several
authors. For the case of no underlayer, approximations to the potential are given in
[58] and [59], and approximations to the horizontal field component at y = 0 are given
in [60, 61, 62]. In [60] and [61] a finite difference method has been used to obtain the
horizontal field component at y = 0 and then a simple model has been fitted to the
numerical results. The same method can be applied when an underlayer is present, but
the approximation has not been published. Yeh [63] gives an explicit approximation
to the potential at y = 0, derived from the Karlqvist approximation to the horizontal

field component for a ring head which will be discussed further in Section 3.1.4.
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The field components for the thin film head have peaks due to the outer edges of
the pole pieces which, although they are of lesser magnitude than the peaks due to the
gap edges of the pole pieces, could influence the medium during the writing process.
As the whole of the vertical field component is convolved with the magnetisation on
the medium when evaluating perpendicular output via the reciprocity theorem, the
outer peaks always influence the replay characteristics, and in Chapter 4 this effect is
shown to limit the upper usable frequency of the head. In order to reduce the effect
of the pole edges, a linear potential distribution, rising from zero at the outer edges
to maximum magnitudes at the gap edges is applied and shown to give better results.
Mallinson [64] states that the true potential distribution across the poles of a thin film
head is not constant and that a linear distribution is probably a better approximation.

Due to the beneficial effect of the linear potential poles on the field components of
a thin film head, the Fourier method is used to analyse a single pole head with a linear
potential rising from zero at one edge to a maximum at the other edge. The method
is also generalised to apply to single pole heads of arbitrary pole potential and several
potential distributions are investigated.

Each of the exact solutions is in the form of an infinite series dependent on at least
one set of coefficients which must be computed by the solution of a truncated, infinite
system of linear algebraic equations. Single term approximations to the potential in the
head face plane, independent of the coefficients, are derived from the exact solutions
to evaluate approximations to the head field components, for each head configuration.
These approximations are shown to give good results, especially close to the head face
plane, where Karlqvist-type approximations, obtained by taking the leading term only
of each of the field components, are least accurate.

New conformal mapping solutions are derived for idealised 2-dimensional models
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of infinitely thin magnetoresistive (MR) elements both symmetrically and asymmetri-
cally placed between shields of semi-infinite width. The pole is permitted to be recessed
and an underlayer is assumed present. By allowing the shield - underlayer distance
to increase, the case of no underlayer may also be modelled. Previous analyses of
non-recessed shielded heads for longitudinal recording, include an approximation for
the horizontal field component based on the superposition of two simple Karlqvist ring
head approximations [65], generalised in [66] to the asymmetric case. Transmission
line models have been considered in [67) and [68]. In [44] a conformal mapping so-
lution was developed for an infinitely thin, non-recessed head symmetrically placed
between shields of finite width with no underlayer present. Recent purely numerical
finite element and boundary element analyses include {69, 70, 71, 72|. The effect of
pole recession was briefly considered in [73) using an approximate Fourier/Karlqvist
solution and in [74] using a large scale resistive paper model. An exact solution for the
symmetric case in the presence of an underlayer, using Fourier analysis was given in
[29], and whilst in principle this approach would extend to the asymmetric problem,
the calulations would seem to become rather complicated.

The effects of varying the individual head parameters are investigated. Heads with
graded pole potentials are shown to have locally stronger vertical field components,
close to the head face.

In Chapter 4, the reciprocity theorem is invoked to provide the output character-
istics for each of the heads considered in Chapter 3 and also for the ring head and
the symmetrically shielded pole head both in the presence of an underlayer, for which
the head fields are given in [28] and [29] respectively and have been summarised in
Sections 2.1.3.4 and 2.1.3.5 respectively. The output characteristics computed are: the

spectral response function and the phase thereof, linear dibit shift and roll-off. Each
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measure is defined and its method of evaluation is explained within the appropriate
section of the chapter. Since the analysis of ring heads for longitudinal recording (24
until this work, the only exact analytic spectral response function published has been
for a parallel plate head without an underlayer [75]. Other theoretical studies of the
replay process have provided either purely numerical results, which give no causal in-
sight, or approximations to the response functions which often fail to predict certain

phenomena observed in practice. These approximations include:

1. The assumption of a simple form for the potential in the pole face plane [65, 76,

77, 63, 78, 62]
2. Superposition or extension of known exact or approximate results (75, 79, 66, 64].

3. The assumption of duality between a ring head for longitudinal recording and a

single pole with an underlayer [8].

Here, the effects of varying the individual head parameters are investigated. Com-
parisons are made between the results for each of the different head configurations, and
also with other published theoretical results. Where possible, the underlying modelling
assumptions are justified by reference to published experimental data.

Finally, in Chapter 5, recommendations for optimising the achievable bit density,

given the present state of knowledge, and for further investigation are made.

2.3 Summary

This chapter has covered:
o The derivation of Laplace’s equation for the magnetic potential.

e The modelling assumptions.




® An outline of the Fourier method, applied to a single pole head with an under-

layer.

A brief list of the other previously published Fourier results.

An outline of the conformal mapping method, applied to a ring head without an

underlayer.

A review of the previously published analyses by conformal mapping.

® The derivation of the reciprocity theorem.

Details of the new work and its relation to previously published analyses,
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cies. Fig. 4.29 compares the spectral response of single poles with linear, quadratic and
cubic pole potentials, each with L/t = 0.5, and of symmetrically shielded poles, both
inductive and magnetoresistive with g/t = 0.5. The inductive shielded pole is very
thin with L/t = 0.001, hence the positions of the minima for these shielded heads are
virtually identical. The magnitude of the inductive shielded pole head remains higher
-than that of the MR sensor at high frequencies, but the spectral response function is
independent of the efficiency of the head. The output voltage from a magnetoresis-
tive head would be greater than that from a geometrically identical, inductive head.
The spectral response function of the linear potential pole head is both flatter at long
wavelengths and has its first minimum at higher frequency than either the thin sym-
metrically shielded pole or the symmetrically shielded MR sensor, both of whose gap
widths equal the pole width of the linear potential single pole head. But the phase
of the shielded pole is constant across the frequency range depicted, whereas that of
the linear potential pole varies continuously. The positions of the minima for the
linear and quadratic potential single poles vary less with ¢ than do the nulls of the
constant potential pole, but do still tend towards shorter wavelengths as ¢ decreases.
For example, when L/t = 2.0 the first minimum in the linear potential case occurs at
2L/A = 1.14, while for L/t = 0.5 this minimum occurs at 2L/X = 1.12, both correct to
2dp. The corresponding minima for the quadratic potential pole occur at 2L/A = 1.49
and 2L/A = 1.35 respectively. Minima in the response for the cubic potential pole are
insignificant for L/t > 0.5, As ¢ — oo these models are inappropriate.

Fig. 4.30 compares the spectral response function of a single pole head with a
cosine-squared potential with that of a conventional constant potential single pole of
half the width. The first null in the case of the cosine-squared potential occurs at a

frequency 41% higher than that for the thinner conventional single pole. Due to the
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theoretical roll-off curve shown in Fig. 4.53. As for the linear bit shift, it has been
neccessary to assume the head - medium spacing, and the definition for Dy given in
[94]. The curve is plotted on axes with the same scales as Fig. 2 of [94], where there
appears to be no reduction in peak output voltage for D/Dgp < 0.2. The rate of increase
in the voltage reduction as the bit density increases is much greater in the experimental
curve than for the theoretical one shown here. Experimentally, the putput voltage is
reduced to less than —30 dB for D/Dsp = 1.4. The exact cause of these discrepancies

is unknown. Four possible reasons are:

1. The assumed head - medium separation may be incorrect.

2. The transitions on the medium would not have been perfectly rectangular, espe-

cially at long wavelengths.

3. The single pole head is not a suitable model for the W-shaped head used in the

experiments.

4. The experimental error tolerances could be greater at high and at low output

voltages than for the intermediate responses.

4.4 Summary

This chapter has discussed:

o The derivation of the exact spectral response function for:

1. Ring heads.
2. Thin film heads with constant or linearly varying potential poles.
3. Single pole heads with linear or arbitrarily varying pole potentials.

4. Symmetrically shieded single pole heads.
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5. Shielded, recessed and non-recessed, infinitely thin MR sensors.

all in the presence of an underlayer.

The derivation of approximations to the spectral response functions whose accu-

racy has been demonstrated.

The definitions of linear dibit shift and the roll-off curve.

Numerical results which have been presented.

Comparisons with published theoretical and experimental results.
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Chapter 5

Conclusions

5.1 Mathematical Methods

New mathematical analyses have been carried out for some existing magnetic
recording heads and also for some novel graded potential heads. The published litera-
ture only reports one such head which has been built. The new potential distributions
for single pole heads, which have been investigated here, result in improved character-
istics over that experimental head. Mathematical analyses prior to head construction
can reduce development time and cost. Two particular analytical approaches have
been used in this thesis.

Exact two-dimensional head fields have been derived by the Fourier method for thin
film heads with constant and linearly varying pole potentials, and for single pole heads
with linearly and arbitrarily varying potential poles. For these solutions, as the head
- underlayer separation increases, the magnitudes of the Fourier coefficients increase.
Hence, the number of terms required for convergence of the solutions increases with
t, especially near the boundaries between the different regions defined for a particular

case. The number of sets of Fourier coefficients, for a particular solution, depends on
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the minimum number of rectangular regions into which it is possible to subdivide the
total area exterior to the head and the underlayer. The number of terms involving these
coefficients required to achieve convergence of the solution, depends on the positions
of the chosen boundaries as well as the magnitudes of the coefficients.

The conformal mapping method has been used to derive exact two-dimensional
head fields for symmetrically and asymmetrically shielded, recessed and non-recessed
infinitely thin MR sensors. This method can be applied to more complicated geometries
than the Fourier method. In general, the complexity of the solution rises with the
number of vertices in the head geometry. Crowding of the indiviual points in certain
areas of the transformation are inevitable, as the mapping is non-lirear. In the crowded
areas, very accurate initial values are needed for the successful convergence of the
inversion routine. Crowding, in the transformations defined here, has been found to
increase as the head - underlayer separation decreases relative to the other dimensions
of the head.

Therefore, the two analytic methods are complementary. The Fourier method is
best suited to simple geometries and, in most cases, when an underlayer is present, to
small head - underlayer separations. The analytic results obtained can lead to single
term approximations. Conformal mappings of the form used here are more easily
implemented when the head - underlayer separation is large. The results are usually
computationally less expensive than those from the Fourier method but are purely

numerical.

5.2 The Effects of Pole Potential Grading

For conventional heads which are assumed to have constant pole potentials, the

only way to increase the frequency at which the first null in the spectral response

203




occurs, and to reduce linear dibit shift is to minimise the relevant dimensions of the
head. Graded pole potentials offer the benefits of extended frequency ranges to the
first output null, or even complete elimination of nulls, as well as substantially reducing
linear dibit shifts. Hence it is expected that higher areal bit densities will be achieved
in the future by the prudent use of potential grading.

Each of the pole potential gradings considered here have at least one zero potential
edge. Heads with these potentials have been shown to have locally higher and narrower
peaks in their vertical field components close io the head. Hence such heads produce
less linear dibit shift than the corresponding conventional heads. Linear dibit shift has
been shown to be the limiting factor for conventional heads. For replay, when the head
is almost in contact with the medium, higher output voltages are also obtained from
heads with graded pole potentials.

Heads with asymmetrically graded pole potentials have no nulls in their spectral
response function. Deep minima indicate that the output voltage would be too low,
relative to the peak, for detection. The degree of asymmetry affects the depth of the
minima. For a cubic potential across a single pole head, the minima are very shallow
and would be unlikely to be more limiting than the general reduction in output voltage
at high bit densities for this head.

When the pole potential is asymmetric, the phase of the spectral response function
varies continuously over the entire range of frequencies. For the single pole with a
cubic potential, the phase is almost linear. Heads with symmetric pole potentials have
spectral response functions with abrupt phase changes by m radians at the frequencies
which cause nulls. Increasing the bandwidth of these heads, other than by reducing
the pole or the gap widths, can be achieved by suitably grading the potential of the

pole pieces. The cosine-squared potential distribution across a single pole head has
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been shown to offer as increase in bandwidth to the first null of over 177%, compared
with the conventional, constant potential single pole head, when L/t =0.5.

The cosine-squared potential distribution across a single pole head has been shown
to have a head field which is very similar to that of a particular symmetrically shielded
pole head. This suggests that any desired field distribution may be achieved by careful
grading of the potential across a single pole head.

The accuracy with which the theoretical models predict the output characteristics

of experimental heads gives further confidence in the methods used and the results

obtained.

5.3 Head - Underlayer Separation

In general, reducing the head-underlayer separation increases the peak magnitudes
and the gradients of the head field components, although optimum dimension ratios
have been found for the constant potential single pole head and for a symmetrically
shielded pole head.

Over the range of dimension ratios tested for a shielded MR sensor, the position
of the underlayer has little influence. The ratios between the sensor width and the
gap widths, as well as the ratio of each of these dimensions with the pole - underlayer
separation, ¢, affect the peak magnitude of the field. Here L/t = 0 for all ¢ > 0 but
in a practical system the small sensor width results in L/t remaining small unless ‘in
contact’ recording with very thin media is achieved. This does not mean that the
underlayer is unneccessary, its original purpose, of enhancing the detectable field of

the medium, still remains.




5.4 Shielded Heads

Asymmetry in shielded pole heads is almost inevitable. Very slight accidental asym-
metry will have little observable effect on the response of a shielded pole head. Very
thin symmetrically shielded pole heads, whether inductive or magnetoresistive, have
minima not nulls in their spectral response functions, over the usable range of frequen-
cies. Therefore no phase change occurs either. This makes shielded magnetoresistive

heads particularly suitable for replay.

5.5 Future Work

Shielded MR sensors with recessed and non-recessed poles have been analysed.
The same model may be used to investigate the effects when the pole protudes from
the shield face plane.

Increasing the asymmetry from a linear potential to a cubic potential across a single
pole head reduces the depth of the minima in the spectral response function and lessens
linear dibit shift. It would be interesting to test the effects of other potential distri-
butions applied to the poles of thin film heads and to the shields of magnetoresistive
heads. [t is suspected that, with the correct choice of pole potential, the complex sets
of nulls in the spectral response of the thin film heads can be eliminated. Similarly,
the finite length of the shields of an MR sensor have not been taken into account here.
Grading the potential across the shields could enhance the vertical head field compo-
nent above the sensor, while preventing undesirable peaks above the outer edges of the
shields.

The possibilities for potential grading in longitudinal recording heads have not

yet been explored. The models for the particular heads with graded potential poles
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presented here, are not applicable when the underlayer is removed. In real heads the
corners of the pole pieces and the shields are not perfectly rectangular. The effects due
to micro-rounded corners can be investigated using the conformal mapping method.
Other head configurations exist which have not been analysed, for example the MR
sensor, shielded on one side only, and the magnetoresistive head with a soft magnetic
adjacent layer. The former is a special case of the shielded MR sensor analysed here,
but crowding in the transformation would limit the use of the existing model. For the
latter, the biasing layer is magnetised by the field from the current in the MR sensor.
In modelling such a structure the biasing layer must be taken into account since it acts
as another pole and changes the overall head field. As new head geometries are in-
troduced, there will be a need for further accurate mathematical analyses. The future
development of magnetic recording heads may also be motivated by the mathematical
analyses of novel head geometries. Experimental work is already planned, at the Uni-
versity of Plymouth, to verify the results of the new analyses, especially those for the

graded potential single pole heads.
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Appendix B

Tables of Coefficients / Constants

B.1 Thin film heads
Scaled | Pole head Pole head
g/t | 0.125 0.5 2.0 80 160  160| L/t=05 L/t=05
N =40 Extrapolated
Blc' -0.0871 -0.0866 -0.0863 -0.0863 -0.0863 -0.0900 -0.0900  -0.090097
Bg‘” 0.0296 0.0293 0.0292 0.0292 0.0292 0.0292 0.0292 0.029305
Bg’" -0.0155 -0.0153 -0.0153 -0.0153 -0.0153 -0.0153 -0.0153  -0.015317
Bf' 0.0098 0.0096 0.0096 0.0096 ©0.0096 0.0096 0.0096 0.009635
Bf' -0.0068 -0.0067 -0.0067 -0.0067 -0.0067 -0.0067 -0.0067  -0.006711
BSC‘ 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.004989
Df' -0.4417 -0.2101 -0.0997 -0.087t -0.0865 -0.0902
Df' 0.1637 0.0625 0.0328 0.0294 0.0292 0.0293
Dg’" -0.0851 -0.0309 -0.0170 -0.0154 -0.0153 -0.0153
Df‘ 0.0520 0.0188 (.0106 0.0087 0.0096 0.0096
DSC' -0.0351 -0.0128 -0.0073 -0.0067 -0.0067 -0.0067
Dg' 0.0253 0.0094 0.0054 0.0050 0.0050 0.0050

Table B.1: Coefficients B and DS’ for thin film heads with poles at constant potential,
Lit =0.5.
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Ring head Ring head Ring head
L/t 1003125 0.125 0.5 2.0 | nounderleyer  no underlayer  with underiayer
N =40 Extrapolated g/t = 2.0, N = 40
BE' | -0.0996 -0.0922 -0.0866 -0.0861 -0.0861  -0.086157
BS' | 0.0360 0.0321 0.0293 0.0291 0.0291  0.029150
BS' | -0.0196 -0.0171 -0.0153 -0.0152 -0.0152  -0.015254
BE'| 0.0126 0.0108 0.0096 0.0095 0.0095  0.009593
BE' | -0.0090 -0.0076 -0.0067 -0.0066 -0.0066  -0.006680
BE' | 0.0068 0.0057 0.0050 0.0049 0.0049  0.004965
DS | -0.2099 -0.2096 -0.2101 -0.2102 -0.2103
DS | 0.0648 0.0633 0.0625 0.0625 0.0625
D§' | -0.0326 -0.0315 -0.0309 -0.0309 -0.0309
D$'| 0.0201 0.0192 0.0188 0.0188 0.0188
DE' | -0.0138 -0.0131 -0.0128 -0.0128 -0.0128
DE" | 0.0102 0.0096 0.0094 0.0094 0.0094

-

Table B.2: Coefficients BS" and D€' for thin film heads with poles at constant potential,
g/t =0.5.




t 0.125 1.0 4.0 16.0

BE' 1-0.0861 -0.0866 -0.0990 -0.1262
B§'| 0.0291 0.0293 0.0355 0.0503
B§' |-0.0152 -0.0153 -0.0192 -0.0290
B | 0.0095 0.0096 0.0123 0.0194
BS' | -0.0066 -0.0067 -0.0087 -0.0142
BE' | 0.0049 0.0050 0.0065 0.0109
D' 1-0.0896 -0.2101 -0.4229 -0.4931
D' | 0.0300 0.0625 0.1623 0.2406
DS | -0.0156 -0.0309 -0.0850 -0.1518
D' | 0.0098 0.0188 0.0520 0.1067
DE' |-0.0068 -0.0128 -0.0351 -0.0797
DS | 0.0051 0.0094 0.0254 0.0619

Table B.3: Coefficients B and DS’ for thin film heads with poles at constant potential,
g/L =1.0.
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g/t | 0.125 0.5 2.0 8.0  16.0

BY' | 0.1084 0.1089 0.1091 0.1092 0.1092
BY |-0.0201 -0.0293 -0.0294 -0.0294 -0.0294
By | 0.0137 0.0138 0.0139 0.0139 0.0139
B{ |-0.0081 -0.0082 -0.0082 -0.0082 -0.0082
BY | 0.0054 0.0054 0.0055 0.0055 0.0055
BF' | -0.0039 -0.0039 -0.0039 -0.0039 -0.0039
D | -0.5009 -0.3112 -0.2088 -0.1963 -0.1956
DY | 0.1841 0.0962 0.0622 0.0588 0.0587
DY 1-0.0956 -0.0442 -0.0308 -0.0293 -0.0292
Dy | 0.0584 0.0267 0.0188 0.0179 0.0178
Df | -0.0394 -0.0181 -0.0128 -0.0122 -0.0122
D¢ | 0.0284 0.0132 0.0094 0.0089 0.0089

Table B.4: Coefficients BL' and DY for thin film heads with linearly varying pole
potentials, L/t = 0.5.



L/t }0.03125 0.125 0.5 2.0

B | 1.6428 0.4208 0.1089 0.0274
By | -0.4180 -0.1098 -0.0203 -0.0074
B | 0.1890 0.0507 0.0138 0.0035
B | -0.1080 -0.0295 -0.0082 -0.0021
BE | 0.0702 0.0194 0.0054 0.0014
BY | -0.0493 -0.0139 -0.0039 -0.0010

DF | -1.8387 -0.6171 -0.3112 -0.2354
Dy | 04822 0.1718 0.0962 0.0695
DE | 02218 -0.0818 -0.0442 -0.0342
DY | 01285 0.0486 0.0267 0.0208
D¥ | -0.0843 -0.0325 -0.0181 -0.0141
DY | 0.0599 0.0235 0.0132 0.0103

Table B.5: Coeflicients Br‘?' and Df]" for thin film heads with
potentials, g/t = 0.5.
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t 0.125 1.0 4.0 16.0
BE | 0.0137 0.1089 0.4163 1.6283
BY | -0.0037 -0.0293 -0.1076 -0.4100
BY | 0.0018 0.0138 0.0493 0.1836
B | -0.0100 -0.0082 -0.0285 -0.1041
BY | 0.0007 0.0054 0.0187 0.0672
BE' | -0.0005 -0.0039 -0.0133 -0.0470
Df 1-0.1033 -0.3112 -0.7513 -1.9669
DY | 0.0337 0.0906 0.2498 0.5821
DY | -00174 -0.0442 -0.1275 -0.2976
DE | 0.0108 0.0267 0.0775 0.1876
DY | -0.0075 -0.0181 -0.0521 -0.1318
DY | 0.0056 0.0132 0.0376 0.0988

Table B.6: Coefficients Brf" and Df“' for thin film heads with

potentials, g/L = 1.0.
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B.2

Single pole heads

Constant
L/t 0.125 0.25 0.5 1.0 2.0 50 50
BEF' |-0.064657 -0.052681 -0.045049 -0.043163 -0.043079 -0.043079 | -0.086157
BFP'| 0.018400  0.015477 0.014653 0.014577 0.014575 0.014575 | 0.029150
BEP' |-0.008797 -0.007857 -0.007658 -0.007628 -0.007627 -0.007627 | -0.015254
BF [ 0.005299  0.004916  0.004817  0.004797  0.004796  0.004796 | 0.009593
BEF' .0.003621 -0.003423 -0.003356 -0.003341 -0.003340 -0.003340 | -0.006680
ByP' | 0.002671  0.002546  0.002495 0.002483  0.002483  0.002483 | 0.004965
D' | -0.254826 -0.205421 -0.145825 -0.097735 -0.070503 -0.044176
D3P' | 0.100366 0.069302 0.044008 0.020416  0.021998  0.014872
DEP' | .0.054119 -0.034508 -0.021582 -0.014656 -0.011143 -0.007768
DLP"| 0.033787 0.020791 0.013061 0.008964 0.006881  0.004880
DEF' |-0.023094 -0.014022 -0.008867 -0.006129 -0.004735 -0.003396
D{P'| 0016811  0.010173  0.006470  0.004496  0.003490  0.002523

Table B.7: Coefficients BL®" and DEF’ for single pole heads with linearly varying pole

petentials.
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Linear Linear
wp(2,0) | Linear Quadratic Cubic  Cosine- | BEP BL¥
squared N=320 corr. to 6dp.
BAP | -0.04505  -0.00189  0.01969 -0.12193 | -0.04505 -0.045049
B#P' | 0.01465  -0.00025 -0.00771 0.03445 | 0.01465  0.014653
B#P" 1.0.00766  -0.00042 0.00319 -0.01287 | -0.00766 -0.007658
B#F' 1 0.00482  0.00068 -0.00138 0.00550 | 0.00482  0.004817
BAP' 1.0.00335  -0.00074  0.00057 -0.00253 | -0.00335 -0.003356
BAP' | 0.00249  0.00072 -0.00017 0.00118 | 0.00249  0.002495

D{P' | 0.04003  0.04003  0.04496 -0.14582  -0.145825
D{P |.0.00647  -0.00647 -0.01021 0.04400  0.044008
D#P" 1 0.00093  0.00093 0.00332 -0.02158  -0.021582
DA®" | 0.00039  0.00039 -0.00119 0.01306  0.013061
DAP' |.0.00076  -0.00076  0.00035 -0.00886  -0.008867
D#P' | 0.00084  0.00084 0.00003 0.00647  0.006470

Table B.8: Coefficients BAF" and DA*' for single pole heads with various pole poten-
tials, L/t = 0.5.
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B.3 Shielded, infinitely thin MR sensors
G, a 8 ¥ 5 S4 zi
0.5 |0.593636 | 1.894831 | 0.503636 | 1.0 | -1.280774 | -0.441271
0.25 |0.579534 | 3.178338 | 0.920963 | 1.599118 | -2.102338 | -0.733081
0.125 | 0.583152 | 5.456887 | 1.490165 | 2.653571 | -3.585123 | -1.012372
0.0625 | 0.590413 | 9.262212 | 2.426713 | 4.404794 | -6.072661 | -1.292910

Table B.9: Schwarz-Christoffel mapping constants for shielded, infinitely thin MR

sensors where G, = 0.5,t =1and r = 0.

¢ a B o 6 54 28

1)0.579534 | 3.178338 | 0.920963 | 1.599118 | -2.102338 | -0.733081
2| 0.569728 | 6.135041 | 0.917552 | 1.671889 | -7.892897 | -1.376321
41 0.567153 | 12.156259 | 0.916591 | 1.692733 | -31.037872 | -2.647432
8 | 0.566501 | 24.255204 ) 0.916343 | 1.698136 | -123.613129 | -5.180072

Table B.10: Schwarz-Christoflel mapping constants for shielded, infinitely thin MR
sensors where G, = 0.25, G, = 0.5 and » = 0.

- o Jéj ¥ 6 54 zg!
0ﬁ 0.579534 | 3.178338 | 0.920963 | 1.599118 | -2.102338 | -0.733081
0.01 | 0.560295 | 3.208590 | 0.901076 | 1.598002 | -2.126556 | -0.732808
0.1 | 0.392090 | 3.341347 | 0.691780 | 1.525901 | -2.243159 | -0.714890
1.0 [ 0.007387 | 2.866324 | 0.014773 | 1.012951 | -1.948830 | -0.570381
Table B.11: Schwarz-Christoffel mapping constants for shielded, infinitely thin MR

sensors where G; =0.25, G3 = 0.5 and £t = 1.
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Glossary

AP

vy

QO Q@ Q |w

L,

Q

™ RO R Q

oo,

In

Prefix to a superscript: an approximation.
Superscript: an approximation generalised to an arbitrary potential.
Subscript: region A.

Superscript: asymmetrically shielded MR sensor.
Angstrom unit.

Superscript: arbitrary potential single pole .

Bit cell length.

Subscript: region B,

Magnetic flux density.

Subscript: region C.

Superscript: constant potential thin film head.
Real constant.

Head - medium separation.

Bit density at which output voltage is half that for isolated transition.
Voltage.

Semi-gap width.

Full gap width,

Magnetic field strength.

Horizontal field component.

Vertical field component.

Fourier transform of H,.

v—1.

Superscript: inductive.
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.

Current density.

Semi-pole thickness.

Superscript: linear pole potential thin film head.
Mutual inductance.

Superscript: Linear potential single pole head.
Remanent magnetisation.

Magnetoresistive (also as superscript).

Superscript: constant potential single pole head.

Pole recession.

Superscript: ring head without an underlayer.
Superscript: ring head with an underlayer.

Complex constant.

Superscript: derived by Szczech et al.

Head - underlayer separation, time in Section 2.1.5.
Superscript: thin film head.

Velocity.

Maximum pole potential.

Track width.

Position on medium relative to coordinates of the head.
Complex constant.

Proportion of the maximum potential at the leading pole edge.
Real constants in the complex w-plane.

Proportion of the maximum potential at the trailing pole edge.
Permittivity of a vacuum.

Medium thickness.

227




¥ Eiiler’s constant.

" Wavenumber:

A Wavelength.

m Permeability: of a:material, relative to: o
Ho Permeability ofia vacuum:

¢ Fluxi

® Magnetic potential.

@ Fourier transform of .

® Phaseangle.

P Charge. density.
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