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Abstract

Advanced Magnetic Thin-Film Heads
Under Read-While-Write Operation

Frank Zhigang Wang

A Read-While-Write (RWW) operation for tape and/or potentially disk applications is
needed in the following three cases: 1. High reliability; 2. Data servo systems; 3. Buried
servo systems. All these applications mean that the read (servo) head and write head are
operative simultaneously. Consequently, RWW operation will require work to suppress
the so-called crossfeed field radiation from the write head.

Traditionally, write-read crossfeed has been reduced in conventional magnetic recording
heads by a variety of screening methods, but the effectness of these methods is very lim-
ited. On the other hand, the early theoretical investigations of the crossfeed problem con-
centrating on the flux line pattern in front of a head structure based on a simplified model,
may not be comprehensive. Today a growing number of magnetic recording equipment
manufacturers employ thin-film technology to fabricate heads and thereby the size of the
modern head is much smaller than in the past. The increasing use of thin-film metal-
lic magnetic materials for heads, along with the appearance of other new technologies,
such as the MR reproductive mode and keepered media, has stimulated the need for an
increased understanding of the crossfeed problem by advanced analysis methods and a
satisfactory practical solution to achieve the RWW operation.

The work described in this thesis to suppress the crossfeed field involves both a novel re-
productive mode of a Dual Magnetoresistive (DMR) head, which was originally designed
to gain a large reproduce sensitivity at high linear recording densities exceeding 100 kFCI,
playing the key role in suppressing the crossfeed (the corresponding signal-noise ratio is
over 38 dB), and several other compensation schemes, giving further suppression. Ad-
vanced analytical and numerical methods of estimating crossfeed in single and multitrack
thin-film/MR heads under both DC and AC excitations can often help a head designer un-
derstand how the crossfeed field spreads and therefore how to suppress the crossfeed field
from the standpoint of an overall head configuration. This work also assesses the scale of
the crossfeed problem by making measurements on current and improved heads, thereby
adapting the main contributors to crossfeed. The relevance of this work to the computer
industry is clear for achieving simultaneous operation of the read head and write head, es-
pecially in a thin-film head assembly. This is because computer data rates must increase to
meet the demands of storing more and more information in less time as computer graphics
packages become more sophisticated.
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Chapter 1

Introduction

1.1 Generalization

Magnetic recording systems are now becoming very important for the storage of
digital information used in modern computer and communication systems. The in-
creasing demands of the information super highways mean that large quantities of
information must be stored after being transmitted in the super highways, prior
to processing inside computers. The needs of personal computers themselves are
increasingly significant as new, more user-friendly, suites of software are developed,

often containing information-intensive graphics packages|1].

The basic structure of a magnetic recording head for writing is a magnetic circuit
with a small gap in it and a coil wound around the magnetic core. Electric current
in the core magnetises the material of the core causing a fringing field near the
gap which magnetises the magnetic coating on the disk or tape drive being scanned
across the head, as shown in Figure 1.1. In the read process, also shown in Figure
1.1, the magnetic field emanating from transitions is picked up by the magnetore-
sistive (MR) read element[2]. MR read heads produce very high signal per unit
trackwidth and can provide media noise-limited system performance at very high

areal storage density.

A practical thin-film head is shown in Figure 1.2. This is a typical thin-film head

























INTRODUCTION 1.3

capstan by means of a puck. This system was improved by introducing a perforated
capstan wherein a vacuum would attract the tape and move it with the capstan.
To stop the tape, air pressure would force the tape against a fixed surface near the

capstan.

It is necessary in some tape drives to write information on tape and verify it
by reading with a read head a short time later, as illustrated in Figure 1.5. For
example, defects in the tape material and in the contact between the head and tape
may give rise to errors in the recorded information. In order to detect such "drop-
outs” a reproducing head placed closely behind the recording head in each track is
employed to check-read the information stored on the tape. For information being
recorded and verified continuously, this means that the read head and write head are
in operation simultaneously. The magnitude of the flux sensed by the read head on
the tape is of the order of pico-webers (i.e. very small). In contrast, the writing Hux
can be very large, especially if a high-coercivity medium is being used. This means
that the read head may receive a flux component from the write head which is of
significant magnitude compared with the signal flux it is detecting from the tape
and this is especially true if the write head and read head are close together—an
essential design-aim if the “dead” tape at the end of a recorded block of information

(the inter-block gap) is to be minimized.

In intermittent operation of the tape-unit, the tape stops when the end of the
record passes the reproducing gaps. Unless the tape is spooled backwards before the
next recording takes place, an inter-record gap arises in this way, the length of which
is determined by the distance between the recording and reproducing-transducer gap

and by the starting and stopping time of the tape transport mechanism.

For efficient use of the available storage space a short distance between the head
gaps is thus required. An additional benefit from tight write-to-read gap spacing is
fewer off-track errors due to the skew of the tape (Figure 1.6) and azimuth align-

ment of the head as it passes over the head. Bytes are written in parallel in several
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Figure 1.19: Structure of the 4 MB FDD head in Murata’s work.

method reduced R/W efficiencies because the cross-sectional area of the center core
was reduced. Murata, et al, found that there were two flux paths contributing to
the crosstalk in the write/read process: one was the path through the ferrite cores,
and another was the path once fringing through air and re-entering into the R/W
core. By balancing the fluxes through those two paths, it was possible to realize
both high efficiency and low crosstalk simultaneously. Murata’s head assembly, as

shown in Figure 1.19, was adopted for 4 MB flexible disk drives.

In 1998 J.J.M. Ruigrok, et al, Philips[3], developed an advanced tape storage
system named DigaMax™™. It was a new multitrack tape system which offered high
storage capacity and high, variable data rates. It could reach up to 13 GB (uncom-
pressed) on 300 m (1000 ft} of 8 mm wide 72 kA/m (900 Oe) tape using a track
pitch of 37.5 pm and a minimum bit length of 0.35 um. Eight-channel thin-film data
heads, as shown in Figure 1.20, enabled data rates of 0.5-2 MB/s at a tape speed of
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INTRODUCTION 1.7

um, since the contacts to the MR element were no longer in between the MR element
and the flux guides. Compared to earlier designs, the efficiency of the read heads
was improved from 11 to 19 % by the reduction of the separation oxide thickness in
combination with a reduction in die distance between the MR element and the tape
bearing surface. This improvement in efficiency together with the absence of barber
poles and a reduction of the MR. element height and thickness led to a sensitivity
improvement of a factor of 6. The improved sensitivity and small gap length of the
DigaMax™™ read heads facilitated the detection of bit lengths as small as 0.35 um
in 72 kA/m tape. The gap field of the write head should have steep gradients on
both sides of the gap to keep the transition length well below the minimum length
of 0.35 um for both directions of tape. Secondly, the data tracks should only be
written in the surface part of the magnetic coating, leaving the bulk of these tracks
unaffected. For this reason a current with an amplitude of 32 mA was applied to
the 5-turn data write head. This small current induced a field that is optimum in
recording of the smallest bits (0.35 pm ) and was smaller than the coercive field of

the tape at distances larger than 0.2 um.

1.7 Motivation

Traditionally, write-read crossfeed has been reduced in conventional heads by a va-
riety of screening methods, but the effectness of these methods is very limited. On
the other hand, the early theoretical investigations of the crossfeed problem, con-
centrating on the flux line pattern in front of a head structure based on a simplified
model, may not be comprehensive. Today a growing number of magnetic recording
equipment, manufacturers employ thin-film technology to fabricate magnetic record-
ing heads[1]. There are many advantages to this approach, with perhaps the most
important being the ability to produce extremely narrow pole tips and recording gap
widths in the thin-film process[22]. As a result, the size of the modern head is much
smaller than that in the past. These narrow pole tips, in turn, permit the density of

magnetic recording to be increased. In addition, employing magnetoresistive replay
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INTRODUCTION 1.8

heads is becoming more and more popular and this brings a tenfold increase in areal
density[1]. Furthermore, keepered media has appeared as a potential technique with
smoother transition, quieter replay and anti-thermal stability[23][24]. The increas-
ing use of thin-film metallic magnetic materials for heads, along with the appearance
of other new technologies, such as the MR reproductive mode and keepered media,
has stimulated an increased understanding of the crossfeed problem by advanced
analysis methods and a satisfactory practical solution to achieve the RWW opera-

tion.

The work described in this thesis to suppress the crossfeed field involves both
a novel reproductive mode of Dual Magnetoresitive (DMR)[25][26]) heads, which
was originally designed to gain a large reproduce sensitivity at high linear record-
ing densities exceeding 100 kFCI, playing the key role in suppressing the crossfeed,
and several other compensation schemes, giving further suppression. Analytical and
numerical methods of estimating crossfeed in single and multitrack thin-film/M-R
heads under both DC and AC excitations can often help a head designer understand
how the crossfeed field spreads and therefore how to suppress the crossfeed field from
the standpoint of an overall head configuration. This work also assesses the scale
of the crossfeed problem by making measurements on current and improved heads,
thereby adapting the main contributors to crossfeed. Much of this work has either
already been published or has been submitted for publication [27][28](29][30][31]

[32][33][34]. There have also been five conference presentations of the work.

1.8 Outline of This Work

This thesis will cover:

- Magnetostatics (Chapter 2)

- Magnetodynamics (Chapter 3)

- Experimental Assessment of Heads (Chapter 4)

- Conclusions (Chapter 5)

28




Chapter 2

Magnetostatics

2.1 Introduction

Chapter 2 describes an investigation of Read-While-Write (RWW) operation by
magnetostatic analysis. Neither medium motion nor eddy current effects caused
by conductive materials are considered in this chapter: it is presumed that all time
scales are long compared to these phenomena. Time enters only through the constant
head-to-medium relative speed, v, so that all temporal information is transformed
immediately into the fundamental spatial recording process by z=vt or dz/dt=v.
The purpose of this chapter is to provide useful relations for the determination of
crossfeed fields, both from traditional analytical models and modern Finite Ele-
ment Method (FEM) models. In magnetic recording the track width is generally
large with respect to dimensions in the nominal recording plane, which includes
the head-to-tape motion direction and the direction perpendicular to the medium
surface (thickness direction). Therefore, two-dimensional crossfeed field expressions
are useful and will be given explicitly in Section 2.3. In two dimensions the analyti-
cal model acquires a particular simple form based on the arctangent and logarithm
functions. Analysis of three-dimensional crossfeed fields, including using the 3D
FEM, will be discussed in subsequent sections where it will be possible to consider
more detailed contributors to crossfeed fields and various screening schemes for the

reduction of these fields.
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MAGNETOSTATICS 2.2

Thus, the framework will be provided for the determination of crossfeed fields in
the case of single track (Section 2.3) and multiple track (Section 2.4) and contribu-
tions from different shielding schemes and different reproducing modes (Section 2.6
~ 2.13). In particular, a novel dual-magnetoresistive (DMR) reproducing mode will
be addressed in detail in Section 2.2. For direct correspondence with the magneto-
resistive reproducing output the simple volume integral over the elements can be

utilized.

2.2 Concepts of MR and DMR

Throughout this thesis two reproducing modes are considered : the traditional SAL
(Soft Adjacent Layer) reproducing mode and the DMR (Dual-Magneto-Resistive)

reproducing mode.

Ferromagnetic materials exhibit a variety of phenomena associated with changes
in resistivity due to change of the state of magnetization. A magnetic field can ro-
tate the direction of magnetization. The most useful effect is the anisotropic change
in resistivity as the magnetization direction of a saturated specimen is rotated with
respect to the direction of an applied current. Field sensors using the anisotropic
MR effect can be fabricated into extremely small devices using thin film technology.
The most common material utilized in MR. transducers is the alloy NiFe with Ap/p
~ 2 % and p ~ 20 pohm-cm for thin films with thicknesses t ~ 200 A. At a com-
position near (81 %Ni, 19 %Fe), permalloy is nonmagnetostrictive and possesses a
sufficiently low crystalline anisotropy and high saturation magnetization to yield a

high intrinsic permeability.

The magnetoresistance effect was first utilized as an extremely efficient playback
transducer in magnetic recording in 1975(1]. In the basic MR process a current is
applied to a thin film along its long direction. As shown in Figure 2.1, an adjacent

film, experiencing a field due to the sense current in the MR sensor, is used to bias
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MAGNETOSTATICS 253

to fit the shape of the coils. However it is important that the coil fields are accu-
rately represented by the finite elements at the interface between reduced and total

potential. The approach to distribute the elements to get best accuracy is

- Concentrate elements in the areas of interest
- Use quadratic elements in the areas of interest
- Use quadratic elements where field gradients are large

- Use sufficient elements to model the variation of permeability

A useful check may be made on the shape of the volumes in the Preprocessor to
label the distorted elements, such as intersecting faces, mid-side points too close to
corners, excessive curvature or distortion, too small volumes and negative volumes,

etc.

2.5.3 Topology of the Potential Space

The magnetic steel should be total potential and the air containing the conduc-
tive coil should be reduced potential. The rest of the air should be total potential.
Neither the reduced potential nor the vector potential should be surrounded by a
total potential region completely with a net circulating loop, otherwise it violates
the Ampere’s law because the contour integral within the total potential region is
non-zero. If a continuous magnetic "ring” exists, such a multiple connected problem

can be overcome in two ways:
- Implied ”cuts” with a discontinuity of potential in total potential regions. If the
problem has a symmetry plane, a new boundary condition is needed such that dif-

ference in potential is equal to the enclosed current.

- Real " cuts” in total potential regions. If no symmetry exists, make a small reduced

potential region cutting total potential but avoid the region of interest.
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MAGNETOSTATICS 2.5.4

2.5.4 Magnetostatic Analysis

In the magnetostatic case, the magnetic field intensity H and the flux density B are

required within the problem space.

By the electrostatic formulation, a magnetic scalar potential 1 is introduced such

that:
H = —grady (2.11)

where 1 is now the m.m.f.(magnetomotive force) and is called the (total) scalar

potential.

In two dimensions the above equation reduces to

Hy = - (2.12)
2 _6¢
fy=-5, (2.13)

The permeability, i, of a magnetic material is defined by the relationship:

—

B=pH (2.14)
Here, 1 may be field dependent giving a non-linear relationship between B and
H. In case that B and H are not along the same direction, p is a tensor with 9

components.

The formulation 2.11 relies on there being no source currents present, I, = 0,
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MAGNETOSTATICS 2.5.5

and Ampere’s law can be written:

rotH = rot(gradyp) = I, = 0 (2.15)

2.5.5 Source Currents in Three Dimensions

If a 3-D region contains source current density, I, then it is still possible to use
a scalar potential approach. This relies on the current having a known value and

distribution, i.e. there are predefined source currents.

A method of solving this problem is to partition the field into two parts. These

parts relate to the magnetic field intensity due to sources, H,, and that due to

material magnetization, H,:

—

H=H,+Hy (2.16)

For a known source, the magnetic field intensity, due to that source, H, is known
(from the Biot-Savart law). For a volume 2 containing currents, the field is given

by

~ Ix7
A, _/; df) (2.17)

3

It is still necessary to determine H,,. In a similar way to the total potential

technique, since rotH = I, = 0, a scalar potential can be defined as
H, = —gradd (2.18)
where ¢ is known as the (reduced) scalar potential.

This gives an expression for the total field of

H =, — gradg¢ (2.19)

o1




MAGNETOSTATICS 2.5.6

This shows that finding ¢ (and knowing H,) allows the determination of & and
B.

2.5.6 Boundary Conditions

The boundary conditions are an essential part of the mathematical model. The

choice of conditions may significantly affect the solution obtained.

The boundary condition options available are:

- Set the potential, ¢, on boundary to a specific value.
Setting ¢ = constant implies magnetic flux is normal to the boundary.

This is equivalent to setting: 'Normal Magnetic’(Dirichlet).

- Set the derivative of potential to a value.
Setting d ¢ / @ n = constant implies magnetic flux is tangential to the boundary.

This is equivalent to setting: *Tangential Magnetic’(Neumann).

- Note: I no condition is specified, *"Tangential Magnetic’ is applied (default Neu-

mann boundary condition).

2.5.7 Material Properties

TOSCA uses material characteristics to relate flux density and field intensity of all
materials (except for air). These must be defined with the OPERA-3D Preprocessor

and associated with the material names in the model.

- Soft magnetic materials
Characteristics should be defined in the first quadrant, with the first values of B

and H both zero. The curve should not extend beyond saturation magnetization;
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MAGNETOSTATICS 25.8

the program extrapolates correctly with @ B / 8 H = pq.

- Hard magnetic materials
The demagnetization curve in the second quadrant is used. The first value of B

should be zero and H the coercive force.

- Permanent magnets

Two pieces of information are necessary to define a permanent magnet: 1. The
coercive force. This is the first value of H in a BH curve. For this reason, BH files
must be supplied even for linear {constant permeability) analysis. 2. The direction
of the coercive force. This is supplied as 3 Euler angles defining the local Z’ direction

for a volume.

2.5.8 Laminations

Laminated materials can be solved by specifying each lamination or by giving infor-
mation to enable the program to calculate the effect of the laminations using bulk

laminated material properties.

To use laminated material anisotropy the following must be suppliéd:
1. The packing factor.

This is a number between 0 and 1 and defines the ratio of magnetic material
thickness to total lamination thickness e.g. for a 0.049 inch thick plate with 0.01

inch thickness insulation.

If j1ir0n is the permeability given by the BH data and p is the packing factor,

then in directions parallel to the laminations, the program will use

1 = Dikiron + (1 - ])),LLU (220)
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and normal to the laminations

. HoHiron
I

= 2.21
ptio + (1 — p)iron (2.21)

2. The direction normal to the plane of the laminations.

3. ANISotropic = LAMInated option must be switched on in the OPERA-3D Pre-

processor.

2.5.9 Anisotropy

Different magnetic characteristics may be assigned to each of the local directions

associated with each volume.

2.6 RWW Head Designs

The magnetostatic 3D model space containing a Read-While-Write head is consid-
ered. Due to symmetry, only half of the structure has been modelled here. Front,
side, bottom and 3D perspective views are also shown in Figure 2.13 to Figure
2.16. The maximum element number used in the modelling was 45,000. For a write
head, it is assumed that the permeability of the recording medium is the same as
that of air and so in the write (crossfeed) process no medium will be taken into ac-
count. A default Neumann boundary was used in the model. To get best accuracy,
quadratic elements are used around write and read gaps where field gradients are
large. Newton-Raphson methods are used to solve the non-linear equations. The

maximum number of the iteration is 15 and the convergence tolerance is 0.001.

All the dimensions are taken according to a new generation head TR5 produced
by the Read-Rite company[41]. All the poles are 3.0 pum thick, and the throat
height is 5 pm. The write head gap is 1.2 um. The angle of the inclination of
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MAGNETODYNAMICS 383

head still contribute to the crossfeed suppression owing to the existence of in-plane
eddy currents. In comparison, the keeper underneath the read gap represents a
natural shielding against the crossfeed field from the crossfeed situation around the
read gap region of Figure 3.27. Furthermore, Figure 3.28 gives the eddy current
distribution in the conductive keeper due to the penetrating stray flux through the
keeper under a 5 MHz co-sinusoidal write current at time = 0. In Figure 3.28, two
in-plane eddy current loops may be seen: the small loop, located underneath the
top pole, is induced by the oncoming flux from the top pole; the big loop, located
underneath the bottom pole, shield 1, MR1, MR2 and shield 2, is induced by the
returning flux. Approximately, the bottom pole, shield 1, MR1, MR2 and shield 2
as a whole provides a returning path of the write flux, gushing from the top pole.
‘These two loops are countercurrent to each other at any time and thus there is an
enhancement of the eddy currents underneath the write gap. The corresponding
schematic is illustrated in Figure 3.29. Obviously both loops may retard the pene-
trating write flux to interfere with the MR stripes, i.e. the conductive keeper plays
a positive role of "shielding”. In this regard, the crossfeed situation is considerably

improved when magnetic conductive keepers are used.

In order to evaluate shielding efficiency we give the crossfeed responses (the vol-
ume integral of the vertical component of magnetic flux in the MR stripes) in the
cases without and with a keepered medium. In the case of without a keepered

3. In the case of with a keepered

medium, the crossfeed response is 0.0145 T-um
medium, the crossfeed response is 0.0129 T-um®. There is an 11 % reduction with
the aid of a keeper layer. Most importantly, the principle of using a dual MR head

to suppress the crossfeed field also applies to keepered media reproduction.
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3.8.4 Summary of RWW in the Presence of a Keepered
Medium

In this section, we proposed a new concept of keepered-media-reproduction with
Dual MR heads. As a result, the keeper layer could be biased by the stray flux from
DMR sensors. A so-called "shunting-releasing ratio” between reproductive signals
without and with a sense current is found to be -26.5 dB. This double-keepered
perpendicular medium is a completely-stable system against thermal demagnetiza-
tion. It is believed that keepered media may offer an advantage with MR heads and
potentially allow magnetics to break the over 10 Gb/in? areal density barrier due to

the high performance gains of MR heads.

The crossfeed situation is considerably improved in the presence of keepered
medium since the conductive keeper plays a positive role of ”shielding”. There is
an 11 % reduction with the aid of a keeper layer. Most importantly, the principle
of using a dual MR head to suppress the crossfeed field also applies to a keepered

medium magnetic recording system.

In addition, the principle stated here is also applicable to longitudinal media sys-

tems although only a perpendicular medium has been included in this investigation.

3.9 Summary

A growing number of magnetic recording equipment manufacturers employ thin-film
technology to fabricate magnetic recording heads. There are many advantages to
this approach, with perhaps the most important being the ability to produce ex-
tremely narrow pole tips and recording gap widths in the thin-film process. These
narrow pole tips, in turn, permit the density of magnetic recording to be increased.
Currently, the high frequency response is required with increasing linear density and

data transfer rates. That is to say, in order to realize high data transfer rates, high
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frequency write/read performance together with high movement velocity of medium
and high recording density is necessary. For this reason, the effects of eddy currents
in the conductive head yokes must be included. The availability of digital comput-
ers makes possible the numerical solution of the sinuscidally varying fields for heads

with finite conductivity.

The ELEKTRA-3D Vector Fields Electromagnetics Analysis Package is used to
compute electromagnetic fields including the effects of eddy currents, in three dimen-
sions. ELEKTRA can use a combination of vector and scalar magnetic potentials to
model time varying electromagnetic fields. The ELEKTRA analysis confirms that
the work to suppress the crossfeed field involves both a novel reproductive mode,
stated mainly in Chapter 2, playing the key role in suppressing the crossfeed, and
several other compensating schemes, stated mainly in this chapter, giving further

suppression.

The thrust of this chapter is to find a practical solution for the suppression
of crossfeed field under Read-While-Write (RWW) operation at high working fre-

quency. In summary:

1. Tt is advantageous to use magnetic materials with a low conductivity to prevent
eddy currents. The corresponding crossfeed reduction is 7% in the SAL case and 8%
in the DMR. case when Fe-Al-O is used compared with conventional FeN material

at a working frequency of SMHz.

2. Tt is advantageous to cut a slot through the metallic magnetic pole and shields
to retard the in-plane eddy currents. The corresponding crossfeed reduction is 3%
in the SAL case and 5% in the DMR case compared with the conventional case at

a working frequency of 5MHz.

3. An improved shield-wing-interconnecting design can reduce the crossfeed field

by a factor of 4% in the SAL case and 5% in the DMR case compared with that
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of a traditional parallel-shield design. The eddy currents around the constituted

conductive loop produce a counteracting field to block the penetrating flux.

4. Keepered media is a potential technique with smoother transition, quieter re-
play and anti-thermal stability. Here we propose a new concept of keepered-media-
reproduction with Dual MR heads. Most interestingly, the principle of using dual
MR stripe to suppress the crossfeed field harmonizes the keepered media reproduc-
tion with DMR heads. The conductive keeper plays a positive role in suppressing

crossfeed field. There is an 11% reduction with the use of a conductive keeper layer.

In principle, the above measures can be combined to get further suppression of
crossfeed field. For example, combining measures 2 and 3 gives around 10% reduc-
tion of crossfeed field. Whichever measure 1 through 3 is used, a further automatic

11% improvement can be expected in the presence of a keepered medium.
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Chapter 4

Experimental Assessment of Heads

4.1 Introduction

This chapter assesses the main contributors to crossfeed by making measurements
on current and improved heads. The primary components can (usually) be sepa-
rated out into electrostatic and electromagnetic crossfeed. Electrostatic crossfeed
is important because it can lead to large transients in the feedthrough waveform.
It is usually reduced by grounding the metallic parts of the head or introducing
grounded planes in key positions. Inter-lead coupling is also a source of electrostatic
crossfeed([48]. Electromagnetic crossfeed usually has a different waveform and is sup-
pressed using different techniques. In this work, we have succeeded in designing and
developing an experimental apparatus for crossfeed and other measurements. The
most relevant constraint in this project has been the availability of heads. Three
different heads were used for crossfeed measurements: TR5 heads for basic crossfeed
measurements, DSMR heads for comparison between single MR and DMR. heads,
and DCC multi-channel heads for multi-track crossfeed measurements. The mea-
surement results have also been compared with the corresponding simulation results

of the previous chapters.
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4.2 Experimental Apparatus

An experimental apparatus for the assessment of heads has been designed and
fabricated[27]. The photograph in Figure 4.1 shows the computer-controlled sys-
tem. The PC is used to control the stage motion through its interface RS232 as well
as to acquire MR. voltage through 8255[49][50]. To allow enough up-down room and
manipulate the heads freely to yaw, pitch and roll, the heads were mounted on a
holder with four degrees of freedom, as shown in Figure 4.2. A sample (either a hard
disk platter or a magnetic tape coupon) is mounted on the center of a small stage
with the aid of the four screws. This small stage is a one-body two-axial parallel-
spring parallelogram, shown in Figure 4.2. The overall size of the stage is 105mm X
95 mm x 10mm(thickness). The stage is shaped by spark erosion. As can be seen
in Figure 4.2, an "L” shaped peripheral supporting part with three screw holes is
used as the basis of the whole stage. Two "parallelograms” in a body, one of which
has 4 hinges, have been integrated into this stage. The sample-containing small
parallelogram, responsible for y-axial movement, is inserted inside the large one for
x-axial movement. A two-dimensional random-access of the sample is performed
by inclining these two parallelograms with the aid of two multi-layer piezoelectric

ceramic actuators[51].

The parallel-spring stage is mounted on a coarse stage, driven by two linear
motors. The combined fine-positioning parallel-spring stage and coarse-positioning
stage constitutes a two-stage positioning system. It can reach a centimeter order
random-access range with nanometer resolution[27]. The slider is in physical contact
with the sample. The velocity-independent-sensitivity of MR sensors make it pos-
sible to evaluate recording media and the MR head itself without causing thermal

noise due to friction at room temperature[33].
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CONCLUSIONS 5.3

5.3 Magnetodynamics

At high frequency, the copper screens are activated by eddy-currents and represent
increased reluctance (above air) to the crossfeed fields. The permalloy screens act
more as alternative low-reluctance paths which divert the crossfeed fields away from
the reading heads. It has been found possible in multitrack heads to adjust eddy-
current and magnetic screens in such a way as to produce near zero crossfeed fields
in arrays of reading heads when an array of writing heads are simultaneously writ-
ing. It was proposed to explore such ideas within this project bearing in mind that
the eddy-current shielding imposes a phase-shift on the crossfeed fields at high fre-
quencies. To model crossfeed at high frequency requires calculation of eddy-current
effects in head components and screens since there are not only amplitude effects but
also phase effects which need to be considered. For this we used a high-frequency
simulation software package, ELECTRA, running on a Hewlett Packard 9000-715

workstation, as shown in Figure 5.1.
It is concluded that:

1. It is advantageous to use magnetic materials with a low conductivity to prevent
eddy currents. The corresponding crossfeed reduction is 7% in the SAL case and 8%
in the DMR case, when Fe-Al-O is used compared with conventional FeN material

at a working frequency of 5SMHz.

2. Tt is advantageous to cut a slot through the metallic magnetic pole and shields
to retard the in-plane eddy currents[34]. The corresponding crossfeed reduction is
3% in the SAL case and 5% in the DMR case, compared with the conventional case

at a working frequency of 5SMHz.
3. An improved shield-wing-interconnecting design can reduce the crossfeed field by

a factor of 4% in the the SAL case and 5% in the DMR. case, compared with that

of a traditional parallel-shield design. The eddy currents around the constituted
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conductive loop produce a counteracting field to block the penetrating flux.

4. Keepered media is a potential technique with smoother transition, quieter replay
and anti-thermal stability[32][30]. Here we propose a new concept of keepered-
medium-reproduction with Dual MR heads. Most interestingly, the principle of
using dual MR stripe to suppress the crossfeed field is in harmony with the keep-
ered media reproduction with DMR. heads. The conductive keeper plays a positive
role in suppressing crossfeed fietd. There is an automatic 11% reduction with the

use of a conductive keeper layer.

In addition, as mentioned in Chapter 1, the early theoretical investigations of the
crossfeed problem concentrating on the flux line pattern in front of a head structure
based on a simplified model, may not be comprehensive. In this thesis, in order to
find a satisfactory practical solution to achieve the RWW operation, we have built
an overall head configuration model, including as many contributors to crossfeed as
possible. The primary beneficiary of this comprehensive model is the idea of cutting
a slot through the metallic magnetic pole and shields to retard the in-plane eddy
currents. The geometric location of this slot is so far away from the TBS that this
solution would not be found by a simplified model concentrating on the flux line

pattern in front of a head structure.

5.4 Experimental Assessment of Heads

The last step was to assess experimentally the scale of the crossfeed problem by
making measurements on current and improved heads, thereby assessing the main
contributors to crossfeed. The primary components can (usually) be separated out
into electrostatic and electromagnetic crossfeed. Electrostatic crossfeed is important
because it can lead to large transients in the feedthrough waveform. It is usually
reduced by grounding the metallic parts of the head or introducing grounded planes

in key positions. Inter-lead coupling is also a source of electrostatic crossfeed[48].
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Electromagnetic crossfeed usually has a different waveform and is suppressed using

different techniques.

The most relevant constraint in this project was the availability of heads. Three
different heads were used for crossfeed measurements: TRS heads for basic cross-
feed measurements, DSMR(Dual Stripe Magneto-Resistive) heads for comparison
between single MR and DMR heads, and DCC heads for multi-track crossfeed mea-

surements. It is concluded that:

1. Electromagnetic coupling is important because it can lead to large transients in
the feedthrough waveform. Sharp pulses in the leading edges and trailing edges of
the reproductive waveform have been confirmed, because of the inductive coupling
between write-read windings. With regard to the capacitive coupling from the writ-
ing to the reading bumps, which should be proportional to the writing voltage, there
was no observation at the reading terminals in our measurements. In principle, it
may be reduced to an altogether negligible quantity by earthing one of the electri-

cally conducting layers of the screen.

2. In the basic crossfeed measurements with TR5, whose configuration is very simi-
lar to our separator design, the peak-to-peak amplitude was found to be 176 mV at
a sense current of 10 mA against an optimum recording current 40 mAqy_, through
the write coil of the write head. On the other hand, the replay amplitude of this
head was 700 mV,_, over a longitudinal medium. Therefore, the crossfeed from the
write head is about 25 % of the effective signal. We can compare these experimental
results with our simulation results. In the simulation of the (non-magnetic) sepa-
rator head with 3 pm separator thickness, the SAL effective signal is 0.3285 T-pum?
while the SAL crossfeed is 0.0966 T-um3. The crossfeed-signal ratio is 0.0966 T-pm®
/ 0.3285 T-um3 = 29 %. There is reasonably good agreement between simulation

and experiment.

3. In the measurements with the DSMR/indexDSMR. (Dual Stripe Magneto-Resistive)
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heads, the MR crossfeed response is 6.8 V,_, while the DMR crossfeed response is
just 0.8 V,_,, against the same write field. Hence, the DMR . head receives much less
crossfeed noise from the recording coil than the MR sensor. The preferred scheme
to suppress the crossfeed field from the write head in a tape head is to employ a

Dual- MR sensor instead of a traditional (SAL) MR sensor.

4, The multi-track crossfeed measurement with DCC heads confirms a design fea-
ture that there would be fairly minimal inter-track crossfeed when used for digital

tape recording.

5.5 Scientific/Technological Relevance

The relevance of this work to the computer industry is clear for achieving simul-
taneous operation of the read head and write head. The primary beneficiaries of
this research are manufacturers of tape back-up systems for computers and data
recorders which need to operate at high data rates with verification. To a lesser
extent, the beneficiaries will include manufacturers of tape heads. Computer man-
ufacturers will also benefit. More generally, all manufacturers of high-performance
data storage systems could benefit, especially those using thin-film tape heads. This
is because computer data rates must increase to meet the demands of storing more
and more information in less time as computer graphics packages become more so-
phisticated. Present systems can operate at much higher data rates if the read head
and write head are in operation at the same time. This is especially true of tape
units where it is necessary to verify the written information on a tape by reading.it

with a read head a short time later.
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5.6 Future Work

The work in this thesis is limited to head structure optimization. However, from
the viewpoint of signal processing, the crossfeed field from a magnetic recording
head field is a specific kind of noise. In other words, it is not a random noise,
compared with other noise, because it is determined by what was written on the
tape. Therefore, there exists one possibility to reduce the crossfeed field from the
effective signal by designing a new demodulation circuit, in which a ”pick-up coil”
in the write head side would be used to sense the recorded data for comparison
purposes and then this picked signal would be feedback to the reading terminals to
remove away the excessive part of the crossfeed. So a high Signal-to-Crossfeed-Ratio
(SCR) may not be required for signal processing, while with real noise at least 20 dB
Signal-to-Noise-Ratio (SNR) is required. In practice, a SNR at this level hardly ever
degrades the symbol error rate. Normally, a high SCR design results in high head
manufacturing cost due to the complicated structure. It should be possible for head
designers to divert some of the difficulties of crossfeed reduction to signal processing,
but in order to solve the crossfeed problems satisfactorily in practical applications,
a good balance between head design and signal processing will be needed, but this

is beyond the scope of this thesis.
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Appendices

Software

This appendix lists some of the relevant software written in support of the project.
The codes are Borland C+4 5.0, MATLAB 4.2C.1 and Turbo C 2.01, respectively,
and the listings here do not (intentionally) use any platform specific or special lan-

guage features.

A.1 Crossfeed Calculation: Borland C++

/* > proj0008.cpp — —tocalculatecross feed + |
/*Frank Z. Wang, 1996*/
#include < math.h >
#include < conio.h >
#include < stdic.h >
#include < fstream.h >
#include < iomanip.h >
double HO=1.0;

double GAP=1.0;

double P1=3.1415926;
double x;

double y=0.5;

double z ;
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double PHAT;

double PHA1(void)
{

return Pl-atan(y/z);

}

double PHA2(void)
{

return -atan(y/z);

}

double PHA (void)

{
PHAI=PHA2();

if (z >0.0)
PHAI=PHA1();

return PHAT;
}

double ROU(void)
{

return sqrt(pow(y,2)+pow(z,2));

}

double X1(void)

{
return (x+GAP/2.0}/ROU();

}
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double X2(void)

{
return (x-GAP/2.0)/ROU();

}

double U31(void)
{

return log(X1()-+sqrt(pow(X1(),2.0)+1.0));
}

double U32(void)

{
return log(X2()+sqrt(pow(X2(},2.0)+1.0));

}

double XY 3(void)

{
return (cosh(U31()/3)/cos(PHA()/3));

}

double XY4(void)

{
return (cosh(U32()/3)/cos(PHA()/3));

}

double FY31(void)

{
return -4*cosh(U31()/3)*cos(PHA()/3)+0.5*log((XY3(}+1)/(XY3()-1));

}

double FY32(void)

iii
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{
return -4*cosh(U32()/3)*cos(PHA()/3)+0.5*log((XY4()+1)/(XY4()-1));

}

double HY3(void)

{
return (HO/GAP)*(FY31()-FY32());

}

double XZ3(void)

{
return (cosh(U31()/3)/sin(PHA()/3));

}

double XZ4(void)

{
return (cosh(U32()/3)/sin(PHA()/3));

}

double FZ31(void)

{
return -4*cosh(U31()/3)*sin(PHA()/3)+0.5*log((X23()+1)/(XZ3()-1));

}

double FZ32(void)

{
return -4*cosh(U32()/3)*sin(PHA()/3)+0.5*log((XZ4()+1)/(XZ4()-1));

}

double HZ3(void)
{
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réturn (HO/GAP)*(FZ31()-FZ32());
double FX31(void)

{

return. atan (_‘sinhf(2£0*U3‘1J(;)\/3'.0)‘-/éin(?2.O?"PH*A()/S.‘O)!);
}

double FX32(void)
{
return atan(sinh(2:0%U32()/3.0)/sin(2.0¥PHA()/3.0));

double HX3(void)
return (-HO/GAP)""-._(fFXSl(\).—FXBZ’(‘){);1
}

double U21(void)

{

return (x4+GAP/2.0)/y;
}

double U22(void)

{

return (x-GAP/2.0)/y;
}

double FX21(void)

{

return atan(U21());
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}

double FX22(void)
{

return atan(U22());

}

double HX2(void)

{
return (HO/GAP)*(FX21()-FX22());

}

double FY21(void)

{
return -0.5*log(pow(U21(),2)+1);

}

double FY?22(void)

{
return -0.5*log(pow(U22(),2)+1);

}

double HY?2(void)

{
return (HO/GAP)*(FY21()-FY22());

}

double main(void)

{

ofstream book fileX3 ("DATAX3");
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for (z=-8.01;z< 8.0; 2+ = 0.1)

{

for (x=-5.0;x< 6.0;z+ = 0.1)

book fileX3 << setw(13) << 2 << setw(20) << z << sefw(25) << HX3() <<
endl;

}

ofstream book_fileY3 ("DATAY3");

for (z=-8.01;2< 8.0; 2+ = 0.1)

{

for (x=-5.0;x< 6.0; z+ = 0.1)

book fileY3 << setw(13) << 2z << setw(20) << z << setw(25) << HY3() <<
endl;

}

ofstream book_fileZ3 ("DATAZ3");

for (z=-8.01;z< 8.0; z+ = 0.1)

{

for {(x=-5.0;x< 6.0; 2+ = 0.1)

book fileZ3 << setw(13) << z << setw(20) << r << setw(25) << HZ3() <<

endl;

}

ofstream book fileX2 ("DATAX2");

for (z=-8.01;z< 8.0; z+ = 0.1)

{

for (x=-5.0;x< 6.0; z+ = 0.1)

book fileX2 << setw(13) << z << setw(20) << z << setw(25) << HX2() <<
endl;

}
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ofstream book_fileY2 ("DATAY?2");

for (z=-8.01;z< 8.0; 2+ = 0.1)

{

for (x=-5.0;x< 6.0; z+ = 0.1)

book.fileY2 << setw(13) << z << setw(20) << 7 << setw(25) << HY?2() <<
endl,

}
}

A.2 Crossfeed Calculation and Plotting: MAT-
LAB

/* > proj M M41l.m — —tocalculateandplotcross feed * [
/*Frank Z. Wang, 1996*/

clear

clg

x=(-5.0:0.1:45.0);

z=(-5.0:0.1:4-5.0);

load ¢:/BC5/BIN/practice/DATAY3;
load c:/BC5/BIN/practice/DATAY?2;

% o ok ok ok ok okook ok ok ok ok ok

for i=1:1:17871;
a(i)=DATAY3(i,3);

end;

ok ok ok ok ok ook ok akok ok ok ok ok ok
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for i=1:1:161;

for j=1:1:111;
b(j,i)=a(111%(-1)+);
end;

end;

ok ok Rk ok ok ok ok ok kKK

for i=1:1:161;
for j=1:1:111;

bR{j,i)=a(111*(i*(-1)+161)+j);

end;

end;
FRKEE AR A A KKK
for i=1:1:10;

for j=1:1:111,
bM({j,i)=a(j);

end;

end;

for i=11:1:161,

for j=1:1:111;
bM(j,i)=a({111*(i-10)+j);
end;
end;

sk koo ko ok ok oK

for i=1:1:90;

for j=1:1:111;
bRM(j,i)=bR(j,(i+10));
end;

end;
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for i=91:1:161,

for j=1:1:111,
bRM(j,i)=DbR(j,161);
end;

end;

Fkd ok ok Rk Rk
for i=1:1:161;

for j=1:1:111,
bMS(j,i)=bM(j,i)+bRM(j,i);
end;

end;

A AAAAAKA K

for i=1:1:17871;
a(i)=DATAY2(i,3);

end;

for i=1:1:161;
for j=1:1:111;
bK (j,1)=a(111*(i-1)+j);

end;

end;

kAR Rk

for i=1:1:161,

for j=1:1:111;

bb¥ (j,i)=bMS(j,i)-bK(j,i);
end;

end;

*kokokok k ok kk ok ok ok kokskok ok
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Fe kK ok Kok ok okockeokok ok ok
kkokckkokkokkkkkkkkkx

load c:/BC5/BIN /practice/DATAZ3;

Fodok ok Kok ok ok ok ok kokokok ok

for i=1:1:17871;
a(i)=DATAZ3(i,3);
end;
Lt
for i=1:1:161,

for j=1:1:111;
b(j,1)=a(111*(i-1)+j);
end;

end;

ek ok ook o okOok ok ok okokok

for i=1:1:161;
for j=1:1:111;
bR(j,i)=a(111*(i*(-1)+161)+j);

end;

end;
kR R K
for i=1:1:10;

for j=1:1:111;
bM(j,i)=aj);

end;

end;

for i=11:1:161;
for j=1:1:111;
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bM(j,i)=a(111*(i-10)+j);
end;

end;

AR KA AR KA K

for i=1:1:90;

for j=1:1:111;
bRM(j,i)=DbR(j,(i+10));
end;

end;

for i=91:1:161;

for j=1:1:111;
bRM(j,i)=bR{j,161);
end;

end;

Rk kR kK
for i=1:1:161;
for j=1:1:111;

bMS(j,i)=bM(j,i)-bRM{j,i);

end;

end;

Sk ok ok
kR KRR ARk k
for i=1:1:161,

for j=1:1:111;
bbZ(j,i1)=bMS(j,i);
end;

end;

ke ok ok ok ok ok ook ok ok ok ok ok ok
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for i=1:1:161;

for j=1:1:111;

bb(j,i)=abs(bbY (j,i))+abs(bbZ(j,i));
end;

end;

3 e o ok 3k ke ok ok ok ok ek ke sk ok sk ok

for i=1:1:161;

for j=1:1:101,
bbDMR(j,i)=abs(bb(j,i}-bb((j+10),i))/2.0;
end;

end;

Rk Rk Kok Rk Ak
Stk ok ok ok kK Aok Kk

for i=1:1:30;

for j=1:1:101;
bbDMRM1(j,i)=bbDMR(j);
end;

end;

for i=31:1:161;

for j=1:1:101,
bbDMRM1(j,i1)=bbDMR(j,(i-30));
end;

end;

kR kR ook k

for i=1:1:131;

for j=1:1:101;
bbDMRM2(j,i)=bbDMR.(j,(i+30));
end;

end,;
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for i=132:1:161;

for j=1:1:101;
bbDMRM2(j,i)=bbDMR(j,161);
end;

end;

o e ok ok ok ok ek ok ok ok koK okok

for i=1:1:161;

for j=1:1:101;
bbDMRS(j,i)=bbDMRM1(j,i)+bbDMRM2(j,i)+bbDMR(j,i);
end;

end;

AR E AR AR
R K

for i=1:1:101;

for j=1:1:101;
bbDMRSS(j,i)=(bbDMRS(j,(i+30)) /5.04);
end;

end;

o of s ok o e ok e stk o ok ok ok

cc=reshape(bbDMRSS,101,101);

ok K ok ok ok Aok ok ok s ook ok

mesh(z,x,cc);

view(135,30);

OutStr=["point’,10,"dB’|
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A.3 Stage Control: Turbo C

/* > movzyr.c — —tomovelinear X — Ytable * /

/*Frank Z. Wang, 1997*/

stk ek ok o o ok okl ok okl ok sk ok ok R ok sk ok ko e steskok o ok ok o ok okok oK ok ok ok ok ok ok ook ok ok o o skskok ok ok

#include < conio.h >
#include < stdio.h >
#include < bios.h >

#include < dos.h >

#define QUIT °¢’
#define UP 'H’

#define DOWN 'P’
#define RIGHT 'M’
#define LEFT 'K’
#define STETUP '+’
#define STEPDOWN '~

short velx,vely,lowx,lowy,highx highy,go;
char inchar;

int stepsize,x,y;

ook o o ook ok ok ok ok o ke sk ok sk ok ki e ok o o o o sk ok sk ook ok sk sk o s s o ok ks sk sk ok ok ok ok ok ok sk e sk Sk sk ok sk o ok o o o ok ok ok ok sk ok ok

move()

XV
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lowx = x % 256;
lowy = y % 256;
highx = x / 255;
highy = x / 255;
printf(”%d %d %d %d %d %d %d /n” x,ystepsize,highx,Jowx,highy,lowy);
bioscom(1,velx,1);
bioscom(1,lowx,1);
bioscom(1,highx,1);
bioscom(1,vely,1);
bioscom(1,lowy,1);
bioscom(1,highy,1);
bioscom(1,g0,1);

1

ok Aok Rk Kk ok o ok oo ok Rk ok ook sk sk otk sk ok ok okl ok sl ok sk sk ok ok sk ok ok sk ook sk s ok ok sk kR ok ok

main()

{

int countl,count2,count3,countd,countd;
int i=0,j=0,ii=0,jj=0;

for (countl=1;count1<4;countl++)

{

bioscom(0,243,1);

go=205; stepsize=1; x=8000; y=1000;
velx=17,;

vely=18;

move();

for (count2=1;count2<300;count2++)

{
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i=i+1;
for (count3=1;count3<30000;count3++)
J=itL

}

x=0; y=1000;
move();

for (countd=1;count4<300;count4d++)

{

li=ii+1;

for (count5=1;count5<30000;count5++}
J=)i+1

}

/*while ((inchar=getche()) != QUIT)*/

}
}

ok ok sk ookok ok ko ok sk ok skok kR skok ok sk ok ok sk ok sk sk koo sk kool sk sk sk s sk ok sk sk sk sk sk sk skl s sk sk ek sk ok ok sk ok ok ok ok ok ok ok K ok ok ok ok ok

A.4 Piezoelectric Ceramic Actuator Control: Turbo

C

[* > piezoele.c — —todrivemultilayerpiezoelectricceramicactuators * /
/*Frank Z. Wang, 1997*/

#include < conio.h >

#include < stdio.h >

#include < bios.h >
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#include < dos.h >

#include < conio.h >

A e ok ok sk ok ok s s ok ke ke s ok e ok o ok o sk ok ook e ko ke s ok ok sk R e ok ok ok ok ok st sk sl ok ke o o o ok sk ok skl sk s ok ke e ok sk ok sk sk ok sk ok ok sk ok KOk Sk ok ok

int main(void)

{

int countl, count2,countd,count4,counts;
int 1=0,j=0,ii=0,]j=0;

int portcc = 435;

int porta =432;

int value =128;

int valuea =0;

int valueb =255;

outport(portcc, value);

for (countl=1;countl<6;countl+-+)

{

cutport(porta,valuea);

for (count2=1;count2<900;count2++)
{

i=i+1;

for (count3=1;count3<900;count3++)
=i+

}

printf(” Value %d sent to port number %d/n”, valuea,porta);
outport(porta,valueb);

for {count4 =1;count4<900;countd++)
{

ii=ii+1;

for (countb=1;count5<900;count5++)

N=ii+1;
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¥

printf("Valie %d sent to port number %d/n”, valueb, porta);
}

}
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